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ABSTRACT

Infectious brain lesions caused by the pathogenic fungi Cryptococcus neoformans and C. gattii, also referred to as
cryptococcomas, could be diagnosed incorrectly as cystic brain tumors if only based on conventional magnetic
resonance (MR) images. Previous MR spectroscopy (MRS) studies showed high local concentrations of the fungal
disaccharide trehalose in cryptococcomas. The aim of this study was to detect and localize fungal brain lesions
caused by Cryptococcus species based on Chemical Exchange Saturation Transfer (CEST) MR imaging of
endogenous trehalose, and hereby to distinguish cryptococcomas from gliomas. In phantoms, trehalose and
cryptococcal cells generated a concentration-dependent CEST contrast in the 0.2 — 2 ppm chemical shift range,
similar to glucose, but approximately twice as strong. In vivo single voxel MRS of a murine cryptococcoma model
confirmed the presence of trehalose in cryptococcomas, but mainly for lesions that were large enough compared
to the size of the MRS voxel. With CEST MRI, combining the more specific CEST signal at 0.7 ppm with the higher
signal-to-noise ratio signal at 4 ppm in the CryptoCEST contrast enabled localization and distinction of cryp-
tococcomas from the normal brain and from gliomas, even for lesions smaller than 1 mm?®. Thanks to the high
endogenous concentration of the fungal biomarker trehalose in cryptococcal cells, the CryptoCEST contrast
allowed identification of cryptococcomas with high spatial resolution and differentiation from gliomas in mice.
Furthermore, the CryptoCEST contrast was tested to follow up antifungal treatment of cryptococcomas. Trans-
lation of this non-invasive method to the clinic holds potential for improving the differential diagnosis and
follow-up of cryptococcal infections in the brain.

1. Introduction

immunocompromised individuals, yearly resulting in an estimated
223,100 cases in HIV-infected persons worldwide and accounting for

Cryptococcus neoformans and C. gattii are the most common causes of
fungal brain infection, leading to life-threatening meningoencephalitis
and/or localized brain lesions called cryptococcomas (Maziarz and
Perfect, 2016; Schwartz et al., 2018). Cryptococcosis mainly affects

7-10% of the fungal infections reported in solid organ transplant re-
cipients (Beardsley et al., 2019; Rajasingham et al., 2017). In particular
C. gattii can also cause disease in apparently immunocompetent persons,
in whom disease presents most commonly in the form of

Abbreviations: CEST, chemical exchange saturation transfer; CFU, colony forming unit; PBS, phosphate-buffered saline; p.i., post injection; MTR5ym, magneti-
zation transfer ratio asymmetry; APT, amide proton transfer; NOE, nuclear Overhauser effect; MRS, magnetic resonance spectroscopy.
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cryptococcomas (Chen et al., 2000; Mitchell et al., 1995). A treatment
regimen of several months with the antifungal drugs amphotericin B,
flucytosine and/or fluconazole is essential for patient survival, but
mortality rates remain high, ranging from 20% in high-income countries
to 70% in resource-limited regions (Rajasingham et al., 2017).

Diagnostic imaging, especially MR imaging of the brain, plays an
important role in localizing and defining the extent of infection (Charlier
et al., 2008). But, conventional MR techniques often lack the specificity
to differentiate cryptococcomas from other types of brain lesions (such
as cystic brain tumors or abscesses) because most pathological lesions
appear as hyperintense lesions on Ty-weighted MR images (Himmelreich
and Gupta, 2006). In particular for patients in whom the clinical sus-
picion for cryptococcosis is low, such as immunocompetent patients,
cryptococcomas are initially often incorrectly diagnosed as brain tu-
mors, and the final diagnosis of cryptococcosis is only established after
an invasive biopsy or surgical resection of the lesion (Li et al., 2010;
Santander et al., 2019; Ulett et al., 2017). The use of advanced MRI
methods such as diffusion or perfusion MRI has shown promise in the
differentiation of gliomas from other types of lesions, but for infectious
lesions including cryptococcomas, the limited data availability and
relatively high variability has so far hindered conclusions about the
added diagnostic value of these methods (Haris et al., 2008; Himmel-
reich and Gupta, 2006; Luthra et al., 2007; Nath et al., 2009). Moreover,
common diagnostic tests for cryptococcosis such as culturing or antigen
testing of cerebrospinal fluid (CSF) may be of limited value for crypto-
coccomas confined to the brain parenchyma (Mitchell et al., 1995; Singh
et al., 2008). These diagnostic challenges hamper correct and rapid
diagnosis and thereby delay the initiation of appropriate antifungal
treatment or lead to unnecessary surgical procedures, which negatively
impacts patients’ outcome (Aye et al., 2016).

