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Abstract

Disseminated candidiasis primarily targets the kidneys and brain in mice and humans. Damage to
these critical organs leads to the high mortality associated with such infections, and invasion
across the blood- brain barrier can result in fungal meningoencephalitis. Candida albicans can
penetrate a brain endothelial cell barrier in vitro through transcellular migration, but this
mechanism has not been confirmed /n vivo. MRI imaging using the extracellular vascular contrast
agent Gd-DTPA demonstrated that integrity of the blood- brain barrier is lost during C. albicans
invasion. Intravital two-photon laser scanning microscopy was used to provide the first real time
demonstration of C. albicans colonizing the living brain, where both yeast and filamentous forms
of the pathogen were found. Furthermore, we adapted a previously described method utilizing
MRI to monitor inflammatory cell recruitment into infected tissues in mice. Macrophages and
other phagocytes were visualized in kidney and brain by administering ultra-small iron oxide
particles. In addition to obtaining new insights into the passage of C. albicans across brain
microvasculature, these imaging methods provide useful tools to further study the pathogenesis of
C. albicans infections, define the roles of Candida virulence genes in kidney versus brain
infection, and assess new therapeutic measures for drug development.
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Introduction

Candida albicans is a commensal in the human gastrointestinal tract and the most common
fungal pathogen of humans. It is the fourth leading cause of nosocomial infections in the
United States. Disseminated candidiasis is often fatal in immunocompromised individuals,
although superficial infections such as oral thrush and vaginal yeast infections also affect
immunocompetent individuals (1). Several aspects of human disseminated candidiasis can
be effectively modeled in mice, which have contributed much to our present understanding
of the pathogenesis to C. albicans infections and host immune responses to infection (2).
Kidney and brain are the primary target organs of this organism during infection. Within the
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kidney, massive fungal invasion and growth can occur, resulting in inflammatory reactions
that lead to tissue necrosis (3).

C. albicans also invades the brain during acute infections and causes meningoencephalitis
(4). Fifty percent of patients with disseminated candidiasis have CNS fungal invasion, which
is associated with a mortality rate reaching 90% (5-6). Candiaa is the second most common
contaminant cause of brain abscess formation due to hematopoietic stem cell transplantation
(7). C. albicans has also been reported to cause meningoencephalitis without systemic
infection in healthy individuals (8). Brain infection results in micro-abscesses mostly in the
junctional area between white matter and gray matter. Basal ganglia and other cerebral
regions are frequently involved (5). These micro-abscesses are surrounded by inflammatory
cells. Candidahyphae can spread without inflammatory reactions in immunocompromised
individuals (9).

The mode by which C. albicans enters brain tissues from circulation is not entirely
understood. /n vitro studies using cultured endothelial cells demonstrated that C. albicans
can penetrate an endothelial cell barrier by trans-cellular migration (10). A more recent
study showed that invasion of brain endothelial cells by C. albicans is mediated by the
fungal invasins Als3 and Ssal (11). Als3 binds to the heat shock protein gp96 on brain
endothelium, which promotes endocytic uptake. Another study using neonatal rodents
suggested that C. albicans is engulfed in an ICAM-1-expressing vesiculo-vacuolar structure
before migrating transcellularly across the blood-brain barrier (BBB) (12). Nevertheless,
meningoencephalitis in this rat model could only be reproducibly demonstrated following
intracerebral inoculation. Studies in other species have shown that the BBB becomes leaky
during pathogenesis (13). However, to our knowledge the effects of Candida infections on
vascular integrity of the brain and kidney have not been visualized /n vivo.

MRI of ultra-small particles of iron oxide (USPIO) contrast agents has been used to study
phagocyte recruitment in an arthritis model (14-16), for detecting Pseudomonas aeruginosa
in a burn model (17), osteomyelitis (18-21), toxoplasmosis in brain (22), and
Staphylococcus aureus in soft tissue (23-26). MRI with USPIO contrast agents have been
used in kidneys for detection of allograft rejection (27-30) and inflammation following
ischemia (31). Cellular infiltration associated with inflammation was visualized by MRI 24
h following intravenous injection of USPIO (32-33).

Intravital imaging of living brain and its vasculature during infection has become an
important experimental tool for understanding the dynamics of CNS infectious disease
processes in real time (34). Yang et al. recently developed a detailed protocol for imaging
cortical structures at high optical resolution through a thinned-skull cranial window in live
mice using two-photon laser scanning microscopy (TPLSM) (35). The experimental
procedure can be performed multiple times, which allows longitudinal imaging of the
meninges and cortex over specific time intervals. Importantly, when compared to
craniotomies, the thinned skull preparation is far less injurious and permits study of brain
structure and function in the live animals in states of health and disease.

