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Abstract

Brain infections with Cryptococcus neoformans are associated with significant
morbidity and mortality. Cryptococcosis typically presents as meningoencephalitis or
fungal mass lesions called cryptococcomas. Despite frequent in vitro discoveries of
promising novel antifungals, the clinical need for drugs that can more efficiently treat
these brain infections remains. A crucial step in drug development is the evaluation of
in vivo drug efficacy in animal models. This mainly relies on survival studies or post-
mortem analyses in large groups of animals, but these techniques only provide
information on specific organs of interest at predefined time points. In this proof-of-
concept study, we validated the use of non-invasive preclinical imaging to obtain
longitudinal information on the therapeutic efficacy of amphotericin B or fluconazole
monotherapy in meningoencephalitis and cryptococcoma mouse models.
Bioluminescence imaging (BLI) enabled the rapid in vitro and in vivo evaluation of
drug efficacy while complementary high-resolution anatomical information obtained
by magnetic resonance imaging (MRI) of the brain allowed a precise assessment of
the extent of infection and lesion growth rates. We demonstrated a good correlation
between both imaging readouts and the fungal burden in various organs. Moreover,
we identified potential pitfalls associated with the interpretation of therapeutic efficacy
based solely on post-mortem studies, demonstrating the added value of this non-
invasive dual imaging approach compared to standard mortality curves or fungal load
endpoints. This novel preclinical imaging platform provides insights in the dynamic
aspects of the therapeutic response and facilitates a more efficient and accurate

translation of promising antifungal compounds from bench to bedside.
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Introduction

Fungal infections of the central nervous system (CNS) are generally associated with
high mortality rates and poor prognosis (1). The group of patients at risk for
contracting these opportunistic infections has grown due to the increased prevalence
of disease-induced or treatment-related immunosuppression (2). Of the few fungal
species able to infect the brain, Cryptococcus neoformans is worldwide one of the
most common causative organisms (2). It infects mainly HIV-patients, but also
persons with underlying medical conditions or receiving immunosuppressive
treatment, and occasionally immunocompetent individuals (3). Cryptococcal infection
of the CNS arises after dissemination or reactivation of fungal cells that were initially
acquired through inhalation. Most frequently, the disease presents as a subacute
meningoencephalitis, with small accumulations of yeasts in the brain parenchyma (4,
5). More rarely, it causes mass lesions in the brain parenchyma, called
cryptococcomas (1). These occur more frequently in immunocompetent patients due

to the local containment of infection by the host response (6, 7).

Despite some recent progress in the development of novel antifungals, current
treatment for cerebral cryptococcosis still uses drugs that were developed several
decades ago (8, 9). The standard induction regimen combines the fungicidal polyene
amphotericin B (AMB) with 5-fluorocytosine (10, 11). However, these drugs are not
widely available and require intravenous administration and careful monitoring for
drug-related toxicity. For these reasons, they are sometimes replaced by the oral
drug fluconazole (FLC) in resource-limited settings, but monotherapy with this
fungistatic drug is less efficacious (12). Despite recent advances in optimizing
accessible combination therapies (13), the clinical need for effective, low-cost and

widely available anticryptococcal drugs with minimal toxicity remains high (14).

4
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Although new candidate drugs are frequently reported following in vitro screenings,
only a very limited amount of these eventually reaches the clinic. For CNS infections,
the presence of the blood-brain barrier (BBB) poses an additional hurdle in drug
development. Even of the currently available antifungal compounds, only a few can

efficiently reach the brain tissue (15).

To ensure an optimal translation from bench to bedside, testing the in vivo efficacy of
a drug in animal models remains a crucial step as it allows studying the therapeutic
response in a complex yet controlled system (16). Mammalian models allow the
evaluation of therapy in the presence of an immune system and blood-brain barrier
that is comparable to humans, including their potential disease-related changes. In
murine models, response to antifungal treatment is frequently evaluated using
survival curves, post-mortem colony-forming unit (CFU) analysis of the fungal load or
histopathologic examination of the isolated organs (16, 17). However, these
technigues pose some challenges as they only provide single endpoint
measurements of the disease status and limited information about spatial distribution
of disease. When a temporal profile of drug efficacy is required, these studies rely on

large groups of animals in order to isolate specific organs at predefined time points.

More recently, non-invasive imaging techniques have been developed that allow
longitudinal evaluation of the fungal infection status or treatment response in
individual animals. Bioluminescence imaging (BLI) measures the light emitted from
the oxidation of a substrate by an enzyme such as Gaussia or firefly luciferase.
Numerous studies have shown and extensively validated that the measured signal is
proportional to the number of cells expressing the luciferase and their viability (18—
23), as intracellular ATP of living cells is essentially required for the light-emitting

reaction of the firefly luciferase (24). By genetically engineering fungi to express this
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luciferase reporter gene, the in vitro activity of antifungal compounds (19, 23, 25) and
the temporal and spatial distribution of the infectious burden in living animals can be
monitored (23, 26-28). In this respect, treatment studies using animal models of
aspergillosis and candidiasis have shown a good correlation between traditional CFU
analysis of the fungal load and treatment effects observed in various organs by using
BLI (19, 26, 27, 29). Previously, we have developed and validated the use of a novel
bioluminescent Cryptococcus neoformans strain for tracking pathogen dissemination
from the lung to the brain (28). Hereby, we demonstrated a clear correlation between
the number of CFUs and the emitted light, both in vitro and in vivo. Furthermore,
magnetic resonance imaging (MRI) of the brain allowed a detailed analysis of the
spatial distribution of infectious foci. However, to date, preclinical imaging techniques
have not been used to monitor antifungal treatment efficacy against fungal infections

of the CNS, such as cryptococcosis.