Previous studies have shown that MR spectroscopy allows in vivo
detection of the fungal biomarker trehalose (Vanherp et al., 2021), a
disaccharide that is produced in exceptionally high amounts by Cryp-
tococcus spp. (Dzendrowskyj et al., 2005; Himmelreich et al., 2001;
Petzold et al., 2006). Using a murine cryptococcoma model, we previ-
ously demonstrated that trehalose concentrations correlate to the viable
fungal load, indicating that this quantitative biomarker holds high po-
tential for both diagnostic and prognostic purposes (Vanherp et al.,
2021). However, MRS has a poor spatial resolution and necessitates
prior definition of relatively large voxels of interest for accurate detec-
tion, which leads to large partial volume effects in case of small lesions.
Moreover, MRS can be challenging in case of lesions located close to the
ventricles, sinuses or skull.

Chemical exchange saturation transfer (CEST) imaging is an
advanced MRI technique that generates MR contrast based on the
saturation of exchangeable protons in diverse molecules using selective
radiofrequency pulses (Kogan et al., 2013; Van Zijl and Yadav, 2011;
Ward et al., 2000). The saturated protons continuously exchange with
the bulk water pool, and this saturation transfer results in a detectable
decrease in the water signal and associated signal intensity in the MR
image. By comparing the MRI contrast in CEST images acquired at
different saturation offsets, the concentration of these exchangeable
protons and compounds can indirectly be assessed with a relatively high
spatial resolution and enhanced sensitivity. CEST contrast can be
generated based on endogenous metabolites or after the administration
of paramagnetic shift agents (Van Zijl and Yadav, 2011). CEST contrast
based on endogenous metabolites has enabled successful imaging of
various carbohydrates and polyols including glucose (Walker-Samuel
et al., 2013), glycogen (van Zijl et al., 2007), myoinositol (Haris et al.,
2011) and maltitol (Bagga et al., 2019), thanks to their exchanging
hydroxyl protons. To date, the potential use of CEST imaging to assess
endogenous metabolites of fungal cells in infectious lesions has not yet
been explored. In this study, we investigated whether the potential CEST
contrast generated by the high endogenous concentration of the disac-
charide trehalose in cryptococcal cells enables in vivo detection of
cryptococcomas in a murine model. Moreover, we tested whether the
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higher spatial resolution of CEST leads to an improved sensitivity for
detecting small lesions compared to large lesions detected by MRS
(Vanherp et al., 2021). We combined the information of various CEST
offsets in the novel CryptoCEST contrast and assessed its potential for
the spatially resolved identification of cryptococcomas and possible
differentiation of cryptococcomas from gliomas.

2. Methods
2.1. Phantom experiments

D-(+)-trehalose dihydrate (Sigma-Aldrich, Saint Louis, MO, USA)
and D-(+)-glucose (Fluka, Buchs, Switzerland) were dissolved in
phosphate-buffered saline (PBS, Gibco, Paisley, USA). Solutions of 5, 10,
20, 30, 40 or 50 mM were transferred to 5 mm NMR tubes (Norell,
Landisville, NJ, USA) for CEST imaging. All data represents average
results from triplicate test tubes.

Wild-type C. neoformans H99 cells were plated on Sabouraud agar
(Bio-Rad, Temse, Belgium) and incubated for 5 days at 30 °C. An inoc-
ulum was subsequently transferred to liquid Sabouraud medium and
incubated for 24 h at 37 °C, while continuously shaking. Cultures were
centrifuged and cells were washed twice with PBS. The number of cells
was counted using a Neubauer counting chamber and diluted to 10°
cells/ml in PBS. Serial dilutions were plated on Sabouraud agar and
incubated for 4 days at room temperature to assess the number of
colony-forming units (CFUs, corresponding to viable cells). Dilutions of
different cell densities were transferred to 200 pl microcentrifuge tubes
for imaging.

2.2. Animal experiments

All animal experiments were approved by the animal ethics com-
mittee of KU Leuven and conducted in accordance with European
directive 2010/63/EU. Cryptococcal strains were cultured on Sabour-
aud agar and subsequently grown in liquid Sabouraud medium, both for
2-3 days at 30 °C. Inoculum preparation and cryptococcoma induction
in mice were performed as previously described (Vanherp et al., 2020).
In brief, cultures were centrifuged, washed twice with PBS, and the
inoculum size was adjusted to the desired concentration after counting
the cells with a Neubauer counting chamber. Unilateral focal brain le-
sions were induced by intracranial stereotactic injection of 10* Crypto-
coccus cells (1 pl) in the right striatum of female Balb/C mice (9-10
weeks old, Charles River or internal stock Animal Research Facility, KU
Leuven). An additional control animal was injected with PBS. Ortho-
topic high-grade gliomas were generated by inoculating 5 x 10°
neurospheres-cultured CT-2A cells in the brain of female C57BL/6 mice
(12-14 weeks old, Envigo), as previously described (Riva et al., 2019).
At the end of the experiment, mice were sacrificed using a pentobarbital
overdose and the number of CFUs in the brain was determined as pre-
viously described (Vanherp et al., 2020).