Here, we present an infection model using a GFP-expressing virulent Candida strain (36) to
directly visualize for the first time Candida cells colonizing the brain. Further, we use MRI
to noninvasively examine BBB integrity and to monitor inflammatory changes in infected
kidneys and brains by imaging macrophages and other phagocytes containing USPIO during
disseminated candidiasis in mice. We provide data showing that the BBB is breached
following Candidainfection and document a strategy to non-invasively monitor
inflammation severity in the brain and kidney by MRI.

NMR Biomed. Author manuscript; available in PMC 2014 September 01.
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Experimental

Strains and growth conditions

C. albicans wild type (WT) strain SC5314 was used for mouse model studies. For challenge
of mice, C. albicans cells were grown overnight in 50 ml of Yeast Peptone Dextrose (YPD)
medium at 30°C with aeration as previously described (37). Cells were harvested by
centrifugation at 5000 rpm for 10 min, washed twice with 50 ml of sterile non-pyrogenic
normal saline (Quality Biological Inc. Gaithersburg, MD), and resuspended in 10 ml of
saline before quantifying cell numbers using a Petroff-Hausser counting chamber. The cell
suspensions were adjusted to the final concentration for parenteral administration using non-
pyrogenic sterile saline. For intravital two photon microcopy studies, we used a GFP-
expressing recombinant C. albicans strain (36).

Mouse infection with C. albicans

Eight to twelve week-old (18-20 g) BALB/c mice were used for all animal experiments.
Mice were randomly allocated to groups of 5-6 animals and housed and cared with ad
libitum access to filtered water and standard mouse chow. Handling and care of animals was
conducted in compliance with the guidelines established by the Animal Care and Use
Committee of the National Cancer Institute. Each group of mice was inoculated
intravenously in the lateral caudal tail vein using a 30 gauge needle with a volume of 0.1 ml
containing 5x10° C. albicans cells (3,37). This level of infection induces subacute
candidiasis in mice with meningoencephalitis and kidney inflammation at 1, 3 and 5 days
post inoculation (P1). These time points were selected for MRI experiments unless otherwise
indicated. We examined 5 mice per group at days 0, 1, 3 and 5 post-infection (PI) to monitor
level of BBB breach and inflammatory changes. As the disease progress we noticed that sick
mice lost weight and slightly dehydrated. Clinical signs of illness in each mouse were
evaluated three times daily, and mice that displayed severe signs were euthanized
immediately by CO» inhalation and processed for complete necropsy and collection of
tissues for histopathological examination.

Magnetic Resonance Imaging

MRI experiments were performed on 7-T, horizontal Bruker (Bruker Biospin Inc. Billerica,
MA) Avance (brain) and Bruker Pharmascan (Kidney) scanners. At least 5-6 mice were
used for each experimental treatment. Mice at 1, 3 and 5 days Pl were anesthetized with
1.5% isofluorane and positioned in a stereotaxic holder. The body core temperature was
maintained at 37° C using circulating water and monitored by means of a rectal temperature
probe. A line through the tail vein was placed for contrast agent infusion. Magnevist® is an
FDA approved Gadolinium-DTPA contrast agent for MR imaging. It is supplied as a 0.5
mmol/ml solution. The recommended dose for mice is 0.05-0.5 mmol/kg (0.1-1.0 ml/kg)
body weight 1V, and we administered at 0.25 mmol/kg (0.5 ml/kg). A pressure transducer
was positioned to monitor respiration. During MRI of kidney this signal was synchronized
with data acquisition to minimize motion-related image artifacts.

BBB integrity study

The mouse’s head was centered in a 72/25 mm transmit/receive coil ensemble, and three
mutually perpendicular scout images were acquired. Tq-weighted axial images (Repetition
Time [TR]/Echo Time [TE] = 200/5.9 ms, slice thickness = 1, number of averages = 8,
Matrix = 2562, FOV= 1.92 cm) encompassing the whole brain were acquired using a
Gradient Echo (GE) sequence, before and 5 minutes, after administration of a bolus of Gd-
DTPA (0.2 cm3/kg body weight). In order to assess the relative breaching of the BBB,
multiple sites in the brain was evaluated with regions of interest (ROI) placed in the cortices
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of both hemispheres (Fig. 1A). Dynamic contrast imaging and brain average spin-spin
relaxation times (T,) and apparent diffusion coefficients (ADC) were analyzed using a
separate set of 6 mice per group at day 3 Pl using an Echo Planar Imaging (EPI) gradient
echo sequence (SW= 350 KHz, TE = 22 ms, temporal resolution = 2 s, Matrix size=1282,
FOV=1.92 cm) after a bolus of Gd-DTPA. Nine contiguous T, (TE = 12 ms, 16 echos,
Matrix size=1282, FOV=1.92 cm) and diffusion (TE= 15 ms, A = 20 ms, b values = 0, 1000
mm/s - along read gradient axes, Matrix size=1282, FOV=1.92 cm) weighted axial images,
originating 2 mm posterior to the olfactory bulb, were acquired. Scanned animals were then
perfused under anesthesia to remove blood from the circulatory system and brain histology
studied. Unless otherwise mentioned, all the MRI experimental procedures were reproduced
atday 0, 1, 3 and 5 PI representing at least 5 mice per group.