In this study, we assessed the use of BLI for screening the in vitro efficacy of
antifungal compounds against C. neoformans. Secondly, we evaluated the
combination of whole-body BLI and brain MRI to non-invasively monitor in vivo
antifungal treatment efficacy with temporal and spatial resolution and validated this
against standard CFU endpoint measurements. To this end, we tested liposomal
AMB (L-AMB) or FLC monotherapy in murine models reflecting two distinct
presentations of cerebral cryptococcosis: (i) a standard model of cryptococcal
meningoencephalitis following disseminated disease and (i) a model of a local
cryptococcoma. In both cases, the treatment was delayed until BLI revealed that
established disease was present. This late initiation of therapy was applied as it is
similar to the clinical setting in which patients often present with advanced infection

before being diagnosed. By obtaining longitudinal information on the dynamic



127 process of treatment response in individual animals, we aimed to demonstrate the
128 potential, validity and added value of using non-invasive imaging in preclinical drug

129 testing for fungal brain infections.
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Results

In vitro bioluminescence assays enable rapid real-time assessment of
fungicidal and fungistatic antifungal drug activity

To validate the potential of BLI to follow-up antifungal effects on cryptococcal cells,
the bioluminescence emitted by C. neoformans reporter cells was measured in vitro
at several time points after addition of amphotericin B deoxycholate (AMB-d) and
fluconazole (FLC) (Fig. 1). The BLI signal intensity of the untreated cells highly
increased in the beginning (0-6h), followed by a stable signal measured at 8 and 24h
and a subsequent decline in aging cultures. After addition of AMB-d (0.1 mg/ml),
bioluminescence decreased to background levels within two hours, indicating a rapid
fungicidal effect of this drug at the tested concentration. Upon addition of the
fungistatic drug FLC (0.5 mg/ml), the emitted bioluminescence initially continuously

increased, but stagnated after 4 hours, followed by a decrease after 24 hours.

AMB induces a transient increase in bioluminescence that is potentially
mediated by enhanced permeability for D-luciferin

After confirming the ability to detect antifungal effects using bioluminescence, we
characterized the temporal profile of the bioluminescence signal in response to a
wide concentration range of antifungals using a similar in vitro set-up. At 8 and 26
hours after exposure, a dose-dependent decrease in bioluminescence was observed
for all tested concentrations of AMB-d and L-AMB, corresponding to its fungicidal
effect (Fig. 2A-B, Fig. S1). When wusing the fungistatic agent FLC, the
bioluminescence increased more slowly in cells exposed to higher concentrations
(Fig. 2C, Fig. S1). At 8 hours, we observed a dose-dependent reduction of

bioluminescence compared to the control.
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Bioluminescence transiently increased immediately after the addition of AMB-d or L-
AMB, while a similar effect was not observed for FLC (Fig. 2, S1). Higher doses of
AMB induced a larger and more rapid increase, which was smaller and more delayed

for L-AMB compared to AMB-d.

We investigated potential explanations for this increased bioluminescence in parallel
experiments, using a C. neoformans strain with a fluorescent E2-Crimson reporter
gene under control of the same promoter. Addition of the antifungals induced only a
slight decrease in fluorescence, whereby the dose-dependent antifungal effect was
most notable for FLC (Fig. S2). We did not observe increased fluorescence upon
addition of the antifungals, indicating that a change in the expression levels of the
reporter gene was not the cause of the increased bioluminescence. Furthermore, we
found that none of the tested antifungals was auto-luminescent or auto-fluorescent in
water or Sabouraud medium (Fig. S3), nor caused luminescence in wild-type C.

neoformans cells (Fig. S4).

Since AMB affects the integrity of the cell membrane and induces transmembrane
channels (30, 31), we hypothesized that this transient bioluminescence increase
might be caused by enhanced permeability of the fungal cells for the substrate D-
luciferin (32). Exposure to natamycin, a polyene antifungal that does not permeabilize
the plasma membrane (33), led to a dose-dependent decrease in bioluminescence
corresponding to its antifungal effect (Fig. 2D, Fig. S1). Only at the highest
concentration tested (100 pg/ml), we observed a transient increase prior to this
decrease. Exposure to SDS, a surfactant leading to destruction of cell integrity and
cell death, induced a rapid and dose-dependent reduction of bioluminescence (Fig.

2E, Fig. S1).
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Whole-body BLI allows simultaneous evaluation of drug efficacy at multiple
body sites in a model of disseminated cryptococcosis

We subsequently validated the use of BLI and MRI for in vivo evaluation of antifungal
treatment efficacy by using different treatment regimens in a standard model of
advanced cryptococcal meningoencephalitis following disseminated disease (Fig.
3A). After i.v. injection of cryptococci, control animals developed a progressive
infection in the brain and the abdomen, including the spleen and kidney region, as
previously described (28) (Fig. 4). The baseline infection status was assessed on day
3 and this identified an unsuccessful induction of infection in one animal of the FLC-
treated group. Treatment with L-AMB significantly reduced the infection in the
abdomen, while the bioluminescence from the brain was comparable to the control
group. We observed a higher brain and abdomen bioluminescence in L-AMB treated
animals than control animals specifically on day 4 p.i., when imaging was performed
less than three hours after injection of antifungals. Animals treated with FLC showed
a significant delay in the development of high brain signal intensity until day 6 p.i.,
after which the signal increased. The bioluminescence from the abdominal region
was reduced compared to the control group, except for one animal that presented

with a persistent hotspot in all images.