2.2.1. Detection of small and larger cryptococcomas

Mice were injected intracranially with GFP-expressing C. neoformans
H99 (n = 5) (Voelz et al., 2010) or PBS (n = 1) as control. MRS and CEST
imaging was performed on day 3 and 6 post injection (p.i.).

2.2.2. Differentiation of cryptococcomas from gliomas

Mice were injected intracranially with C. gattii R265 (n = 6) or
C. neoformans H99 (n = 5, both GFP-expressing (Voelz et al., 2010)), or
neurospheres-cultured CT-2A cells (n = 3). To have a comparable lesion
volume between the different models, MR spectra were acquired on day
10 (C. neoformans, separate set of animals), day 9 (C. gattii) or day 14
(gliomas) p.i., while CEST imaging was performed on day 8 (crypto-
coccomas) or day 14 (gliomas).
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2.2.3. Treatment experiment

As previously described (Vanherp et al., 2020), mice (n = 16) were
injected intracranially with bioluminescent C. neoformans KN99«
(Vanherp et al., 2019) and received daily intraperitoneal injections with
saline, liposomal amphotericin B (L-AMB, 10 mg/kg, AmbiSome, Gilead
Sciences, Carrigtohill, Ireland) or fluconazole (75 mg/kg, TCI Europe,
Zwijndrecht, Belgium) starting from day 3 p.i.. A fourth group received a
single intravenous high dose of L-AMB (20 mg/kg) on day 3. CEST im-
ages were acquired on day 7 p.i. Other imaging read-outs of the same
animals, including bioluminescence and MRS, were previously pub-
lished in (Vanherp et al., 2020, 2021).

2.3. MR imaging

Images were acquired using a 9.4 T small animal horizontal MR
system (BioSpec 94/20) with a linearly polarized resonator (all Bruker
Biospin, Ettlingen, Germany) for transmission and an actively decoupled
mouse brain surface coil for receiving. Animals were anesthetized using
1.5-2% isoflurane (Abbott Laboratories, Queensborough, UK) in 100%
O,. Breathing rate and body temperature of the animals were continu-
ously monitored using a physiological monitoring system (Small Animal
Instruments Inc., Stony Brook, NY, USA) and maintained around 80-120
breaths per minute and 37 + 1 °C, respectively. For the phantoms, tubes
were placed on top of an inverted mouse head coil because of rapid
sedimentation of the cells in PBS.

2D axial Ty-weighted anatomical MRI scans were acquired using a
fast spin-echo sequence (RARE) with repetition time (TR)/effective echo
time (TEes) 4200/40 ms, RARE factor 8, matrix size 256 x 256, 9
contiguous slices of 0.5 mm thickness with 78 pm in-plane resolution
(shown in the respective figures). To assist segmentation of the lesions
for quantification of the CEST images, an additional axial scan with
geometry identical to the CEST scans was acquired in case of smaller
lesions (day 3 and 6), with a single slice of 1.5 mm thickness. Additional
coronal scans were acquired as previously described (Vanherp et al.,
2020) for positioning of the subsequent scans.

MR spectra were acquired from a 2 x 2 x 2 mm voxel placed inside
or containing the brain lesion (depending on lesion volume), using a
PRESS sequence with TR/TE 1800/20 ms, 320 averages, FASTMAP
shimming (Gruetter, 1993), VAPOR water suppression and automatic
acquisition of an unsuppressed reference scan (1 average) as described
in (Vanherp et al., 2021).

Following a field map-based shim (MAPSHIM, Bruker BioSpin), CEST
images were acquired using a RARE sequence with the following pa-
rameters: TR/TE 2620/23 ms, RARE factor 6, single slice of 1.5 mm
thickness with matrix size 96 x 96 and 208 um in-plane resolution. In all
cases, a single axial slice was positioned over the center of the lesion.
The saturation pulse train consisted of 300 x 8.5 ms pulses with a
radiofrequency (RF) peak amplitude of 1.4 uT and a bandwidth of 150
Hz. In the full protocol, used for in vitro phantoms and the differentiation
from gliomas, 107 CEST images were acquired at saturation frequency
offsets (fsa¢) ranging from —6.25 ppm to 6.25 ppm, as well as two control
images at +50 ppm. The fg,¢ intervals were 0.05 ppm if |fg5¢| < 0.3 ppm,
0.1 ppm if 0.3 < |fsa¢| < 4 ppm and 0.25 ppm if |f| > 4 ppm. This
resulted in a total acquisition time of 45 min. For the phantom con-
taining cryptococci, parameters were slightly adapted to a larger FOV
with identical resolution and a TR/TE 2628/27.85 ms. For other studies
(cryptococcomas of different sizes and antifungal treatment), a shorter
protocol (30 min) was designed with only 71 CEST images, acquired at
selected positive and negative saturation frequencies (in ppm): 20 off-
sets between 0 and 1 (0.05 step), 1.25, 1.875, 2.5, 6 offsets between 2.75
and 3.25 (0.1 step), 3.5, 3.75, 4.375, 5, 6.25 and 50 ppm.