Kidney and Brain inflammation study

Macrophage and other phagocyte infiltration of the kidneys and brains was observed using
USPIO (Molday ION™ BIOPaL, MA). Each mouse was given 0.015 ml of Molday ION
dissolved in 0.1 ml of sterile saline 24 hrs. before the scan. T,"-weighted images of the
kidneys were acquired using a FLASH sequence. using 6 mice per group at 3 days post
inoculation and 24 hours following administration of the USP10 contrast agent were used
for preliminary qualitative experiments compared with the control mice. Thereafter, 5 mice
representing each experimental replicate at 1, 3 and 5 days PI were used for quantitative
analysis at each time point to compare the progression of kidney and brain pathology. After
anesthesia was induced, each mouse was positioned on a holder with its face in an
anesthesia mask and its legs extended to the front and back. The mouse was centered in a 35
mm linear bird cage coil, and twelve 1 mm slices were acquired through the length of the
body using a GE sequence (FOV = 5.0x3.2 cm, TE=10 ms, 30 degree flip angle, 256x256
matrix, NA=4). In order to reduce motion artifacts, acquisition was synchronized with the
breathing sensor. This yielded an effective TR of approximately 1500 ms. A separate cohort
of mice were scanned on a second 7T Bruker scanner. The set up was identical to the BBB
Gd study where the mouse’s head was centered in a 72/25 mm transmit/receive coil
ensemble, and three mutually perpendicular scout images were acquired. T1-weighted axial
images (Repetition Time [TR]/Echo Time [TE] = 200/5.9 ms, slice thickness = 1, number of
averages = 8, Matrix = 2562, FOV= 1.92 cm) encompassing the whole brain were acquired
using a Gradient Echo (GE) sequence.

Data Analysis

T, apparent diffusion coefficients (ADC), post Gd signal variation (expressed as relative
contrast — [{Pre Gd- post Gd}/pre Gd] x 100) for series of selected anatomical areas (10
ROls per region in cortex and 2 ROIs per region in hippocampus, with 10 pixel area of
5.625x1074 cm?2), and temporal variation of signal in dynamic contrast images (Fig. 1E-X
and 1-E-Y, 1 ROISs per region in cortex and hippocampus, with 10 pixel area of 5.625x10™4
cm?) were calculated using MATLAB (Mathworks Inc., Natick, MA) routines. Statistics of
signal intensities in time points and flow cytometry data were analyzed using GraphPad
Prism software.

Necropsy and Histopathology

Immediately after euthanasia, macroscopic changes were recorded, and the brain, heart,
lungs, liver, spleen, and right kidneys were immersed in buffered 10% formalin, processed
for paraffin embedding, sectioned at 5 um, and stained with H&E. Grocott’s modification of
Gomori’s methenamine-silver (GMS) stain was used for detection of fungi in situ (38).

NMR Biomed. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Navarathna et al.

Microscopy

Page 5

Histopathology images from sections of formalin-fixed and paraffin-embedded tissues
stained with Gomori’s methenamine-silver or hematoxylin and eosin were obtained using
ScanScope XT digital scanner (aperio). Images were processed using Aperio ImageScope
v11.1.2.760 (aperio).

Mononuclear cell isolation

To obtain cell suspensions for flow cytometric analysis and sorting, brains were harvested
from mice after an intracardiac perfusion with 20 ml of 0.9% saline solution to remove
contaminating blood lymphocytes. The brain was incubated with 1 ml of collagenase D (1
mg/ml, Roche) at 37°C for 30 min. Single-cell suspensions were prepared by mechanical
disruption through a 100 pwm filter. Brain-infiltrating leukocytes were isolated and counted
as described previously (39). Five control mice and 5 C. albicans infected mice at day 3 PI
were compared.

