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MRI demonstrates glutamine antagonist-mediated
reversal of cerebral malaria pathology in mice
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The deadliest complication of Plasmodium falciparum infection is
cerebral malaria (CM), with a case fatality rate of 15 to 25% in
African children despite effective antimalarial chemotherapy.
No adjunctive treatments are yet available for this devastating
disease. We previously reported that the glutamine antagonist
6-diazo-5-oxo-L-norleucine (DON) rescued mice from experimental
CM (ECM) when administered late in the infection, a time by which
mice had already suffered blood-brain barrier (BBB) dysfunction,
brain swelling, and hemorrhaging. Herein, we used longitudinal
MR imaging to visualize brain pathology in ECM and the impact of
a new DON prodrug, JHU-083, on disease progression in mice. We
demonstrate in vivo the reversal of disease markers in symptom-
atic, infected mice following treatment, including the resolution of
edema and BBB disruption, findings usually associated with a fatal
outcome in children and adults with CM. Our results support the
premise that JHU-083 is a potential adjunctive treatment that
could rescue children and adults from fatal CM.
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uch of Africa is endemically infected with Plasmodium
falciparum (Pf) parasites which give rise to malaria. Malaria
presents with periodic fever, chills, and other flu-like symptoms
which, after years of repeated exposure, lead to asymptomatic
infections (1). For unknown reasons, in a small percentage of
patients, many of whom are young children, severe complications
can arise, resulting in approximately a half-million deaths each
year (2). Cerebral malaria (CM) is the deadliest complication of Pf
infection (2). The current WHO diagnosis of CM is defined by an
unarousable coma in conjunction with a Pf-positive peripheral
blood smear in the absence of trauma or other coma-causing in-
fections (2-4). Despite treatment with highly effective antimalarial
drugs, 15 to 25% of children with CM eventually succumb to the
disease (2). Of those who survive, 25% develop long-term neu-
rological sequelae, including epilepsy, blindness, deafness, behav-
ioral disorders, and cognitive impairment (5). Although CM is
mostly a disease of young children in areas of intense and stable Pf
transmission, such as sub-Saharan Africa, in areas of low ende-
micity, including South and Southeast Asia, CM occurs in both
adults and children although the pattern of CM syndromes differs
(2, 3). Although CM incidence and subsequent sequelae rates are
lower in adults, the case fatality rates are even higher than those
reported in children (2, 6). Despite the considerable disease bur-
den, there are no predictive diagnostics or treatments after onset.
Furthermore, the molecular mechanisms leading to severe disease
remain elusive.
A complete understanding of the pathophysiology of CM has
been complicated by a multitude of factors, including the fol-
lowing: the relative rarity of CM (only 2% of Pf-infected children
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develop this complication), the paucity of concentrated “out-
breaks,” the rapidity of disease progression even with antima-
larial treatment (in children, deaths generally occur within 24 to
48 h of admission to regional hospitals), and that infected patient
populations live primarily in medical resource-poor countries
which lack imaging infrastructure, including MRI scanners.
Elucidating disease mechanisms of CM is essential to inform the
development of treatments. Thus, the mouse model of CM, ex-
perimental CM (ECM), is an essential tool in the search for
adjunctive therapies (7). Susceptible mouse strains, including
C57BL/6, develop ECM when infected with Plasmodium berghei
ANKA (PbA) (8) and exhibit pathological changes including
cerebral endothelial cell damage with breakdown of the blood—
brain barrier (BBB), brain swelling, and hemorrhaging, along
with clinical symptoms including paralysis, convulsions, and co-
ma (9-11). The onset of clinical symptoms in our experimental
method occurred in the evening of day 5 postinfection (p.i.), but
cerebral edema and hemorrhaging were apparent on necropsy as
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early as day 4 p.i. By day 6 p.i., mice began to exhibit seizures,
hypothermia, weight loss, severe locomotor deficits, and coma;
all infected mice died by the end of day 7 p.i. Although pub-
lished survival curves indicate that the length of time between
infection and death in ECM can be variable and, in some cases,
can occur over several days, we and others have reported that
death can be relatively synchronous, occurring over a 36-h pe-
riod, spanning day 6 and 7 p.i. (S Appendix, Fig. S1) (12, 13). MRI
provided evidence in vivo that brain edema, both vasogenic and
cytotoxic, as well as reduced cerebral blood flow, play dominant
roles in death in ECM (14). In general, ECM brain abnormali-
ties described by MRI have been primarily observed in the ol-
factory bulbs (OBs), but also more posteriorly in the corpus
callosum (CC) and subcortical white matter/external capsules in
more severe disease (14-18). Subsequent MRI studies provided
similar evidence that brain swelling contributed to death in pedi-
atric (19, 20) and adult CM (21). Thus, MRI appears to be a robust
tool to investigate the impact of potential CM therapeutics on the
pathologies that contribute to death in both ECM and CM.