MR imaging of the brain showed that disease progression is associated with an
increase in the total lesion volume, number of brain lesions and average volume per
lesion (Fig. 5). L-AMB treatment induced a small reduction in the total lesion volume,
but not in the number of brain lesions or their average volume. The MRI on day 4 p.i.
did not show a difference between the L-AMB treated and control animals that could
explain the higher BLI signal intensity observed for the former group. Animals treated

with FLC presented with a significantly lower total lesion volume and a smaller

10
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average lesion volume compared to untreated or L-AMB treated animals. This was

confirmed in lesion volume distributions obtained on day 6 (Fig. S5).

In agreement with the imaging results, CFU analysis showed that L-AMB led to a
large reduction of the fungal load in the spleen and kidneys, while having a limited
effect in the brain (Fig. 6). In comparison, FLC led to a larger reduction of the brain
fungal load but had a more limited effect in the spleen and kidney. Quantitative cross-
correlation of imaging results and CFU counts indicated that BLI results of the
abdomen correlated well with the fungal load in the spleen and kidneys (Fig. S6). In
the brain, the lesion volume quantified from the 3D MRI was highly correlated with
the fungal load. On day 7 p.i., we could not detect a significant correlation between
the BLI results and the brain fungal burden, mainly due to the limited differences in
the BLI signal. Nevertheless, we found that the BLI results on day 6 were predictive

for the fungal burden on day 7, as evidenced by their good correlation.

BLI and MRI provide highly complementary information about the individual
response to systemic therapy in a cryptococcoma model

In a second proof-of-concept study, we tested the combination of in vivo BLI and MRI
for monitoring treatment efficacy in a mouse model of a local cryptococcoma (Fig. 3
B). At baseline (day 3), established cryptococcomas were present in the mouse
brains, with detectable bioluminescence and hyperintense focal lesions on the MR
images (Fig. 7). The brain BLI signal intensity of untreated animals progressively
increased (Fig. 7 A, C) and was paralleled by an increase in the lesion volume on
MRI (Fig. 7 B, D). A single i.v. high dose of L-AMB showed no obvious treatment
success. In contrast, animals treated with FLC generally presented with lower
bioluminescence signal intensities and smaller brain lesions, indicating a response to

antifungal therapy. Daily i.p. injections with L-AMB led to large inter-animal variability

11
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in the response. The animal with the smallest lesion at baseline showed low
bioluminescence and limited lesion growth on MRI. One animal showed a limited
increase in bioluminescence, while the lesion volume increased substantially. The
other two animals presented with a large increase in BLI signal, but this was not
associated with larger brain lesions on MRI. However, MRI indicated that the
infection was no longer confined to the induced lesion and had spread into the
ventricle or towards the forebrain. The same was observed for one animal in the
FLC-group. Histology confirmed that this presentation of the disease on MRI is
typically associated with presence of cryptococci in the ventricles (Fig. S7).

After the last imaging session on day 9, CFU analysis showed an approximate
tenfold reduction in the brain fungal load of most animals receiving daily L-AMB or
FLC, although this difference was not significant (Fig. 8A). Invasion of the lesion into
the ventricle was not associated with a higher fungal burden, except for one animal
where infection had also spread to the forebrain. The in vivo BLI results correlated
well with the fungal burden in the brain (Fig. 8B), and exclusion of the few animals
with ventricular involvement further strengthened this correlation. Furthermore, we
found good correspondence between fungal burden and lesion volume on MRI (Fig.

8C).

Intracerebral amphotericin B treatment shows limited efficacy in the
cryptococcoma model

Due to the limited antifungal effect observed in the cryptococcoma model upon
systemic treatment with L-AMB, we subsequently evaluated the efficacy of direct
intracerebral injection delivering L-AMB in the cryptococcoma, as this would bypass
the role of the blood-brain-barrier (BBB) in drug delivery (Fig. 3C). Similar to the

control group, the brain BLI signal intensity increased for most animals in the L-AMB
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group, except for animal 1 and 2 that showed a stagnated BLI signal on day 10 (Fig.
9A, C). In contrast, the lesion volume increased for all animals (Fig. 9B, D). On some
MR images, a small hyperintensity could be seen inside the lesion due to the
injection. Its limited size compared to the whole lesion size could indicate that only
part of the lesion was effectively targeted. CFU analysis showed a small but
significant reduction in the fungal load, with limited variability within the group (Fig.
S8). Although animal 1 and 2 showed a response on BLI, their fungal burden and
lesion volume was similar to the other animals. This indicates that intracerebral
injection of L-AMB in this cryptococcoma model is not superior to intraperitoneal

delivery of the drug.
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Discussion

In this work, we have demonstrated that BLI enables qualitative and quantitative
evaluation of the in vitro and in vivo therapeutic efficacy of antifungal compounds
against C. neoformans. MRI provided a complementary readout on treatment effects
by monitoring the spatial distribution and growth rate of lesions in the brain. Both BLI
and MRI results were in good agreement with CFU analysis, allowing a non-invasive
in vivo assessment of the fungal load. In contrast to single time point measurements
such as CFU analysis or histology, this novel approach provides information about
the temporal and spatial evolution of the infection and therapeutic response in living
animals and allows studying multiple infections sites simultaneously. Moreover,
longitudinal imaging is non-invasive and reduces the number of animals needed for
the preclinical evaluation of antifungal therapy as individual animals can be
monitored throughout the full disease and treatment process. Therefore, the
implementation of preclinical imaging can raise the ethical acceptance of in vivo
efficacy studies, which remain an essential step for the evaluation of novel

therapeutic compounds.