Flow cytometry

Leukocytes harvested from the brain were blocked with 3.3 pg/ml anti-mouse CD16/CD32
(Fc Block; BD) in PBS containing 1% FBS and 0.1% sodium azide for 10 min on ice. Cells
were surface stained with a combination of the following conjugated antibodies: anti-
CDA45.2 FITC (BD; Clone 104), Gr-1 PE (eBioscience; Clone RB6-8C5), Thy1.2 Alexa 700
(Biolegend; Clone 30-H12), CD11b PE/Cy7 (M1/70; eBioscience), CD11c Pacific Blue
(Biolegend; Clone N418), and Ly6C PerCP Cy5.5 (BD; Clone AL-21) for 20 min on ice.
Cells were acquired using a digital flow cytometer (Digital LSR 11; BD), and flow
cytometric data were analyzed with FlowJo software (Tree Star, Inc).

Intravital two-photon microscopy

Results

Intravital two-photon laser scanning microscopy was conducted as previously reported (40).
Briefly, mice were anaesthetized and maintained on a metal plate at 37°C. Prior to
anaesthetizing the mice, 100 pl of normal saline containing 5 .l of 655 nm emission
quantum dots (0.2 wm; Invitrogen) was administered intravenously to visualize the
vasculature. A surgical window in the intact skull was made as previously described (35,41).
Briefly, a 0.5 to 1.0 mm-diameter area of the skull was thinned gently to a thickness of ~40-
50 wm using a sterile drill and further thinned to ~20 um manually using a microblade. Prior
to imaging, some mice were injected intravenously with 10 GFP* C. albicans. Imaging data
shown in Fig. 4 and supplemental Movie 1 were collected using a Leica SP5 two-photon
imaging system equipped with an 8,000-Hz resonant scanner, a 20x (1.0 NA) dipping
objective, and a Mai Tai DeepSee Laser (Spectra-Physics) tuned to 920 nm. Fluorescence
emission was separated by high-efficiency custom dichroic mirrors (Semrock) and collected
with a NDD4 external detector (Leica). Image stacks of 1 um were acquired at 2 min
intervals up to a depth of 100 pm below the skull bone. Imaging through the thinned skull
region was conducted for two hours in uninfected and day 3 infected mice. All 4D data were
processed using Imaris 7.0 software (Bitplane) and Adobe Premiere CS4.

Gd-DTPA is an intravascular contrast agent in the brain that does not cross the intact BBB.
Thus, minimal contrast signal was seen in normal brains (Fig. 1A). However, post-Gd
images of infected brains revealed increased image contrast at 1, 3 and 5 days Pl (Fig. 1B-
D), indicating Gd-DTPA leakage.

Dynamic contrast studies for selected cortical and hippocampal ROIs (2 ROIls per region
with pixel resolution of 0.0075 cm and 10 pixel area of 5.625x10~4 cm?, Fig. 1E) showed

NMR Biomed. Author manuscript; available in PMC 2014 September 01.
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distinct first pass recovery of Gd-DTPA signal in normal mice (Fig. 1F), consistent with
studies on brains with intact BBB. In contrast, many ROIs in the infected mouse brain
exhibited a curve associated with vascular leakage/T, relaxation effects (Fig. 1G). The fact
that recovery curves in all ROIs in the infected mice did not show leakage (data not shown)
indicates that Candida infiltration results in focal breaching of the BBB. Loss of BBB
integrity was quantified by Gd-DTPA infusion into selected regions of interest (10 ROIs per
region with 10 pixel area of 5.625x10™4 cm?) in the brain frontal cortex of C. albicans-
infected and uninfected mice (Fig. 1H). Arbitrary values of signal variation in all six cortical
ROIls averaged over 10 contiguous slices show extensive disruption of BBB function in
infected brains (Fig. 11). Similar trends were also observed in other regions such as
hippocampal and caudate areas (2 ROI per region with 10 pixel area of 5.625x10~ cm? in
each, data not shown).

The post-Gd-DTPA contrast images also showed variable localization of hyper-intense
signals in the longitudinal study at 1, 3 and 5 day Pl compared with the control uninfected
mice (Fig 2A vs 2B,C and D), indicating that the sites where BBB integrity is lost vary
among the studied mice. Notably, loss of BBB integrity was closely associated with C.
albicans infiltration detected in the corresponding fungal-specific GMS stained slides (Fig.
2F—H arrows and 2J-Lhigher magnification showing fungal colonization of the demarcated
area in the respective images). A high degree of alignment was observed between C.
albicans colonization and areas of higher Gd image contrast (Fig. 2). MRI of uninfected
brains (Fig 2A) and corresponding GMS stained sections (Fig. 2E and 1) demonstrate that
uninfected mice do not leak Gd-DTPA through the BBB.