2.4. Data analysis

MR spectra were manually phase-corrected and chemical shifts were
referenced to residual water at 4.65 ppm using the TopSpin software
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(version 3.6.1, Bruker Biospin). Spectra were quantified using the
AQSES algorithm (Poullet et al., 2007) in jMRUI (version 5.2, (Stefan
et al., 2009)) to obtain absolute trehalose concentrations referenced to
internal water (corrected for lesion volume), as described in (Vanherp
et al., 2021).

CEST data processing was performed using custom-written Python
scripts and ImageJ (Schneider et al., 2012) macros. Z-spectra, showing the
ratio of MR signal intensity for a specific saturation offset and the 50 ppm
reference offset, were corrected for By inhomogeneity using the WASSR
method with spline interpolation (bin size 0.1 ppm) (Kim et al., 2009).
Magnetization transfer ratio asymmetry (MTRgasym) maps (in %) were
generated according to the equation MTR m (f) = 100 X (S_f —S.f)/Sref;
where f is the frequency offset of interest, S_rand S, are the corre-
sponding signal intensities at the positive or negative saturation offset,
and S is the signal at the + 50 ppm offset. For presentation purposes, all
maps were masked using a manually drawn brain mask.

CryptoCEST maps were generated in ImageJ using the following
formula on every voxel of the brain masked images:
CryptoCEST contrast = |MTRagym at 0.7 ppm|/|MTRqgym at 4.0 ppm|. For
figures, the CryptoCEST maps were smoothed using a 3 x 3 mean filter.
Quantitative analysis was performed on log-transformed CryptoCEST
data. Maps of the area under the curve (AUC) from 0.2 to 2 ppm were
generated using a custom-written Python script.

The brain masks, regions of interest (ROI) in the cryptococcal lesions
and contralateral reference ROIs were manually drawn on the To-
weighted or CEST MR images using the adaptive brush tool in ITK-SNAP
(Yushkevich et al., 2006). Reported lesion volumes represent the
average volume of the coronal and axial Tp-weighted MRI scan. Re-
ported CEST values represent mean signal intensities of the lesion ROI or
contralateral ROI, for every replicate or animal, or as average for the
group. To better assess potential intra-lesional differences, detailed
quantitative analysis of treatment effects was performed using a
histogram-based analysis of all voxels in the lesion ROI The code and
the datasets generated and analyzed during this study are available from
the corresponding author on reasonable request.

2.5. Statistical analysis

Data was analyzed using GraphPad Prism (version 8.3.0, GraphPad
Software Inc., San Diego, CA, USA). For the phantoms, the area under
the curve between 0.2 and 2 ppm was calculated by including all peaks
above baseline and simple linear regression (up to a concentration of 30
mM) was performed to assess concentration-dependencies. Correlation
of the trehalose concentration and the CryptoCEST contrast was assessed
using a Pearson correlation coefficient. CEST contrast between different
lesions or treatment groups was compared using a one-way Welch’s
ANOVA test (assuming that groups have unequal variances) with Dun-
nett’s T3 multiple comparisons test. Note that samples sizes for the
glioma group (n = 3) were small. For the histogram-based analysis of
treatment effects, the histogram (bin size 0.5 units) of the signal in-
tensities of the voxels within the lesion ROI was normalized to the
number of lesion voxels. This normalized histogram was averaged for
the different animals within a group and a Gaussian curve was fitted to
the average histogram using least squares fitting. In all cases, this
resulted in an R? of at least 0.85.

3. Results

3.1. CEST imaging allows quantitative imaging of trehalose and
Cryptococcus cells

To assess the feasibility and limit for detecting trehalose, we per-
formed CEST imaging of in vitro phantoms containing different con-
centrations of glucose and trehalose in PBS. Both trehalose and glucose
could be detected in concentrations as low as 5 mM in MTRsyy, maps
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acquired at 0.7 ppm (Fig. 1A). The shape of the Z-spectra and MTRasym
curves was highly comparable for both metabolites, with a strong CEST
signal situated between 0.2 and 2 ppm and peaking around 0.7 ppm
(Fig. 1B, C). For an identical molar concentration, the trehalose contrast
was approximately twice the glucose contrast, as expected for the
disaccharide. The area under the curve (0.2 — 2 ppm) was linearly
dependent on the metabolite concentration up to 30 mM (Fig. 1D). At
higher concentrations, the CEST contrast reached a saturation level. The
ratio of the regression slopes for trehalose and glucose closely approxi-
mated their ratio of exchanging hydroxyl groups (8 and 5 groups,
respectively). Cryptococcus cells showed a CEST contrast highly similar
to trehalose, corresponding with their high intracellular trehalose con-
centration (Fig. 2). The contrast depended on the number of fungal cells.
Reliable detection was possible from 2.53 x 107 viable cells (corre-
sponding to 4 x 107 counted cells).