BLI enabled rapid real-time screening of in vitro antifungal drug efficacy with
distinction between fungistatic and fungicidal activity. The use of real-time imaging
techniques for determination of drug sensitivity and time-kill curves has the
advantage that plating of samples for CFU counting can be neglected and results are
obtained immediately (34). This makes BLI an interesting alternative for rapid real-
time in vitro assessment of antifungal activity, and multiplexing BLI with fluorescence
or dye-based approaches can provide additional validation of the results (19, 34). As
some drugs induced a temporal increase in bioluminescence, robust testing of the

antifungal effect should be done a broader time window to avoid measuring only

14
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these difficult to interpret transient effects. Alterations in membrane permeability
causing an increased substrate influx are a possible contributor, and previous studies
have used luciferase reporters to assess cell permeabilization in bacteria (32).
Further study is warranted to investigate how this transient increase relates to the
complex mode of action of antifungals, and whether similar effects are also present

with other bioluminescent organisms.

Subsequently, we aimed to validate a combination of non-invasive optical and
anatomical imaging for in vivo evaluation of antifungal treatment efficacy in two
mouse models and compared these to standard endpoint measurements such as
CFU counts to quantify fungal load. Both BLI and MRI readouts correlated well with
the fungal burden in various organs, indicating that our dual imaging approach
represents a valuable non-invasive alternative, or at least compatible addition, to the
traditional post-mortem techniques. Even more so, our findings indicated that results
from endpoint analyses can lead to misinterpretation of treatment effects and showed
that these limitations can be overcome using non-invasive imaging. In the
disseminated disease model, the therapeutic response was variable throughout the
disease period, indicating that the selection of specific time points for fungal load
analysis and correct identification of infected body sites (such as brain versus kidney
infection) can have a large impact on conclusions about in vivo drug efficacy.
Furthermore, our approach qualitatively and quantitatively assessed the infection
status of individual animals prior to the start of treatment and identified animals in
which induction of infection had failed, which might be wrongly interpreted as
treatment success in single time point analyses. In addition, whole-body BLI allowed
simultaneous assessment of the antifungal efficacy in various organs, including

organs that were not in primary focus of this study. This contrasts techniques like
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CFU counting or histology, where effects are only studied in predefined organs.
Hence, the implementation of this dual imaging approach in preclinical drug efficacy
testing for CNS infections allows a more efficient and more complete assessment of

the therapeutic effect than the standard techniques.

Overall, our BLI readouts correlated well to the current gold standard of CFU
analysis, but for correct interpretation of BLI results it remains important to realize
that several confounding factors may limit a direct translation from BLI signal to viable
fungal load. First, the localization of infection affects the amount of detectable light.
The BLI signal was higher when infection had spread to the ventricles and CSF
compared to deep-seated, localized cryptococcomas, although this was not
associated with an increased fungal load. Secondly, the bioluminescence reaction
using firefly luciferases requires the availability of D-luciferin and the cofactors O,,
ATP and Mgz+. Especially in larger or necrotic lesions, the delivery of oxygen and the
substrate D-luciferin might be limited, leading to a lower signal intensity (22).
Changes in the BBB-integrity could also affect the permeability for D-luciferin (35).
Finally, we showed that some drugs may cause a transient BLI increase potentially
due to altered membrane permeability and luciferin uptake, which could result in
reduced correlation of the BLI signal with CFU counts. Our study illustrated that
performing in vivo experiments in this specific time window of transient effects may
lead to a transiently increased bioluminescence that is not necessarily related to an

increased fungal load.

The addition of MRI provided a valuable second readout on treatment efficacy by
monitoring with high spatial detail how antifungal treatment affects the growth rate
and spatial distribution of brain lesions and limits damage to the host brain. In the

meningoencephalitis model, MRI allowed the detailed analysis of the number of brain
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lesions and their respective size and showed an excellent correlation with the fungal
load in the brain. Although MRI was able to demonstrate a slower growth rate of
lesions upon treatment, successful antifungal therapy will most likely not result in
rapid shrinkage of the lesion, as has also been shown in clinical MR studies (36). As
the hyperintense contrast on MRI is not specifically generated by viable fungi, the
result of antifungal treatment will likely show a delayed response on MRI, in contrast
to BLI where a direct effect on fungal cell viability can be observed. But, in contrast to
BLI, MRI does not require genetic modification of the fungal strain and is also

implemented in a clinical setting.

The highly complementary information obtained by the combination of BLI and MRI
can overcome the limitations of the individual imaging techniques. Our study showed
that this is extremely valuable for correct interpretation of results. The acquired
whole-body BLI images can be used to monitor and quantify the differential spatial
and temporal distribution of infection and treatment effects in multiple organs
simultaneously. BLI can guide additional anatomical imaging techniques towards
organs of interest to obtain a detailed 3D localization of the infectious foci. MRI can
provide an alternative readout on the infection status to validate the BLI results and
identify potential reasons for specific observations with BLI. As an example, MRI
showed the spatial distribution of infection towards the ventricles, or can detect
bleeding or scar tissue which may attenuate the emitted light. In this way, BLI and
MRI provide highly complementary information on different aspects of the therapeutic
response: the direct effect on viable fungal load (BLI) or on lesion growth and

damage to the host (MRI).

We have validated this novel imaging approach in two different animal models of

cryptococcosis that represent two distinct clinical presentations of the disease.
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Treatment was generally less effective in the cryptococcoma model than the
meningoencephalitis model, most likely due to limited drug penetration in large
lesions. This corresponds to clinical case reports, where cryptococcomas are
typically difficult to treat and require prolonged antifungal treatment and sometimes
surgical resection (10, 37, 38). Moreover, meningoencephalitis models have a
demonstrated impairment of the BBB-integrity leading to more efficient penetration of
AMB (39, 40), while this has not yet been investigated in cryptococcoma models.
Preclinical studies using this model could help to optimize clinical treatment

strategies for cryptococcomas.