Average T values of infected cortex were significantly lower than in control mice (Fig.
3A). However, T variations in other anatomical structures such as hippocampus were not
significant (46.7 + 3.8 ms for infected versus 49.3 + 3.7 for normal). In contrast, BBB
disruption and infection was not sufficient to significantly alter apparent diffusion
coefficient (ADC) values (Fig. 3B), at least in the measured direction. This study was not
designed to understand detailed brain T, and ADC variations but concentrated on
quantifying longitudinal changes during C. albicans infection.

We extended the post-Gd-DTPA contrast imaging to study longitudinal effects of
candidiasis in breaching the BBB. As early as day 1 PI, mice infected with C. albicans
showed significantly hyper-intense signals compared with the non-infected control mice
(p<0.05, Fig. 3C). However, the maximal signal intensity compared with control mice
occurred on days 3 and 5 Pl (p<0.001).

C. albicans colonizes the meninges and brain parenchyma

To provide direct /n vivoevidence that C. albicans actively colonizes the brain when the
BBB is disrupted, we visualized GFP-tagged Candidaby intravital TPLSM at 30 min to day
3 post-infection. Virulence of the GFP™ strain reported by Igyarto et al., (36) was confirmed
by conducting a survival study following injection of 106 cells per mouse. All five of the
infected mice died within seven days, and gross pathology/histopathology were similar to
that observed in mice infected with other virulent WT strains (data not shown). Although we
observed sporadic entry of fluorescent Candida yeast cells into the brain parenchyma as
early as a 30 min time point, these events were too infrequent within the accessible field of
imaging to acquire a statistically significant sample(data not shown). When compared to
uninfected controls, we observed both yeast and filamentous forms of GFP* C. albicans by
TPLSM in the living brains of mice at day 3 post-infection (Fig. 4, supplemental Movie 1).
Candida was visible in meninges and underlying brain parenchyma. In addition, clear
evidence of filament elongation was observed over the two hour observation period. There
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were also examples of highly motile GFP* signal, suggesting that some of the yeast were
migrating inside of phagocytes.

Histopathology of Candida infected brains

Candida invasion of the brain primarily involved cerebrum and subcortical regions.
Numerous Candida filaments were in areas of malacia, especially in gray matter. C. albicans
was observed in the choroid plexus of the lateral ventricles. Fungi were accompanied by
inflammation and sometimes hemorrhages (data not shown). We also observed C. albicans
and infiltrating mononuclear cells in the cerebral leptomeninges. Inflammatory reactions
were pyogranulomatous consisting of a mixture of neutrophils and macrophages. We did not
observe Candlida or inflammation in the cerebellum and medulla.

Assessment of phagocyte infiltration by MRI

Macrophage and other phagocyte infiltration were confirmed by MRI analysis of infected
kidneys and brains. T," weighted imaging studies were performed in infected mice
administered /.v. USPIO to label phagocytic cells. Organs from each mouse were then
stained with GMS to visualize the Candidaand H&E to visualize host inflammatory cells.
The top panels of Fig. 5 shows representative MRI sections through the kidneys of Candida
infected kidneys without USPIO (A), non-infected kidneys without USPIO (B), non-infected
kidneys with USPIO (C) and infected kidneys with USPIO (D). The respective lower panels
show GMS and H&E stained sections of the same kidneys harvested after imaging. Candida
infected kidneys without USPIO (A) and non-infected with or without USPIO (B,C) showed
no differences in contrast, demonstrating specificity of the USPIO contrast signal for
infected kidneys.

Kidneys of infected mice had widespread inflammatory cell infiltration of the kidneys
visible by MRI as signal dropouts in affected areas (Fig. 5D top panel). Fungal-specific
GMS staining confirmed the presence of fungi, and H&E staining of sections from the same
kidneys confirmed heavy colonization by C. albicans and massive inflammatory reactions
containing neutrophils, monocytes, and macrophages.

Next, we monitored the level of kidney and brain infection in a longitudinal study. We
compared non-infected mice administered USP1O with Candida-infected mice at day 1, 3
and 5 PI (Fig. 6A). We demarcated three kidney regions: medullar, corticomedullar, and
cortex to study T," signal perturbation due to adsorbed USPIO. We found that signal
intensities representing each area were significantly lower than in control mice (p<0.001,
Fig. 6A right panels). In the same manner we examined frontal and dorsal parts of the
cerebrum (10 ROIs per region with 10 pixel area of 5.625x10™4 cm? per slice) for
perturbation of signal due to USP10-laden phagocytes (Fig. 6B). At all time points post-
infection, both regions of brains showed significantly lower signal intensity (p<0.001). To
confirm the presence of phagocytes/leukocytes in the brain during candidiasis, we conducted
a parallel flow cytometric study to monitor brain-infiltrating leukocytes. We found that both
the percentage and absolute number of neutrophils, ratio of monocytes to macrophages, and
dendritic cells were significantly higher in Candida-infected brains compared with the non-
infected controls (Fig. 6C). This validates our interpretation of the signal perturbation in the
brain by USPIO during Candlida infection.