3.2. CryptoCEST contrast allows specific localization of cryptococcomas,
even for small lesions

We subsequently investigated the detection and identification of
cryptococcomas of various sizes using both CEST and MRS in a murine
model. By day 6 p.i. of cryptococcal cells, all animals had developed a
large, hyperintense brain lesion (Fig. 3A). CEST imaging allowed the
discrimination of cryptococcomas from the surrounding brain tissue at
offsets of 0.7 and 4 ppm. Cryptococcomas showed nearly symmetrical Z-
spectra, but the contralateral brain tissue showed additional signals
around +3.5, +2 and —4 ppm, likely corresponding to amide proton
transfer (APT) (Zhou et al., 2003) and creatine/protein CEST effects (Cai
et al., 2015; Zhang et al., 2017) and the aliphatic nuclear Overhauser
(NOE) effect (Jin et al., 2013), respectively (Fig. 3B). Cryptococcomas
had an MTRasym pattern similar to the trehalose solutions and Crypto-
coccus phantoms, with a CEST signal between 0.2 and 2 ppm that
reached its maximum around 0.7 ppm (Fig. 3C), while this signal was
nearly absent in the contralateral brain tissue. At 4 ppm, we observed a
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strong negative contrast for the contralateral brain tissue, but not for
cryptococcomas. The calculation of the ratio between the absolute
values of the MTRsym, at 0.7 and 4 ppm enhanced the selective locali-
zation of cryptococcomas and discrimination from the normal brain
tissue, and is therefore referred to as the CryptoCEST contrast (Fig. 3A).
Proton MRS of a voxel placed inside the cryptococcoma confirmed the
presence of trehalose as the main metabolite, with a strong isolated
signal of the anomeric hydrogen at 5.2 ppm and resonances of the other
hydrogens around 3.4-3.8 ppm. (Fig. 3D). In general, a higher fungal
burden (CFU) in the brain corresponded to a larger lesion area with
higher trehalose concentrations and higher CryptoCEST signal intensity
(Supplementary Table 1).

At an earlier timepoint (day 3 p.i.), CEST imaging allowed detection
of some cryptococcomas even smaller than 1 mm?, in particular in the
CryptoCEST contrast map (Fig. 4A). We observed some aspecific Cryp-
toCEST contrast near the edges of the brain and the inferior venous
sinus, but comparison to the To-weighted MRI scans allowed distinction
from actual lesions. MTRasym spectra corresponded to those observed for
larger cryptococcomas, but with a lower contrast intensity (Fig. 4B).
Although a large inter-animal variability was observed, the quantified
CryptoCEST contrast was higher in all cryptococcomas than in the
contralateral brain tissue (Fig. 4C). No CryptoCEST contrast was
observed in a control animal injected with PBS (Fig. S1). Unlike the
CryptoCEST results, localized MR spectra of the small lesions (<1 mm?)
were poorly distinguishable from the normal brain and showed limited
trehalose resonances (Fig. 4D). Quantification of MR spectra indicated
trehalose concentrations below 5 mM (Supplementary Table 2). The
CryptoCEST contrast in the small and larger cryptococcal lesions
correlated well with the quantified trehalose concentration in the MRS
voxel (Fig. S2).

3.3. CryptoCEST can differentiate between cryptococcomas and gliomas

We tested the added value of CEST imaging for differentiating
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]
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40 mM ‘ ’ 2
- g 50
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Saturation offset (ppm)
D 501
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Fig. 1. Concentration-dependent CEST contrast of glucose and trehalose solutions. A) MTR,sym maps at 0.7 ppm. B-C) Z-spectrum (B) and MTRsym curves (C) of
selected glucose and trehalose concentrations in PBS. D) Linear regression of the area under the curve (AUC) from 0.2 to 2 ppm and the glucose or trehalose
concentration (up to 30 mM), with estimated slope + SE. At higher concentrations, the AUC approached saturation. The dotted black line represents the mean for the
PBS samples. All graphs show mean (£SD) of triplicate test tubes.
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Cells / sample CFUs / sample AUC (0.2 - 2 ppm)
2 x 108 1.27 x 108 7.766

4 x107 2.53 x 107 3.949

8 x 106 5.06 x 108 Not detectable

Fig. 2. CEST imaging of Cryptococcus cell phantoms. C. neoformans cells were suspended in PBS, counted and afterwards plated for colony-forming unit (CFU)
counting. A) MTR,sym curves and B) quantification of the area under the curve (AUC, from 0.2 to 2 ppm) for different cell densities.

between cryptococcomas caused by C. neoformans or C. gattii and gli-
omas. Both types of cryptococcomas and gliomas were visible as
hyperintense lesions on the To-weighted MRI (Fig. 5A). MRS confirmed
the presence of trehalose in cerebral cryptococcomas, while gliomas
were characterized by an increased choline/creatine ratio and the
presence of lipids (Figure S3).