Our current study validated the use of in vivo imaging techniques for non-invasive
testing of treatment efficacy in various organs. It was not a direct aim of this proof-of-
concept study to identify the most optimal treatment regimens for cryptococcosis.
Accordingly, our study was sufficiently powered to demonstrate visually observable
treatment effects with statistical validity, but a larger number of animals would likely
be required for detecting potential more subtle effects. Our results indicated that the
applied monotherapy regimens were insufficient to effectively clear the infection from
all body sites. One reason for this limited efficacy of treatment can be attributed to the
late start of therapy, which was initiated when disease had already been manifested.
Such a limited efficacy of antifungal treatment has also been reported in other models
with delayed treatment (26, 41), and underlines the importance of early diagnosis
and rapid initiation of therapy (42, 43). Nonetheless, our results showed that in vivo
antifungal efficacy in various organs can largely be attributed to the known
biodistribution of the tested compounds. In the disseminated disease model, the
potent fungicidal drug L-AMB reduced the infection load in the kidney and eradicated

all cryptococci from the spleen, which is consistent with its high tissue concentration
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in this organ (44, 45). This was in contrast to the brain, where the best results were
obtained using FLC, a drug that effectively crosses the BBB. I.p. injection with L-AMB
only mildly reduced brain fungal load, consistent with its low availability in the brain
which may hamper efficient control of CNS infections (15, 45). A higher treatment
efficacy in the brain could potentially be achieved by i.v. injection of L-AMB through
increased systemic uptake, although daily i.v. injections in mice are technically more
challenging. An earlier initiation, prolonged treatment or combination therapy with
different antifungals would likely also enhance treatment efficacy, and many different
combinations and regimens have previously been evaluated in animal studies and
clinical trials. Our proof-of-concept study shows that preclinical imaging is sensitive
enough to detect even small treatment effects. As such, this work can form the basis
for additional follow-up studies that search the most effective treatment strategy by

use of preclinical imaging in appropriately powered animal studies.

In conclusion, we have shown that BLI and MRI allow non-invasive evaluation of the
in vivo efficacy of antifungal compounds combatting CNS cryptococcosis. Both in
vitro and in vivo BLI allowed for the rapid real-time assessment of the viable fungal
load and its response to therapy, while treatment effects in multiple organs could be
evaluated simultaneously. MRI allowed monitoring of the spatial distribution and
growth rate of the brain lesions following antifungal treatment. The combination of
both techniques provided highly complementary information and allowed longitudinal
monitoring of the treatment effects in individual animals. This approach proved to be
a powerful tool that can reveal important aspects of the dynamics of treatment
response, which could be missed by single time point measurements like CFU and/or
survival analyses and potentially lead to misinterpretation of therapeutic drug

efficacy. Therefore, non-invasive in vivo imaging techniques have the potential to
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help improve the efficiency and accuracy of preclinical drug testing for CNS infections
and accelerate the translation of promising drug candidates or treatment regimens to

the clinic.

Material and methods

Fungal strains

The bioluminescent C. neoformans KN99a strain (28) expressing a red-shifted,
codon-optimized firefly luciferase was used for both in vitro and in vivo experiments.
Additional in vitro experiments were performed using a wild-type and red fluorescent
C. neoformans KN99a strain, expressing the protein E2-Crimson (see supplementary
methods for construction of this strain). A GFP-expressing C. neoformans H99 strain
(46) was used for histology of the infected brains. All Cryptococcus strains were
cultured on Sabouraud agar (Bio-Rad, Temse, Belgium) for 2-3 days at 37°C (in

vitro) or 30°C (in vivo experiments) prior to transfer to liquid cultures.

In vitro experiments

Bioluminescence assay of antifungal effects

Liquid cultures were grown in DYP medium (1 % glucose, 0.5% yeast extract, 1%
peptone) for 24 hours at 37°C while shaking (200 rpm). Amphotericin B deoxycholate
(AMB-d, 0.1 mg/ml, Fungizone, Bristol-Myers Squibb, Utrecht, The Netherlands),
fluconazole (FLC, 0.5 mg/ml, TCI Europe, Zwijndrecht, Belgium) or an equal volume
of sterile water (control) was added to the culture. Both drugs were dissolved or
dispersed in sterile water. Cultures (10 ml) were incubated at 37°C while shaking and

samples were measured immediately after, 2, 4, 6, 8, 24, 48 and 72 hours after
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addition of the antifungals. The results are expressed relative to the average signal
obtained immediately after addition of the drug to normalize for differences in initial

culture density.

Temporal profile of bioluminescence after antifungal therapy

Cultures were inoculated in liquid Sabouraud medium (Bio-Rad) and grown for 20
hours at 37°C while shaking. AMB-d, liposomal amphotericin B (L-AMB, AmbiSome,
Gilead Sciences, Carrigtohill, Ireland), FLC, natamycin (JK Scientific GmbH,
Pforzheim, Germany) or sodium dodecyl sulphate (SDS, Merck, Hohenbrunn,
Germany) were dissolved or suspended in sterile water. Antifungal compounds were
added to aliquots (4 ml) of the cultures at a final concentration of 0.01, 0.1, 1, 10 or
100 pg/ml, while SDS was used at 1, 0.1, 0.01, 0.001 and 0.0001 %. An equal
volume of sterile water was added to the no drug control. Bioluminescence was
measured at 5 minutes, 40 minutes, 1, 2, 4, 6, 8 and 26 hours after antifungal

addition.

In vitro bioluminescence and fluorescence measurements

100 pl of the culture was transferred to a 96-well plate (Falcon Microtest 96, Becton
Dickinson, Meylan Cedex, France) and 100 pl of D-luciferin (final concentration 0.15
pg/ml, in phosphate-buffered saline (PBS), Luciferin-EF, Promega, USA) was added.
Bioluminescence was measured in triplicate or quadruplicate samples using a plate
reader (Wallac Victor 1420, Perkin Elmer, Waltham, USA) with 10 seconds
measurement time. For assessment of fluorescent E2-Crimson strains, auto-

fluorescence and auto-luminescence, see supplementary methods.