We recently reported that treatment with the glutamine an-
tagonist 6-diazo-5-oxo-L-norleucine (DON) rescued over 50% of
ECM animals, even when administered late in the infection, on
day 6 p.i., at a time when the BBB was compromised and brain
swelling had occurred (12). This was the only example of a drug
that could be given “late” in the disease process, after symptom
onset, a common clinical scenario in both pediatric and adult
CM. Our findings were consistent with multiple studies demon-
strating that glutamine antagonists exhibit promise as neuro-
protective agents. Glutamine antagonists have shown potential
for treating neuroinflammation in infectious diseases, including
HIV-associated neurocognitive disorders, hepatic encephalopa-
thy, neurotropic viral infections, CNS neuroinflammatory dis-
eases, such as multiple sclerosis, and advanced solid brain tumors
(22-29). Moreover, increases in the levels of glutamine in the
brains of mice infected with PbA have been reported by MR
spectroscopy in vivo (17) and by NMR ex vivo (30), suggesting
that the modulation of glutamine-dependent events may have
therapeutic potential in ECM. Glutamate excitotoxicity modu-
lates BBB integrity (31-33), possibly underlying the pathophys-
iology of ECM. This, coupled with the fact that glutamine is the
major synthetic precursor for glutamate production in the brain,
supported our efforts to investigate the potential use of gluta-
mine antagonists as CM therapies.

In this study, we visualized disease progression and drug res-
cue in PbA-infected mice, in vivo, using high resolution cross-
sectional and longitudinal MRI. We compared the structural
abnormalities detected in ECM mice to disease manifestations
reported in patients, including brain edema and BBB disruption,
and correlated those imaging findings with clinical disease pro-
gression and histological analysis of brain tissues. For treatment,
we used JHU-083 (ethyl 2-(2-amino-4-methylpentanamido)-6-
diazo-5-oxohexanoate), an orally available prodrug form of DON
developed by Slusher and coworkers (22) to control drug locali-
zation and bioavailability based on human metabolism. In an ef-
fort to identify effects that can be solely attributed to glutamine
antagonists, this study did not employ antimalarial drugs in con-
junction with JHU-083.

Results

MRI Comparison of Infected and Uninfected Mice (T, Relaxometry and
Diffusion-Weighted Imaging). All PbA-infected mice used in these
T, relaxometry and diffusion-weighted imaging (DWI) scans
showed detectable peripheral parasitemia on day 5 p.i. and be-
gan exhibiting significant clinical symptomatology on day 6 p.i.
All mice succumbed over a 36-h period beginning day 6 p.i. (S/
Appendix, Fig. S1). In the cross-sectional study, we used T,
relaxometry and DWI scans from the OBs through the cerebel-
lum (Fig. 14) to assess the accumulation of extracellular fluid in
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PbA-infected mouse brains compared with healthy, uninfected
controls. Typically, T, values within a voxel increase when the fluid
content in that voxel increases. Qualitatively, T,-weighted coronal
images of infected mice (day 5 and 6 p.i.) showed increased signal in
the white matter of the OBs compared with uninfected mice (Fig.
1B). In some infected mice, increased T, signal was also observed
along the posterior white matter tracts, including within and un-
derneath the CC and external capsules. T, values obtained from T,
maps were significantly different between uninfected and infected
mice in both the OBs (Kruskal-Wallis test, P = 0.0068) and
striatum (Kruskal-Wallis test, P = 0.0022) (Fig. 24). Post hoc
analysis showed that the animals on day 6 p.i. had significantly
higher T, values in the OBs compared with uninfected animals
(P = 0.025). In the striatum, day 6 p.. animals had higher T,
values than day 5 p.i. animals (P = 0.012).