Z-spectra and MTR,eyn, curves showed distinct patterns for the
different lesion types (Fig. 5 B, C). Both types of cryptococcomas showed
nearly symmetrical Z-spectra, but these were narrower for C. gattii le-
sions than C. neoformans lesions. Similar to the normal brain tissue,
gliomas displayed additional CEST or NOE signals around +3.5, +2 and
—4 ppm, while these signals were absent in the cryptococcomas. CEST
imaging allowed identification and localization of cryptococcomas
based on the MTR 35y, maps at 0.7 ppm, while gliomas were not visible at
this offset (Fig. 5A, D). At 4 ppm, cryptococcomas could also be distin-
guished from the surrounding brain, while gliomas were also discernible
on the 4 ppm image but did not have a significantly higher MTRasym
compared to the contralateral brain (Fig. 5 A, E). Calculation of the
CryptoCEST contrast allowed clear distinction between cryptococcomas
and gliomas or the contralateral brain tissue (Fig. 5 A, F).

3.4. Suboptimal antifungal treatment only induces minor changes in the
CryptoCEST contrast

Finally, we assessed the effect of antifungal treatment with liposomal
amphotericin B and fluconazole on the CryptoCEST contrast. At day 7 p.
i., 3 days after initiation of antifungal treatment, CEST images and
MTRasym curves of the treated and untreated groups were comparable
(Fig. 6). Quantification of the MTRsym signal at 0.7 ppm, the AUC (0.2 -
2 ppm) and the CryptoCEST contrast showed a slight trend towards
lower signal intensities in the groups treated with liposomal ampho-
tericin B (Fig. S4). These only minor changes are congruent with the
limited efficacy of these treatment regimens as analysis of the fungal
burden at day 9 p.i. only showed a 10-fold reduction in CFUs following
fluconazole treatment and 4-fold reduction in 3 out of 4 animals
receiving liposomal amphotericin B daily, as previously described
(Vanherp et al., 2020, 2021) (Fig. S5).

4. Discussion

In this study, we investigated the potential of CEST-based MR im-
aging of cryptococcal brain infections in a murine model. Thanks to the
high endogenous concentration of the fungal biomarker trehalose in
cryptococcomas, the CryptoCEST contrast allowed detection and spe-
cific spatial localization of cryptococcomas, even for relatively small
fungal lesions. Moreover, it enabled indirect quantitative analysis of the
endogenous trehalose concentrations and non-invasive differentiation of
cryptococcomas from gliomas.

In vitro, the fungal biomarker trehalose generated a broad
concentration-dependent CEST contrast between 0.2 and 2 ppm, with a
maximum around 0.7 ppm. This corresponds to the typical offset range
for exchanging hydroxyl groups (Kogan et al., 2013), as seen for other
sugars and polyols like glucose (Walker-Samuel et al., 2013), glycogen
(van Zijl et al., 2007), myoinositol (Haris et al., 2011) and maltitol
(Bagga et al., 2019). While the MTRysym curve was comparable for
trehalose and glucose, the CEST contrast for trehalose was approxi-
mately twice as high due to nearly twice the number of exchanging
groups. In vitro, we were able to reliably detect as little as 2.5 x 107
cryptococcal cells, but rapid sedimentation of the cells hampered an
accurate assessment of the sensitivity. In vivo applications showed that
lesions of 7.6 x 10° CFUs and even smaller were easily detectable due to
the high localized fungal cell density and high trehalose concentration
produced by cryptococci in the host environment (Vanherp et al., 2021).

As the endogenous trehalose concentrations in cryptococcomas
(typically between 5 and 30 mM, (Vanherp et al., 2021)) exceed those
for glucose and myoinositol in the mouse or human brain (typically
between 1 and 5 mM (Khlebnikov et al., 2019; Tkac et al., 2004)), the
CEST contrast allowed discrimination of cryptococcomas from the
normal brain tissue at 0.7 ppm. Although this offset is likely the most
selective biomarker for trehalose and thus cryptococcomas, the close
proximity of this offset to O typically leads to a lower signal-to-noise
ratio (SNR). Therefore, we also investigated additional offsets. At 4
ppm, we observed a strong negative contrast for the normal brain, likely
due to a combination of APT CEST (+3.5 ppm) and aliphatic NOE effects
(-4 ppm) originating from various brain metabolites (Khlebnikov et al.,
2019). The observed inter-animal variability at this offset is difficult to
attribute to a specific metabolite as the APT and NOE signals cannot be
discriminated in the MTRasym analysis, but alterations in the NOE effect
have previously also been described in the contralateral hemisphere of
an ischemic stroke model (Li et al., 2015). The contrasting loss of the
APT CEST and NOE signals in the cryptococcomas is likely due to the
absence or low amount of mammalian cells in these regions, and could
be seen as a potential additional biomarker suggestive for a space-
occupying lesion consisting of microbial cells.