In vivo experiments
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Animals were housed in individually ventilated cages and received water and
standard food ad libitum. Female BALB/c mice (internal stock KU Leuven or Charles
River Laboratories) were infected at an age of 9-10 weeks. All animal experiments
were conducted in accordance with European directive 2010/63/EU and approved by

the animal ethics committee of KU Leuven (P006/2017, P103/2012).

Preparation of Cryptococcus neoformans inoculum

The bioluminescent C. neoformans strain was cultured in liquid Sabouraud medium
for 2-3 days at 30°C. As previously described (28), fungal cells were harvested by
centrifugation, washed twice with Dulbecco’s PBS (Gibco, Paisley, UK), counted
using a Neubauer counting chamber and diluted to the desired concentration in PBS.

The number of CFUs in the inoculum was confirmed by plating on Sabouraud agar.

Experiment 1: Systemic treatment in the meningoencephalitis model (Fig. 3A)

Animals were anaesthetized using 1.5-2% isoflurane (ISOVET®, Primal Critical Care
Limited, West Drayton, UK) in 100% oxygen and infected by tail vein injection of
50,000 fungal cells in 100 ul of PBS to induce disseminated infection and subsequent
meningoencephalitis (28). Starting from day 3 p.i., animals (n = 4 per group) received
antifungal treatment by i.p. injection of L-AMB (10 mg/kg), saline, or FLC (75 mg/kg).
For the latter, we initially aimed to administer 150 mg/kg (corresponding to 800
mg/day in humans) based on previous reports of high-dose FLC treatment (47), but
we found that this was not feasible due to the limited solubility of FLC in saline. L-
AMB was dispersed in sterile water and diluted with 5% glucose solution prior to
injection, as per the manufacturer’s instructions. 1 animal in the FLC group did not
develop infection, most likely due to inefficient i.v. injection and was excluded from

the analysis. BLI scans were performed on day 3 (prior to antifungal treatment), 4, 5,
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6 and 7, while 2D and 3D MRI scans were done on day 4 and 6. BLI was performed

prior to the daily dose of the antifungal, except on day 4.

Experiment 2: Systemic treatment in the cryptococcoma model (Fig. 3B)

Focal cryptococcal brain lesions were induced by intracranial stereotactic injection,
based on a previously described rat model (48). Mice were anaesthetized by i.p.
injection of ketamine (45-60 mg/kg, Nimatek®, Eurovet Animal Health, Bladel, The
Netherlands) and medetomidine (0.6-0.8 mg/kg, Domitor®, Orion Pharma, Espoo,
Finland). Fur on the head was clipped, the skin was disinfected and local analgesia
was administered (2% lidocaine, Linisol®, Braun, Berlin, Germany). The animal’s
head was fixed in a stereotactic frame (Stoelting, Wood Dale, IL, USA) and 10,000
bioluminescent Cryptococcus cells were injected (1 pl, rate of 0.5 pl/min) in the
striatum using a 10 pl Hamilton syringe with 30 gauge needle (Hamilton Company,
Reno, NV, USA). Injection coordinates were 0.5 mm anterior and 2 mm lateral to
bregma, and 3 mm from the dura. To prevent backflow of the injected cells, the burr
hole was closed using dental filling resin (NanoFil® flowable light curing composite,
AT&M Biomaterials, Beijing, China). The incision site was sutured and anesthesia
was reversed by i.p. injection of atipamezole hydrochloride (0.5 mg/kg, Antisedan®,
Orion Pharma). Additional animals were injected with a GFP-expressing C.
neoformans H99 strain for histological analysis of the cryptococcoma model (see

supplementary methods).

Starting from day 3 p.i., mice (n = 4 per group) received daily i.p. injections with
saline, L-AMB (10 mg/kg) or FLC (75 mg/kg). A fourth group of animals received a
single high dose of L-AMB (20 mg/kg) i.v., based on previous reports on the efficacy
of this regimens (49). BLI and 2D MRI scans were performed on day 3 (prior to

antifungal treatment), 6 and 9 p.i..
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Experiment 3: Intracerebral treatment in the cryptococcoma model (Fig. 3C)

Focal cryptococcal brain lesions were induced by stereotactic injection. On day 6 and
8 p.i., mice (n = 5) received an intracranial stereotactic injection of L-AMB (2.5 pl of
0.6 mg/ml in sterile water) inside the brain lesion, at the same coordinates as used
for induction. 2.5 ul was distributed in five steps of 0.5 ul, spaced every 0.5 mm
between 4 and 2 mm from the dura. Control animals (n = 4) were injected with 2.5 pl
of sterile water. Mice were scanned using BLI and MRI (2D) on day 6 (prior to the first

treatment), 8 and 10.

Image acquisition and analysis

BLI

Mice were injected i.p. with D-luciferin solution (15 mg/ml) at a dose of 126 mg/kg
prior to anesthesia (50). Immediately afterwards, animals were anaesthetized using
1.5-2% isoflurane in 100% oxygen. Ten to fifteen minutes after D-luciferin injection,
mice were placed in prone position in an IVIS Spectrum imaging system (Perkin
Elmer) equipped with Living Image Software (version 4.5.2). Consecutive images
were acquired during 30 minutes using an exposure time of 1 minute, F/stop 1,
subject height of 1.5 cm and medium binning. The total photon flux was quantified
using Living Image Software (version 4.5.4). Regions of interest were located in the
brain (cryptococcoma model: circular ROI of 1.8 cm diameter, meningoencephalitis
model: rectangular ROI of 1.6 by 1.3 cm) or upper abdomen (including spleen and
kidney region, 2.5 by 1.3 cm). Per animal and time point, the highest total photon flux

obtained from all consecutive images was used for further statistical analysis.