Discussion

Incomplete understanding of the trafficking of CNS fungal infections has been a major
obstacle for managing Candida meningoencephalitis. The structural and functional BBB
protects the CNS, and an infecting microbe must pass through this BBB to invade the CNS.

NMR Biomed. Author manuscript; available in PMC 2014 September 01.
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The BBB is formed by brain microvascular endothelial cells, the underlying basement
membrane, as well as associated astrocytes and pericytes. Brain microvascular endothelial
cells have uniquely tight junctions and exhibit very limited pinocytosis (42). Microbes have
been shown to cross the BBB by three mechanisms to reach the CNS: transcellular,
pericellular (microbial penetration between cells with or without disrupting tight junctions),
and Trojan horse routes (transmigration within infected phagocytes). Transcellular
breaching of the BBB accounts for most meningoencephalitis caused by bacterial pathogens
such as E. coli, S. agalactiae and N. meningitidis. This process shows no evidence of tight
junction disruption (25). /n vitro studies suggested that the fungal pathogen Cryptococcus
neoformans uses a transcellular route to cross the BBB (43), and similar /n vitro studies have
inferred that this is the mechanism used by C. albicansto enter the CNS and cause
meningoencephalitis (10). In fact, recent data support a model by which C. albicans accesses
brain endothelium by binding to the heat shock protein, gp96 (11). However, it remains to
be determined if this is the preferred route of CNS entry used /in vivoby C. albicans.

To advance our understanding of C. albicans pathogenesis /n vivo, we combined MRI
imaging, intravital TPLSM, and histopathology to clarify the genesis of C. albicans
meningoencephalitis. MRI enabled the evaluation of BBB integrity during Candida
infiltration using the contrast agent Gd DTPA and quantitative T, diffusion imaging. We
attempted to visualize actual entry events by a two photon microscopic study. We found that
Candida exits the brain vasculature as early as 30 min post inoculation and undergoes
dynamic filamentation by 3 day PI. This revealed the interesting observation that most yeast
cells outside the vasculature show dynamic movement that can be explained by their
engulfment by motile phagocytic cells. In contrast, hyphal cells show only slow invasion
based on hyphal extension. Although we consistently observed sporadic entry of fluorescent
Candida yeast cells into the brain parenchyma as early as a 30 min time point, these events
were too infrequent within the accessible field of imaging to acquire a statistically
significant sample. We did not observe Gd-leakage as early as 30 min. Therefore, our
methods cannot distinguish pericellular and transcellular crossing of the BBB, but we can
state that entry initially occurs without gross disruption of the BBB.

It is also conceivable that BBB breakdown is caused by leukocyte infiltration. This could
then promote further colonization of the brain by Candida. Regardless of the exact mode of
entry, our intravital imaging data at day 3 post-infection revealed significant colonization
and filament elongation by C. albicans in the meninges and parenchyma, which coincided
temporally with BBB breakdown by MRI. The scattered distribution of Candidain the
cerebrum and cortex seen on histopathology is also consistent with the MRI results. A
similar distribution of brain lesions has been reported in cerebrum and cortex of humans
infected with C. albicans (44). Another histological study of Candidainfected human brains
reported frequent lesions in the corticomedullary junction (5).

Our flow cytometry, histopathology, and MRI findings indicate that the brain becomes
heavily inflamed at sites of C. albicans invasion, which supports other studies that have
focused on CNS inflammation following Candlida infection (5-6,8). The leaky BBB
associated with C. albicans invasion may provide a route for inflammatory cells to enter the
CNS. Conversely, production of reactive oxygen species and other factors by circulating
monocytes and neutrophils that encounter C. albicans in the brain vasculature may enhance
disruption of BBB integrity (45-46). Our studies cannot distinguish between these two
possibilities.

Given that identical numbers of cells were administered, the heterogeneous invasion of
Candida into the brains of different mice suggests that local responses and factors produced
by the pathogen trigger breakdown of the BBB. Our intravital two photon microscopic study
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and the MRI data clearly show that once Candida enters the brain it significantly alters the
local microenvironment. The T, values provide evidence of a disrupted cortical layer. The
high density of micro-abscesses surrounding the Candida cells upon infiltration into the
brain (Fig. 2) likely plays a role in altering T, values compared with the non-infected brains.
Extensive invasion of the pathogen may induce changes in the cortical architecture, which
we expected would reduce the measured ADC due to increase in cellular structures within
the microenviroment. However, vacuoles filled with a dilute solution that occupy a
significant volume of the fungal cells may outweigh the changes in local neuroachitecture,
rendering measured ADC non-significant in comparison to the uninfected brains.
Furthermore, the shorter T, value of the infected tissue may bias the ADC measurement
towards the healthy tissue value.