The same group of animals also underwent DWI, from which
apparent diffusion coefficient (ADC) maps were derived. On
DWI, restricted diffusion in the brain (decreased ADC values)
generally reflects cytotoxic edema, such as that seen in ischemia,
although other potential causes include increased cellularity or
increased fluid viscosity. On the other hand, facilitated diffusion
(increased ADC values) is associated with vasogenic edema but

Infected

Uninfected

Fig. 1. T,-weighted coronal images of a mouse brain at multiple planes. (A)
Diagram showing the planes of imaging in a mouse brain, starting with the
olfactory bulbs and continuing through the cerebellum. (B) Representative
scans of one uninfected mouse and one PbA-infected mouse on day 6 p.i.
The infected animal shows high signal intensity in the white matter of the
olfactory bulbs, along the corpus callosum (mainly inferior aspect) and the
external capsules (white arrows) consistent with edematous changes.
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Fig. 2. Quantitative analysis of cross-sectional T, relaxometry and ADC
values in different regions of the brain. (A) Cross-sectional T, values for
different regions of the brain in uninfected mice (n = 4), and mice day 5 p.i.
(n =5, average clinical score = 3) and day 6 p.i. (n = 4, average clinical score =
4). The olfactory bulbs show a significant increase in T, values between
uninfected and day 6 p.i. animals (Dunn’s post hoc, P = 0.025) while the
striatum shows a significant increase between day 5 and day 6 p.i. animals
(Dunn’s post hoc, P = 0.012). Kruskal-Wallis analysis: olfactory bulbs, P =
0.0068; cortex, P> 0.1; corpus callosum, P> 0.1; and striatum, P = 0.0022. (B)
Cross-sectional ADC values for different regions of the brain in uninfected
mice (n = 4) and infected mice day 5 p.i. (n = 4, average clinical score = 3) and
day 6 p.i. (n = 4, average clinical score = 2). The olfactory bulbs show a
significant increase in ADC values between uninfected mice and infected
mice day 6 p.i. (Dunn’s post hoc, P = 0.043). Kruskal-Wallis analysis: olfactory
bulbs, P = 0.022; cortex, P > 0.1; corpus callosum, P > 0.1; and striatum, P >
0.1. Error bars represent mean + SD. Dunn’s post hoc analysis: *P < 0.05.

can also be seen in necrotic or cystic masses and in areas of
neuronal loss and gliosis (34). In ECM, the abnormal signal seen
on T, (Fig. 1B) is most suggestive of edema, and, in this context,
DWI can help distinguish between vasogenic and cytotoxic edema.
ADC values were significantly different between the groups in the
OBs (Kruskal-Wallis test, P = 0.022). Post hoc analysis showed
the main differences to be between uninfected and animals day
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6 p.i., with higher ADC values seen in the latter (P = 0.043) (Fig.
2B). Interestingly, the cerebellum was unique in showing lower
ADC values for mice day 5 and 6 p.i. compared with uninfected
animals (uninfected, 0.74 + 0.06; infected day 5 p.i., 0.59 + 0.03;
infected day 6 p.i., 0.68 + 0.15). This could potentially reflect early
ischemic changes related to increased intracranial pressure, mainly
in the posterior fossa, with compression of the cerebellar tissues.
Although we did not obtain sagittal imaging to show cerebellar
compression in our animals, this phenomenon (restricted diffu-
sion) has been described previously with ECM (14).

JHU-083-Treated Mice Show Enhanced Survival. We evaluated the
impact of the DON prodrug JHU-083 on ECM. The full phar-
macokinetics of JHU-083, including release of the active drug in
the mouse brain, have recently been described (35). In our ani-
mals, treatment with JHU-083 (SI Appendix, Fig. S2) on the
morning of day 6 p.i. resulted in ~60% long-term survival in
PbA-infected mice compared with untreated mice (SI Appendix,
Fig. S1 and Movies S1 and S2). All mice in the untreated group
died or reached a clinical score mandating euthanasia by the end
of day 6 p.i. through day 7 p.i. (SI Appendix, Fig. S1 and Movie
S1). Frequently, the JHU-083—treated mice that did not respond
to treatment exhibited seizure-like movements and decreased
responsiveness to physical stimuli similar to behavior displayed
by infected, untreated animals. A group of uninfected animals
was also treated with JHU-083 and showed no mortality or other
adverse effects. Taken together, these findings indicate that the
DON prodrug JHU-083 is as effective in treating CM in this
mouse model as we previously demonstrated for DON (12).

MRI Comparison of Uninfected, Untreated, and JHU-083-Treated Mice
(T,-Weighted, with Contrast). Cross-sectional T; and postcontrast
T,-weighted images were obtained to assess BBB integrity, with
gadolinium (Gd) contrast agent extravasation being indicative of
BBB disruption. In infected animals, postcontrast T;-weighted
images showed central abnormal enhancement in the OBs of
mice imaged immediately after treatment on day 6 p.i. (white
solid arrows, Fig. 3B), which was not observed in the uninfected
mice (Fig. 34). Abnormal enhancement was also noted more
posteriorly involving the CC and external capsules. Interestingly,
we saw increased signal within the ventricles after contrast en-
hancement in both infected and uninfected mice (Fig. 3, white
arrowheads). We believe this is due to physiologic leakage of
contrast across the blood—cerebrospinal fluid (CSF) barrier due to
the long duration of the T acquisition (22 min). A similar process
was recently described with leakage of contrast across the blood—
CSF barrier in rats starting within 10 min of administration of
various contrast agents. Gadopentetate dimeglumine (Magnevist),
the contrast agent we used, showed the highest amount of leakage
compared with the other contrast materials tested (36). However,
the leakage in the infected mice was more prominent, compared
with the uninfected mice, although this did not reach significance
(Kruskal-Wallis test, P = 0.051) (SI Appendix, Fig. S4).