By combining the selectivity of 0.7 ppm with the higher SNR of the 4
ppm offset in the CryptoCEST contrast, we were able to enhance the
spatial localization of cryptococcomas. The CryptoCEST contrast in a
lesion correlated well with the trehalose concentration in that region,
indicating that the contrast can largely be attributed to this most
abundant fungal metabolite. An inherent limitation of CEST imaging is
the lack of specificity to discriminate between chemically similar hy-
droxyl groups, so other fungal carbohydrates or polyols can possibly also
further contribute to the signal. Notably, we have previously shown
higher trehalose concentrations in cryptococcomas caused by
C. neoformans than in those caused by C. gattii, but observed a stronger
CryptoCEST contrast for the latter. Whether this is caused by the
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Fig. 3. Detection of large cryptococcomas using To-weighted MR imaging, CEST imaging and localized MRS. Mice (n = 5) were stereotactically injected in the brain
with C. neoformans (H99) to induce localized cryptococcomas. Mouse brains were imaged on day 6 p.i. A) To.weighted axial MRI scans, MTR sy, maps at 0.7 and 4
ppm, CryptoCEST contrast maps, and the number of colony-forming units (CFU) in the brain for the different animals. The borders of the lesion are indicated with a
white line on the MTR,sym maps. The single imaging slice was positioned over the center of the lesion. B-C) Z-spectra (B) and MTRsym (C) curves of the crypto-
coccoma (per animal) and contralateral normal brain region (averaged for different animals). D) Localized 'H-MR spectra acquired from a 2 x 2 x 2 mm voxel placed
inside the cryptococcoma. Abbreviations: Tre: trehalose; H-1: resonance of the anomeric hydrogen of trehalose; Man: mannitol; Lip: lipids; Lac: lactate.

presence of other carbohydrates/polyols such as mannitol, or is medi-
ated by differences in the lesion composition, water content, To-relax-
ation rate or pH requires more investigation.

The CryptoCEST contrast permitted us to identify and localize
cryptococcomas even smaller than 1 mm®. With MRS, trehalose was
poorly detectable in these small lesions because of the partial volume
effect in the large voxels required for MRS, which diluted the signal. As
such, CEST imaging offers a greater sensitivity for trehalose-based in vivo

identification of cryptococcomas when compared to MRS and also pro-
vides a precise spatial localization of cryptococcal lesions. So far,
detection was not feasible for all small lesions tested due to partial
volume effects associated with the relatively large slice thickness used in
our CEST imaging protocol. Moreover, B1 inhomogeneity was not cor-
rected in our study and may lead to small artefacts at high field
strengths. Further technological improvements such as Bl in-
homogeneity corrections (Sun et al., 2007; Windschuh et al., 2015),
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Fig. 4. Localization of small cryptococcomas using CryptoCEST imaging. Mice were imaged 3 days after intracranial injection of C. neoformans (H99) cells. A) T»-
weighted axial MRI scans, MTR sy, maps at 0.7 and 4 ppm, CryptoCEST contrast maps, and the lesion volume of the cryptococcoma for the different animals as
determined from the T»-weighted MRI. The single CEST imaging slice was positioned over the center of the lesion. B) MTR,sym curves of the cryptococcomas. C)
Quantification of the average log-transformed CryptoCEST contrast in the lesions of individual mice and the contralateral ROI (averaged for different animals). The
log (CryptoCEST contrast) was significantly higher in the cryptococcomas than the contralateral brain tissue (unpaired t-test of grouped data). D) Localized MR
spectra acquired with the volume of interest (2 x 2 x 2 mm) placed around the lesion. Abbreviations: tCho: total choline; Cr: creatine; NAA: N-acetylaspartate;

Tre: trehalose.

thinner acquisition slices or improved quantification strategies for
resolving individual contributions of different effects to the Z-spectrum
(Desmond et al., 2014; Zhou et al., 2017) could potentially enhance the
detection of these small lesions.

While cryptococcomas and gliomas appear very similar on conven-
tional To-weighted MRI, CEST imaging enabled differentiation of both

lesion types, depending on the chosen offset. Gliomas were character-
ized by a mostly absent CEST contrast at 0.7 ppm due to low endogenous
concentrations of carbohydrates or polyols (Bagga et al., 2019). At
around 4 ppm previously described differences in APT CEST and NOE
contributions provided a moderately higher CEST contrast for gliomas
than the normal brain (Roussel et al., 2018; Xu et al., 2014). Although
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0.05, **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.

there may be small variations in CEST contrast with tumor progression
and between different glioma models (Cai et al., 2017), combining this
information in the CryptoCEST contrast enabled selective visualization
of cryptococcomas compared to the tested gliomas and the normal brain
tissue. Our study suggests that upon translation to the clinic, CryptoC-
EST could be used to differentiate cryptococcomas from gliomas and

thereby prevent a common initial misdiagnosis and unnecessary sur-
gery, leading to more rapid initiation of appropriate antifungal therapy.