Kidneys are the other major organ of interest in disseminated candidiasis because liver,
spleen, and heart do not show persistent colonization of Candida (47). We examined
inflammatory reactions in kidneys and brains by imaging USPIO-laden phagocytes.
Recruitment of neutrophils, macrophages and some lymphocytes to the site of colonization
is a major component of antifungal immunity. However, the recruited phagocytes cannot
control a disseminated Candida infection because yeast cells engulfed by macrophages and
other phagocytes escape by undergoing germ tube differentiation. The damaged
macrophages in turn release reactive oxygen species, which are harmful to host tissues (48).
Therefore, limiting this innate inflammatory response to produce a balanced immune
response is important to control pathogenesis. Based on the key role played by macrophages
(49), we employed MRI imaging to follow phagocyte recruitment and dynamics in infected
kidneys and brain. Systemically administered USPIO is phagocytosed by monocytic cells
and macrophages (50) and eventually cleared by the liver reticuloendothelial system (51).
USPIO contrast agents shorten MRI T4, T, and T,* relaxation times, resulting in detectable
signal changes during imaging. Compared with the Gd-DTPA, iron oxide contrast is more
sensitive, and single USPIO laden cells have been visualized by MRI (52). This technique
has been widely utilized to image inflammatory responses in the CNS (53-54). Our USPIO
studies in Candlida infected mice revealed phagocytic infiltration of kidney, which was
evidenced by widespread signal perturbation when compared to the control groups (Fig. 5).
Furthermore, the signal perturbation could be monitored longitudinally in infected kidney
and brain (Fig. 6), and our flow cytometric analyses confirmed the presence of
myelomonocytic cells in the brains of infected mice. Our initial studies did not show
abnormal ADC values in the brain infection. When we examined histopathology,
irrespective of fungal colonization of the cerebral regions of the brain, we did not see micro
abscesses with concentrated inflammatory cells. Even though we observed a significant
increase of inflammatory phagocytes (Fig. 6C), they were heterogeneously spread
throughout the cerebrum. This could be the reason that we did not see abnormal ADC
values. This tool could be utilized for future studies to quantify organ colonization by C.
albicans mutants with disrupted virulence genes, to quantify colonization by C. albicansin
transgenic mice lacking genes that control various components of host antifungal immunity,
and to study how antifungal drugs affect the distribution and persistence of C. albicansin the
CNS and kidney.

In summary, our studies demonstrate that the BBB is focally damaged during disseminated
candidiasis in mice. We also show by two-photon microscopy and histology that C. albicans
productively colonizes to the brain parenchyma and meninges during the phase of active
BBB disruption. Based on our studies, MRI could provide a valuable diagnostic tool for
immunocompromised patients exhibiting CNS-associated clinical signs. Use of USPIO to
noninvasively track phagocyte infiltration into kidneys and brain could similarly advance
our understanding of inflammation associated with colonization of these tissues.
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Movie 1| C. albicans colonization of the brain during induction of fungal
meningoencephalitis. A 4D time lapse movie captured by TPLSM through a thinned skull
shows colonization of the meninges and superficial brain parenchyma by GFP* C. albicans
(green). The representative mouse was infected intravenously 3 days earlier with 5x10°
yeast cells, and intravital imaging was performed when the mouse presented with clinical
signs such as ruffled hair, sunken eyes and arched back posture. Filamentous green thread-
like structures represent GFP* C. albicans hyphae or pseudohyphae colonizing the brain
parenchyma (white arrows). These filaments can be seen growing over time. Note that most
of the nonfilamentous yeast cells are highly dynamic throughout the imaging period,
suggesting their engulfment by motile phagocytic cells. Quantum dots were used to visualize
the brain vasculature (red).
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Fig. 1.

Axial images of representative (A) normal and (B,C and D) infected brain after Gd-DTPA
infusion. Hyper-intense signals in infected representative brains (n=5) at day 0, 3 and 5 PI
show non-localized regions with possible BBB damage in contrast to the normal brain. (E)
Two selected ROIs shown in Y and X (10 pixel area) used to assess the dynamic contrast
curve after Gd-DTPA infusion for normal mouse (F) and infected mouse brain (G). The
normal mouse brain depicts the first pass effects of the contrast agent typical of a brain with
intact BBB while the infected regions (G) show effects consistent with BBB breaching. (H)
A pilot image showing selected regions of interest (ROI) in cortical areas. (I) The overall
average intensity of all selected ROIs plus selected cortical ROIs of penultimate axial slices,
showing increase in signal intensity in a quantitative longitudinal study corresponding to
Gd-DTPA leakage due to BBB damage in infected mouse in comparison with the normal is
summarized. The abbreviated units of 1F, 1G and | is arbitrary values of average signal
intensities.
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Fig. 2.