The percent signal enhancement was determined in selected
regions of the brain of the four animal groups imaged cross-
sectionally (Fig. 4). The change in signal intensity after contrast
administration was significantly different in the OBs between the
groups (Kruskal-Wallis test, P = 0.0012). Post hoc analysis
showed a significant difference between uninfected and infected,
treated animals on day 6 p.i. (P = 0.0016) and between animals
treated on day 6 p.i. and those receiving two treatments by day
7 pi. (P = 0.035). There were also significant differences be-
tween infected and uninfected mice in cortex, CC, and striatum
(Fig. 4). In all regions except the CC, the enhancement was
significantly lower in treated day 7 p.i. compared with treated
day 6 p.i. mice. Taken together, these results demonstrate
both accumulation of extracellular fluids and BBB disruption
in mice infected with PbA by day 6 p.i., consistent with earlier
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Pre- and postcontrast coronal T, images at different planes in the mouse brain. Representative cross-sectional pre- and postcontrast T;-weighted

images in (A) an uninfected and (B) an infected mouse. Postcontrast images in the infected animal show increased signal intensity (solid white arrows) in the
olfactory bulbs, underneath the corpus callosum, and external capsules. Physiologic contrast leakage into the ventricular system is seen in the uninfected
animal due to prolonged imaging time. Ventricular contrast leakage in the infected animal is more marked, suggesting blood-CSF barrier disruption (ar-
rowheads). Multiple microhemorrhagic changes are seen in the infected animal (hollow white arrows).

reports (14, 16). These phenomena are reversed by treatment
with JHU-083.

Longitudinal MRI Studies Show JHU-083-Induced Reversal of Brain
Pathology. Coronal T,-weighted images of animals that responded
to JHU-083 treatment and survived long-term demonstrated
high signal intensity in the OBs and to a lesser extent underneath
the CC on day 6 p.i. that resolved by day 8 p.i. T,-weighted
images are shown for a representative mouse (Fig. 54), and T,
and ADC values for the OBs of six infected animals are plotted
graphically (Fig. 5 B and C). No recurrence of the signal was
observed on day 12 p.i. Paired ¢ test comparison between mice
day 5 and 8 p.i. showed significant decrease of T, values in the
OBs (P = 0.043) but not in the rest of the assessed regions
(striatum, cortex, and CC). The changes in ADC values were not
significant in any region. This recovery and resolution of abnormal
signal corresponded to improvement of clinical symptoms, with
the surviving JHU-083—treated animals regaining baseline activity
levels and motor skills (Fig. 5D and Movies S1 and S2). In some
animals, the T, values on day 12 p.i. were slightly lower than those
seen in uninfected animals. This could be due to minimal, visually
unidentifiable microhemorrhagic changes. In contrast, mice that
did not respond to treatment did not typically survive past day 6 p.
i. and showed more extensive high signal intensity in the OBs, CC,

Riggle et al.

and external capsule compared with treated mice that survived
(Fig. 5 B and C, red circles, SI Appendix, Fig. S5). This could re-
flect advanced pathology indicated by higher T, and ADC values
that could not be reversed by our drug. However, this will need to
be documented in larger samples.

Postcontrast T-weighted images demonstrated abnormal en-
hancement qualitatively in the OBs and multiple other regions of
the brain, which decreased on day 8 p.i. and resolved by day 14 p.i.
(Fig. 64). This corresponded quantitatively to high percent en-
hancement in the OBs and to a lesser extent in the cortex, CC, and
striatum compared with control values (dotted lines Fig. 6B) on
day 6 p.i. The abnormal enhancement was significantly reduced by
day 8 p.i. in all assessed regions (Fig. 6B) (paired ¢ test; OBs, P <
0.0001; cortex, P = 0.0038; CC, P = 0.0010; striatum, P = 0.0017).
Only two animals could be imaged on day 14 p.i. (lack of venous
access due to repeated tail vein catheter placements), but, in those
animals, the abnormal enhancement did not recur. The resolution
of abnormal enhancement corresponded to improved clinical
scores (Fig. 6C).