Magnetic resonance imaging

24



530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

MR scans were acquired using a 9.4T preclinical MRI scanner with 20 cm bore
(Biospec 94/20) and a linearly polarized resonator (72 mm diameter) in combination
with an actively decoupled mouse brain surface coil (all Bruker Biospin, Ettlingen,
Germany). A physiological monitoring system (Small Animal Instruments Inc., Stony
Brook, NY, US) was used to monitor the animals’ breathing rate and body
temperature during isoflurane anesthesia. After acquisition of localizer images, a 2D
coronal T,-weighted MR brain scan was acquired with the following parameters: spin-
echo sequence, RARE factor of 8, TR/effective TE 4200/36.3 ms, field of view 2 x 1.5
cm, 12 slices with 0.5 mm slice thickness, 100 um in plane resolution and a scan
time of 1 min. A 2D axial brain scan was acquired with a RARE factor of 8,
TR/effective TE 4200/36.3 ms, field of view 2 x 2 cm, 9 slices with 0.5 mm thickness
and 0.2 mm slice gap, in plane resolution of 78.125 pm and a scan time of 1.66 min.
Parameters for the 3D T,-weighted brain MR scans (meningoencephalitis model)
were: spin-echo sequence, RARE factor 10, TR/TE 1000/36 ms, FOV 2.4x1.5x0.83

cm, isotropic spatial resolution of approximately 94 um and a scan time of 15 min.

Lesions were manually delineated on the 2D or 3D scans using the brush tool in ITK-
SNAP (version 3.4.0, (51)). The reported lesion volume in the cryptococcoma model
is the average volume obtained from the coronal and axial 2D scans. For the 3D
scans in the meningoencephalitis model, the number of brain lesions and average
volume per lesion was determined in ImageJ (version 1.49, National Institute of
Health, USA, (52)) by using the 3D object counter (53) after applying a Watershed

algorithm on the segmentation image.

CFU analysis

After the last imaging session, or when humane endpoints were reached, animals

were sacrificed by i.p. injection of a pentobarbital overdose. The brains were isolated,
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weighted and homogenized after addition of PBS. Serial 10-fold dilutions were plated
in triplicate on Sabouraud agar. After 3 days incubation at room temperature or 2
days at 30°C, the number of colonies was counted manually. All reported CFU
counts are expressed as CFUs/g weighted tissue. For correlations with the imaging
data, animals that succumbed to disease prior to the end of the experiments were

excluded.

Statistical analysis

Data were analyzed using Graphpad Prism (version 8.1.2). Time-kill curves were
analyzed using a two-way repeated measures ANOVA, followed by a Dunnett's post-
test to compare each treatment group to the control curve. In vitro data at specific
time points were analyzed using a one-way ANOVA with Dunnett’s post-test

compared to the control setting.

Longitudinal in vivo imaging datasets were analyzed using a mixed-effects model
with Geisser-Greenhouse correction to investigate whether treatment effects were
significant. If no significant effect was found, only this p-value is reported. When
treatment was a significant factor, p-values for the comparison of specific treatment
groups to the control group (over all time points) are reported after using a Dunnett’s
post-test. This was followed by a second Dunnett’'s post-test comparing the groups at
the specific time points (significance indicated on the graph). CFU data was analyzed
using an unpaired t-test or one-way ANOVA with Dunnett's post-test and linear
regression with Pearson correlation coefficients. In vivo BLI and CFU data were log-

transformed prior to statistical analysis.
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Figure legends

Figure 1: In vitro bioluminescence assay of antifungal effects. Amphotericin B
deoxycholate (AMB-d, 0.1 mg/ml), fluconazole (FLC, 0.5 mg/ml), or sterile water
(control) were added to pre-grown (24 h old) liquid cultures. Bioluminescence was
measured immediately after, 2, 4, 6, 8, 24, 48 and 72 hours after antifungal addition
by adding D-luciferin (0.15 pg/ml) to samples of the culture. The bioluminescence
signal is expressed relative to the signal obtained immediately after addition of
antifungal (0 h). Curves were significantly different for AMB-d (p<0.0001) and
fluconazole (p=0.0152) compared to the control curve. Two-way repeated measures

ANOVA with Dunnett's multiple comparison post-test. Graph shows mean = SD.

Figure 2: Temporal profile of the bioluminescence signals in response to
different antifungal compounds. Bioluminescent C. neoformans cells in liquid
culture (20 h old) were exposed to various doses of antifungals and the
bioluminescence was measured in real time at the indicated time points by adding D-
luciferin to culture samples. A) Amphotericin B deoxycholate (AMB-d) showed a
dose-dependent antifungal effect. Bioluminescence increased transiently shortly after
addition. B) Liposomal amphotericin B (L-AMB) induced a similar but more delayed
response. C) Fluconazole showed a modest antifungal effect at the tested
concentrations. D) Exposure to natamycin induced a dose-dependent killing of the
fungi. A transient increase was only observed for the highest concentration tested. E)
Sodium dodecyl sulphate (SDS) caused a rapid dose-dependent decrease in

bioluminescence. Graphs show mean + SD.
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Figure 3: Experimental set-ups for in vivo imaging of treatment efficacy in
delayed-treatment  models. A) Systemic treatment in the model of
meningoencephalitis following disseminated disease. B) Systemic treatment in the
cryptococcoma model. C) Intracerebral treatment in the cryptococcoma model.
Abbreviations: i.cr.: intracranial; i.p.: intraperitoneal; i.v.: intravenous; BL: baseline

scans to assess infection status prior to initiation of treatment.