Representative axial images of mouse brains after /.v. administration of Gd-DTPA in (A)
control (B) day 1, (C) day 3 and (D) day 5 PI infected mice and their corresponding, fungal
specific, GMS stained sections of the uninfected (E) and infected brains (F-H) with high
magnification of selected areas (I-L). No visible changes are observed in the non-infected
mouse brain (A) where Gd does not penetrate the BBB. Hyper-intense regions in C. albicans
infected mice post-Gd infusion show visible differences in all tested time points, consistent
with vascular BBB breaching. Furthermore, post Gd signal variation images for C. albicans
infected mouse brains at three different time points (B-D, n=5) show varying degrees of Gd
leakage (BBB breaching) with severity of infection indicated by hyper-intensity of the MRI
images correlating well with the observed histology (E-L).
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Fig. 3.

(A) Average spin-spin relaxation times (T5) and (B) apparent diffusion coefficients (ADC)
for, multiple cortical ROIs (10 ROIs per region with pixel resolution of 0.0075 cm and 10
pixel area of 5.625x10™4 cm?) over 6 contiguous axial slices, of normal and infected brains.
Structural changes in the micro-environment in the cortical areas due to the infiltration of
Candida correlate with altered cellular integrity in the infected brains, thus leading to
reduction in T,. Perhaps due to the large vacuole present in Candida cells, ADC values were
not significantly altered by infection. (C) Longitudinal changes in signal intensities of axial
images of frontal and dorsal regions of infected brains after Gd-DTPA infusion. Increasing
hyper-intense signal in infected brain cortex and hippocampus at days 1-5 PI (p< 0.05 0.001
and 0.001, respectively, n = 5) indicates increasing BBB damage.
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C. albicans colonization of the brain was visualized in real-time using intravital TPLSM. A
representative maximal projection of a three-dimensional (3D) z-stack shows the
distribution of GFP* C. albicans (green) in the meninges and superficial brain parenchyma
three days following infection (low panel). A similar projection captured from an uninfected
mouse is shown as a negative control (upper panel). Both the filamentous (white arrows) and
yeast (white arrowheads) forms of C. albicans were observed by TPLSM. Quantum dots
(red) were injected intravenously just before imaging to visualize blood vessels. White scale
bars = 50 microns. See associated Movie 1.
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Fig. 5.

Representative sections of transverse MR images of 8 week old BALB/c mice infected with
or without C. albicans (n=5) and with or without USPIO 24 h post MRI (upper panels) and
respective fungal specific GMS and H&E stained sections. (A) Infected mice without
USPIO administration do not demonstrate T2* signal loss. Fungal specific GMS shows
heavy fugal colonization and H&E section shows inflammatory cell infiltration. (B)
Noninfected mice without USPIO administration do not demonstrate T2* signal loss. (C)
noninfected mice with USPIO also show no T2* effects. The respective GMS and H&E
stained sections in B and C show no colonization and no inflammatory cell infiltration. (D)
Infected mouse with USPIO administration clearly demonstrates T2* signal loss. GMS
staining shows heavy fugal colonization, and the H&E section shows inflammatory cell
infiltration. 1 mm scale bar indicates magnification of the stained sections.
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Fig. 6.

T," signal loss in transverse kidney and brain MR images of mice infected with C. albicans.
Signal was quantified in the indicated regions of kidney and brain 24 hours after injection of
USPIO agent and the indicated days post C. albicans inoculation. Control 8 week old
BALB/c mice were uninfected but received USPIO. (A) Three arbitrarily demarcated
medullary, corticomedullary and cortical regions of kidneys were assessed at the indicated
times PI for signal intensities (*** p<0.001 compared with the control group, consistent
with more USPI0O-laden phagocytes). (B) T,” signal loss was quantified in frontal and dorsal
cerebral brain regions at the indicated times post inoculation (*** p<0.001). (C) Quantitative
analysis of brain infiltrating leukocytes in uninfected and day 3 C. albicans infected mice.
Bar graphs show the frequency (upper panel) and absolute numbers (low panel) of
neutrophils (CD45* Thy1.2~ Ly6C* Gr-1") and monocytes/macrophages/dendritic cells
(CD45" Thy1.2™ Ly6C* Gr-1!oW). Data are presented as the mean+SD. Each group consisted
of five mice.
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