Immunohistochemistry Analysis of PbA-Infected Cerebral Tissue from
Mice. Brain tissue from uninfected mice, PbA-infected, untreated
mice on day 6 p.i., and JHU-083-treated, infected mice on day
8 p.i. were analyzed via immunohistochemistry (IHC) focusing
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Fig. 4. Quantification of cross-sectional T, signal enhancement (between
pre- and postcontrast images) in different regions of the brain. Cross-
sectional Ty values shown are for uninfected mice (n = 4), day 5 p.i. mice
(n =5, average clinical score = 3); post initial treatment, day 6 p.i. mice (n =
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treated day 7 p.i. animals were imaged 12+ h after receiving second treat-
ment. Kruskal-Wallis analysis: olfactory bulbs, P =0.0012; cortex, P=0.0012;
corpus callosum, P = 0.0031; and striatum, P = 0.0008. Error bars represent
mean + SD. Dunn’s post hoc analysis: *P < 0.05, **P < 0.005.

on a region of interest (ROI) in the OBs (Fig. 74). Mice were
infected with a GFP-labeled PbA parasite. Staining for fibrino-
gen showed multiple patchy areas of positive staining in the in-
fected animals compared with uninfected animals. Those same
areas showed an accumulation of red blood cells (RBCs) and

Fig. 5.

positive staining for GFP-labeled parasites within the paren-
chyma (Fig. 7B). There were significant differences in RBC
(TER119) staining (Kruskal-Wallis, P = 0.0036) and borderline
significant differences in fibrinogen staining (Kruskal-Wallis,
P = 0.050) between the three groups of animals (SI Appendix,
Fig. S6). Post hoc analysis showed significantly higher TER119
staining on day 6 p.i. compared with uninfected mice (P = 0.022).
Our findings suggest that, despite reversal of edema and BBB
disruption, extravasated RBCs and parasites remain postrecovery
in treated animals, although to a lesser extent than in the un-
treated cohort. This is consistent with our findings of micro-
hemorrhagic changes in the infected animals (open arrows, Fig. 3),
despite resolution of abnormal enhancement and abnormal T,
signal intensity. We did not find any evidence of microglial acti-
vation or astrocytosis histologically.

Discussion

Our cross-sectional imaging results of untreated, infected ani-
mals are similar to previously reported data: vasogenic cerebral
edema, mainly in the OBs but also along white matter tracts,
including the CC and external capsule, disruption of BBB with
extravasation of contrast material, venous congestion, and micro-
hemorrhagic changes (14-16, 18, 37-39). IHC staining further
confirmed our findings, showing protein leakage and extravasa-
tion of RBCs, all overlapping with the presence of GFP-labeled
parasites in the parenchymally extravasated RBCs. However, we
were able to show, in vivo, the reversal of pathological abnor-
malities under the effect of an experimental CM treatment, a
glutamine antagonist, in the brain of ECM mice using longitu-
dinal high-resolution MR imaging. Reversal of brain edema (seen
on Tr-weighted images and ADC maps) and BBB disruption
(seen on contrast-enhanced T;-weighted images) in this model
was shown qualitatively as well as quantitatively. The resolution of
imaging abnormalities corresponded to improvements in the clin-
ical scores of the treated animals.

The pathophysiology of ECM and the drug rescue mechanism
of DON/JHU-083 remain unclear. Recent studies of the effect of
JHU-083 on the brain in a mouse model of depression-associated
behaviors provide some insight into the possible mechanisms by
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Longitudinal, coronal, T,-weighted images of JHU-083-treated animals. (A) Coronal T,-weighted images in a representative animal that survived

long-term imaged after treatment at 6:00 AM on day 6 p.i. with JHU-083. Abnormal high signal intensity foci in the OBs appear on day 6 p.i. (solid white
arrows) and then resolve by day 12 p.i. (B) Quantification of T, values and (C) ADC values in the OBs of infected animals that responded to treatment (n = 4,
black symbols) and two that progressed rapidly and did not survive despite treatment (n = 2, red circles) are shown. T,: paired t test comparison between day
5 and 8 p.i.,, P = 0.043; and ADC: paired t test comparison between day 5 and 8 p.i., P > 0.05. Dashed lines denote mean + SD for T, and ADC values in
uninfected animals (T,, 39.1 + 2.2 and ADC 0.64 + 0.05). (D) Corresponding clinical score data vs. day postinfection for the imaged animals.
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Fig. 6.
normal enhancement (solid white arrows) in the OBs, CC, and external capsules in a representative treated animal scanned on days 6, 8, and 14 p.i. (B)
Quantitative decrease in percent signal enhancement for infected animals measured on day 6 and 8 p.i. (n = 7). Paired t test in the olfactory bulbs, P < 0.0001;
cortex, P = 0.0038; corpus callosum, P = 0.0010; and striatum, P = 0.0017. Dashed lines denote mean =+ SD for uninfected animals in a given region (olfactory
bulbs 3.5 + 2.3; cortex 2.5 + 2.3; corpus callosum 4.0 + 2.1; and striatum 0.75 + 1.5). (C) Corresponding clinical scoring vs. day postinfection for the same seven
animals. All animals were treated at 6:00 AM on day 6 p.i.