Figure 4: BLI of antifungal treatment efficacy in a model of cryptococcal
meningoencephalitis. Animals (n = 4 per group) were intravenously injected with
50,000 bioluminescent C. neoformans cells and received daily injections with saline,
liposomal amphotericin B (L-AMB, 10 mg/kg) or fluconazole (FLC, 75 mg/kg) starting
from day 3 p.i.. One animal in the FLC group did not have an established infection
and was excluded from further analysis (indicated with * on the images and with grey
dashed line on the graphs). A) BLI for the individual animals. B) Quantification of the
total photon flux in the brain region. The curves of FLC treated animals were
significantly different from the saline group (p=0.016), but not for L-AMB treated
animals (p=0.7376). On day 4, animals were injected with L-AMB shortly before BLI
acquisition, leading to a significantly increased bioluminescence. C) The total photon
flux in the abdominal region was significantly lower in the L-AMB group compared to
the saline group (p=0.0001), but not for the FLC group (p=0.4374). Graphs show
individual data points, mixed-effects model statistics with Dunnett's post-test. (-)

indicates that animals were lost to follow-up.
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Figure 5: Brain MRI after antifungal treatment in the meningoencephalitis
model. Daily antifungal treatment with liposomal amphotericin B (L-AMB, 10 mg/kg),
fluconazole (FLC, 75 mg/kg) or saline (h = 4 each) was initiated 3 days after
intravenous injection with 50,000 C. neoformans cells. A) Slice of the 2D coronal MR
images for the individual animals (1 slice / animal). B) The total lesion volume
quantified from 3D MR images showed a significant effect for FLC-treatment
(p=0.0066) but not for L-AMB (p=0.2095). C). Treatment did not have a significant
effect (p=0.8561) on the number of lesions. D) The average lesion volume was
significantly lower in the FLC-treated animals (p=0.0007), but not in animals receiving
L-AMB treatment (p=0.9740). Graphs show individual data points, mixed-effects
model statistics with Dunnett’s post-test. (-) indicates animals lost to follow-up, *

indicates one animal with unsuccessful induction of infection.

Figure 6: CFU analysis of the brain, spleen and kidneys after antifungal
treatment in the meningoencephalitis model. Disseminated infection was induced
by intravenous injection of 50,000 C. neoformans cells. Fungal load analysis was
performed after the last imaging session or when animals were sacrificed for humane
endpoints. A) Liposomal amphotericin B (L-AMB) and fluconazole (FLC) treatment
induced a small reduction in the fungal load in the brain (p=0.0103 and p=0.0054,
respectively). B) FLC treatment reduced the fungal load in the spleen (p=0.0128),
while for L-AMB no fungal cells could be recovered (p<0.0001). C) L-AMB and FLC
treatment lowered the fungal load in the kidneys (p<0.0001 and p=0.0023,

respectively). Graphs show mean + SD, one-way ANOVA with Dunnett's post-test.
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Figure 7: BLI and MRI of antifungal treatment efficacy following systemic
treatment in the cryptococcoma model. Focal cryptococcomas were induced by
stereotactic injection of 10,000 bioluminescent C. neoformans cells. Treatment (n=4
per group) was initiated on day 3 by daily i.p. injection of fluconazole (FLC, 75 mg/kg)
or liposomal amphotericin B (L-AMB, 10 mg/kg), or a single i.v. dose (20 mg/kg) of L-
AMB was given on day 3. A) BLI of treated animals. B) Coronal MRI slices for the
corresponding animals (1 slice per animal). C) Quantification of the BLI signal in the
brain region. Statistics did not show an overall significant effect of treatment
(p=0.2977). D) Lesion volume quantified from the MR images showed an overall
significant effect of treatment (p=0.0354), but no significant differences between the
saline and treatment groups. Animals with higher bioluminescence and MRI-based
evidence of cryptococcomas invading the ventricle are indicated with (*) on the
images and open symbols on the graphs. Graphs show individual data points, mixed-
effect model statistics with Dunnett's post-test. (-) indicates that animals were lost to

follow-up.
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Figure 8: CFU analysis of the brains after systemic treatment in the
cryptococcoma model and correlation with imaging readouts. A) Treatment
induced a small but not significant decrease in the fungal brain load in animals
treated daily with fluconazole (FLC) or liposomal amphotericin B (L-AMB). No
significant differences were found (overall p-value = 0.0816). The animal with the
notably higher brain fungal load in the L-AMB groups displayed spreading of the
infection towards the forebrain. B-C) Quantification of in vivo BLI (B) and lesion
volume obtained from MRI (C) correlated well with the fungal burden in the brain.
When animals with spreading of the cryptococcomas to the ventricles (open symbols,
see Fig. 7) were excluded, the correlation of BLI and CFU results was strengthened
(r= 0.7491, p=0.0050). Graphs show data from individual animals. One-way ANOVA
with Dunnett’s post-test or Pearson correlation coefficients with linear regression and

95% confidence bands.

Figure 9: BLI and MRI of intracerebral treatment of cryptococcomas. Animals
were stereotactically injected with 10,000 C. neoformans cells and liposomal
amphotericin B (L-AMB) (n = 5) or sterile water (n = 4) was injected inside the brain
lesion on day 6 and 8 p.i.. A) BLI of the infected animals on day 6 (before treatment),
8 and 10 p.i. B) Slice of the coronal 2D brain MRI for the same animals, showing a
small hyperintense region in the lesion at the site of injection (red arrows). C)
Quantification of the bioluminescence from the brain. D) Quantification of the lesion
volume on MRI. No significant effect of the treatment was found for the BLI or MRI
results at group level (p=0.2725 and p=0.4396, respectively). Numbers on the graphs

correspond to the specific animals on the images. Graphs show individual data
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846 points, mixed-effect model statistics with Dunnett's post-test. (-) indicates that

847 animals were lost to follow-up.
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