Aside from cryptococcosis, various other types of infections may
cause brain lesions and require differential diagnosis, but to date, only
few applications of CEST MRI for infectious diseases have been
described. In a recent clinical study, both infective and neoplastic mass
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lesions showed a higher APT-CEST contrast than the contralateral side of
the brain (Debnath et al., 2020). AcidoCEST-based quantification of the
tissue pH enabled indirect detection of the pulmonary fungal infection
coccidioidomycosis and allowed differentiation from lung cancer in
mice (Lindeman et al., 2019). An enhanced glutamate CEST (GluCEST)
signal was noted in both rat models and human patients with Staphy-
lococcus aureus encephalitis, possibly caused by the inflammatory
response (Chen et al., 2018; Jia et al., 2020). Other preclinical studies
with S. aureus abscesses or tumor-homing Clostridium novyi-NT bacteria
reported a broad CEST signal in the 0.5 — 4 ppm range with a maximum
around 2.6 ppm, likely originating from various endogenous bacterial
macro-metabolites (bacCEST) (Liu et al., 2013, 2018). In our applica-
tion, the origin of the CryptoCEST contrast was directly attributed to the
high endogenous concentration of trehalose in cryptococcal cells and
was mainly situated between 0.2 and 2 ppm. For validation that these
differences are large enough to also enable differentiation of crypto-
coccomas and bacterial abscesses, further investigation using the same
B, field strength would be required. Furthermore, the potential CEST
contrast generated by other fungal infections remains to be explored.
Although Cryptococcus typically produces trehalose at much higher
concentrations than other organisms (Himmelreich et al., 2001), recent
studies have described a pan-fungal disaccharide marker in serum of
infected patients (Cornu et al., 2019), possibly trehalose. If this marker
or other carbohydrates reach localized high concentrations in other
types of fungal lesions, this could potentially lead to a similar CEST
contrast. Investigation of the CEST contrast in other infectious lesions
would be needed to determine the ultimate specificity of the CryptoC-
EST contrast for etiological diagnosis.

In our studies, we only observed a very small change in the Cryp-
toCEST contrast upon antifungal treatment due to low treatment effi-
cacy. In comparison to bacterial infections, fungal infections typically
require prolonged treatment and are generally difficult to treat due to
issues regarding drug bio-availability and toxicity, which was confirmed
in our study. In the same group of animals, we previously showed that
systemic treatment with a single antifungal has a limited efficacy for
several reasons and could slow down but not halt or reverse the growth
of the cryptococcoma, restricting the survival period and possibilities for
prolonged treatment in mice (Vanherp et al., 2020). MRS previously
showed a lower trehalose concentration in cryptococcomas of mice
treated with fluconazole or treated intralesionally with L-AMB
compared to untreated mice (Vanherp et al., 2021). Yet, concentrations
obtained by quantification of MRS data can also be influenced by the
size of the lesion and the associated partial volume effect. In CEST MRI, a

therapy-induced decrease in the trehalose concentration may also be
obscured by the presence of other intermediates in the catabolism of
trehalose, which we previously investigated in C. neoformans cultures
(Vanherp et al., 2021). Further studies using more efficacious treatment
regimens such as combination therapy (Brouwer et al., 2004; Santos
et al., 2017) will be required to assess the full potential of applying CEST
imaging to follow-up antifungal treatment efficacy.

In conclusion, our results showed that CryptoCEST enables the
identification, spatial localization and differentiation of cryptococcal
lesions from brain tumors. Moreover, CryptoCEST had a higher sensi-
tivity for trehalose-based detection of small cryptococcomas compared
to MRS, due to partial volume effects associated with the latter. Mo-
lecular imaging based on CEST has been actively explored for various
clinical applications, but to date mainly in a research setting. Several
previous studies have already shown that translation of preclinical CEST
results to applications at clinical field strengths is feasible, although
challenging for carbohydrate CEST imaging (Kim et al., 2019; Wang
et al., 2016; Xu et al., 2020). With recent developments in more rapid
acquisition methods (possibly including a selection of specific offsets),
hardware improvements, and standardization of acquisition and pro-
cessing methodology, routine clinical use comes within reach (Jones
et al.,, 2018; Zhou et al., 2019). Thanks to the high endogenous con-
centration of trehalose in cryptococcomas, CryptoCEST does not require
exogeneous administration of a contrast agent, which makes the tech-
nique easy to implement. Translation to clinical practice holds high
potential for non-invasive differential diagnosis of cryptococcomas from
other types of brain pathologies, in particular brain tumors, which
would reduce the time needed to start appropriate treatment and
thereby improve patients’ outcomes.
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