which JHU-083 functions (35). These studies demonstrated that
increases in glutaminase activity, specifically in microglia-enriched
CD11b" cells, were normalized by JHU-083. The glutaminase
enzyme, which catalyzes the hydrolysis of glutamine to glutamate,
is inhibited by JHU-083, resulting in a net decrease of gluta-
mate buildup which has otherwise been associated with neu-
roinflammation. A previous study also showed that DON blocked
glutamate release by activated microglia (40). In ECM, glutamine
levels appear to increase (14, 41), suggesting that blocking the
function of glutaminase by the glutamine antagonist JHU-083 in
ECM could result in a net decrease of glutamate levels in the
treated animals. BBB disruption related to glutamate excitotoxicity
has been well documented (31-33), and reversal of this mechanism
by decreasing glutamate levels in the brains of treated animals
probably underlies our observed reversal of BBB disruption and
associated improved survival. Another possible contributing factor
is related to CD8" T cell regulation; previous studies in PbA-
infected mice have shown that parasite-specific CD8" T cells in-
teract with the cerebral endothelium, causing inflammation which
ultimately results in BBB breakdown, brain swelling, and micro-
hemorrhaging (42). In addition, a multitude of effector function
and depletion assays demonstrated the role of CD8" T cells in ECM
pathology (43-47) although the participation of brain-localizing
CDS8" T cells in CM remains unresolved.

Although DON and its variants are the first class of therapeutics to
show efficacy after symptom onset, we have previously reported a
subset of animals that did not improve upon DON treatment (12).
Here, we showed that animals which did not respond to treatment
had advanced disease with more severe imaging abnormalities, in-
cluding more extensive posterior edematous changes, compared with
animals that responded to treatment. Those changes seem to in-
dicate a certain level of neuropathology beyond which the animal
cannot be rescued. Currently, patients generally present to clinic after
symptom onset, making therapies that reverse disease manifestations
necessary. Our results indicate that such therapies, including JHU-
083, need to be administered in a critical window to improve the
chances of response in this vulnerable patient population.

The clinical symptoms in the ECM model recapitulate many of
those observed in patients with CM, including ataxia, seizure
activity, respiratory distress, and coma. Disease progression in
mice, as in humans, is rapid, with noticeable deterioration of
condition in a single day and death occurring within hours of
severe symptom onset. Similarly, the imaging findings in ECM
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Longitudinal, coronal postcontrast T,-weighted images of JHU-083-treated animals. (4) Postcontrast Ti-weighted images showing reversal of ab-

mice are also quite comparable with humans, despite pathoana-
tomical differences in disease manifestations. In a recent MRI
study of pediatric patients with CM, the principal observations
included vasogenic cerebral edema and microhemorrhagic
changes (48). Vasogenic edema and venous congestion were also
shown in a study of both children and adults (21). Seydel et al. (19)
reported brain swelling with decreased pre/postpontine CSF levels as
the primary finding indicative of poor prognosis in children with CM.
Indeed, multiple MRI studies of CM patients have identified specific
imaging changes that are predictive of mortality and residual neuro-
logical sequelae in survivors (19-21, 49, 50). In one study, increased
brain volume was found to be the strongest predictor of fatality, with
84% of children who died presenting with significant cerebral edema
on admission (19). These disease manifestations are reminiscent of
what we and other groups have observed in the ECM model, in-
cluding BBB disruption, brain vasogenic edema with increased T,
and ADC values (as assessed quantitatively in this study), micro-
hemorrhagic changes seen on imaging and confirmed by histopa-
thology, and prominence of deep and superficial venous structures
in the infected animals compared with uninfected ones, suggesting
venous congestion. Our range of T, values in the edematous areas
are comparable with those described by Hoffman et al. (16) who
also described increased ADC values. Our results were not com-
pletely congruent with Penet et al. (14) regarding DWI, however,
with their animals mainly showing restricted rather than facilitated
diffusion. This could be related to differences in disease progres-
sion and/or severity between the two studies.

CM pathophysiology has been investigated extensively, but the
exact mechanisms underlying disease progression and molecular
pathogenesis remain elusive. Previously, it was widely believed
that venous occlusion caused by sequestered infected RBCs
(iRBCs) was solely responsible for generating pathology, but
mortality remains high even with the implementation of fast-
acting antimalarials like artemisinin combination therapies
(51-53). There is increasing evidence that both the cerebral
vascular sequestration and host immune response contribute to
neuropathology (54-56). Ultimately, downward herniation of the
brainstem as a result of increased intracranial pressure leads to
rapid death in these patients, and the expeditious reversal of this
edema may dramatically reduce mortality. Fully understanding
disease pathogenesis will inform the development of therapeu-
tics and may also provide clinical indicators for the use of in-
vasive treatments in addition to chemotherapies. Considering the
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Fig. 7. Immunofluorescent staining of sagittal sections of mice infected
with PbA (untreated and treated) and control uninfected mice. (A) A rep-
resentative full sagittal section of the stained mouse brain. (B) Magnified
images obtained in the olfactory bulbs (red square in A) of an infected un-
treated mouse that was euthanized 6 d p.i. (Left column), a treated mouse
euthanized 8 day p.i. (Middle column), and an uninfected mouse (Right
column). Positive staining for fibrinogen (bright green), red blood cells
(TER119, red), endothelial cells (CD31, yellow), and GFP-labeled parasites
(light gray) show evidence of extravascular protein and blood extravasation
in both infected mice compared with the control animal. Regions of protein
accumulation colocalize with extravasated, parasite-infected RBCs (33.3%
magnification). (Scale bar: 100 um.)
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similarities in reported MRI findings between ECM and CM, we
believe glutamine antagonists represent a uniquely promising ap-
proach for the treatment of a devastating disease course in an es-
pecially vulnerable patient population of young children. This work,
documenting the in vivo reversal of ECM brain pathology by JHU-
083 using high resolution MRI, supports the consideration of this
class of therapeutics for clinical trials involving patients with CM.

Methods

Animals. All experiments were performed on 6- to 7-wk-old C57BL/6 female
mice from The Jackson Laboratory (JAX 664). This study used 85 animals to
initially evaluate drug efficacy. The imaging portion of the study used a total
of 45 animals (S/ Appendix, Table S1). We included day 6 p.i. scans (n = 4)
from the longitudinal T,/ADC cohort in the cross-sectional analysis. An ad-
ditional nine mice were used in the IHC study component.

PbA Infection. A donor animal was infected intraperitoneally (i.p.) with PbA
from frozen blood stock not more than three passages from mosquito. The
parasitemia levels were monitored starting on day 4 p.i. by smear or flow
cytometry (described below). When the donor mouse reached a parasitemia
of ~5%, usually by day 5 post infection (p.i.), it was exsanguinated. Blood
was diluted in sterile PBS to generate an infection mixture containing 108
infected red blood cells per 200 pL. Experimental mice were infected in-
traperitoneally (i.p.) within 30 min of donor exsanguination. After infection,
animals were monitored twice daily on days 1 to 4 p.i., and, beginning on
day 5 p.i., animals were scored clinically (1 to 10) to evaluate disease pro-
gression according to a standard scoring system, described below. Mice were
also evaluated for parasitemia on day 5 p.i. and were excluded from the
study if peripheral parasitemia was less than 2%. Our animal protocol
mandated an experimental end point for mice with a clinical score greater
than six or a parasitemia above 60%. When experimental end points were
reached, mice were humanely euthanized (57).

Clinical Score. Infected mice were monitored for the progression of ECM using
a 10-point clinical scoring system that rates mice from a score of 0 (no ab-
normalities) to 10 (moribund) as previously described and adapted from the
simple neuroassessment of asymmetric impairment (SNAP) scoring system
(58, 59). Briefly, animals were scored by testing five categories: interactions/
reflex, cage grasp, visual placing, gait/posture/appearance, and capacity to
hold their body weight on a baton. Each category was scored from 0 to 2,
where 0 represented normal individuals, 1 intermediate, and 2 no ability to
perform described parameter.

Parasitemia. Peripheral parasitemia was determined by flow cytometry using
a modification of a previously described method (60). Briefly, 0.6 uL of blood
was obtained from mouse tail snip, washed with 2 mL of PBS, resuspended,
and stained with the following: Hoechst 33342 (Sigma) DNA dye (8 pM,
1:1,000), dihydroethidium (Sigma) DNA and RNA dye (32 uM, 1:500), and the
C57BL/6 lymphocyte marker allophycocyanin (APC)-conjugated Ab specific
for CD45 (Biolegend) clone 30-F11 (1:200). Cells were analyzed either on a
BD LSRII flow cytometer equipped with UV (325 nm), violet (407 nm), blue
(488 nm), and red (633 nm) lasers or on a BD Fortessa x20 equipped with UV
(325 nm), violet (405 nm), blue (488 nm), yellow-green (561 nm), and red
(640) lasers. Data were analyzed using FlowJo software (Tree Star Technol-
ogies). Infected red blood cells (iRBCs) were CD45-negative, Hoechst-
positive, and dihydroethidium-negative. Parasitemia was calculated as the
ratio of iRBCs to the total number of RBCs.

Treatment. Mice were treated starting at 6:00 AM on day 6 p.i. with JHU-083,
a prodrug version of DON (S/ Appendix, Fig. S2) (22). Note that JHU-083
is reported as compound 4a [ethyl 2-(2-amino-4-methylpentanamido)-6-
diazo-5-oxohexanoate] in Rais et al. (22). The crystalline JHU-083 was
prepared in a 7 mg/mL ethanol stock solution that was then diluted in
Hepes buffer to 1.82 mg/kg doses of 200 L. The stock was prepared fresh at
the beginning of each experiment (and stored in solution at —20 °C for no
more than 1 wk), and the dose was diluted in 1 M Hepes immediately before
treatment. The drug was delivered via oral gavage [per os (PO)]. Animals
received a second treatment 12 h later (day 6 p.i., 6:00 PM) and then on days
8 and 10 p.i. at 6:00 AM.

Drug Efficacy. The efficacy of JHU-083 was evaluated before imaging ex-
periments were initiated. Mice were infected as described above and then
were separated into two groups: treated with JHU-083 (as described) initiated
on day 6 p.i. at 6:00 AM or untreated. The parasitemia was monitored, and
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mice were visually evaluated twice daily throughout the course of the ex-
periment. The clinical score was measured on days 5 to 8 p.i. Mice in both
groups were euthanized once they reached a clinical score end point of
greater than six. Mice in the treated cohort were euthanized if parasitemia
reached end point levels of 60% or at study end point of day 22 p.i.

MRI Setup. MRI experiments were carried out on a 30-cm horizontal 9.4 T
Bruker-Avance scanner (Bruker Biospin Inc.). Standard MRI protocols were
used as in previous ECM studies (14, 16, 17). Animals used for each study
type are summarized in S/ Appendix, Table S1. For the cross-sectional T, relax-
ometry and diffusion-weighted image (DWI) studies, four uninfected mice and
nine infected mice were included. Longitudinal T, relaxometry and DWI studies
were obtained on a subgroup of mice on day 5, 6, 8, and day 12 postinfection
(n = 6). Quantitative T, relaxation maps were derived from the multislice-
multiecho (MSME) sequence. Apparent diffusion coefficient (ADC) maps were
calculated from DWI scans. While T,-weighted images show fluid accumulation
in the extracellular space as areas of increased signal (and high T, values), DWI
can discriminate between vasogenic edema (facilitated diffusion, high ADC
values) from cytotoxic edema, such as what is seen with ischemidstroke (re-
stricted diffusion, decreased ADC values). A second group of mice were scanned
cross-sectionally using pre- and postcontrast T,-weighted imaging and included
four uninfected; five infected, untreated day 5 p.i.; eight infected, treated day
6 p.i; and six infected, treated day 7 p.i. mice. Longitudinal T, imaging
studies were performed on day 5 and day 8 p.i. (n = 7). Two of those an-
imals were also imaged at day 14 p.i. but were not included in the quan-
titative analysis due to the small number of animals. The extravasation of
gadolinium-based contrast material through a disrupted BBB usually re-
sults in shortening of T, values and secondary increased signal intensity on
postcontrast compared with precontrast Ti-weighted images. For each
imaging session, mice were anesthetized, and the anesthesia plane was
maintained using 1.5 to 3.0% isoflurane delivered in 1 L/min oxygen gas
ventilation (61). Animals were secured in a custom-built, MRI-compatible,
stereotaxic holder and were placed on a water circulating heating block
connected to a water bath. To maintain core body temperature at 37.0 +
0.2 °C, a circulating water heater (SA instruments, Inc.) and rectal probe
were used. A pressure transducer (SA Instruments, Inc.) was used to mon-
itor respiration rate. Isoflurane levels were modulated as necessary to
maintain the respiratory rate at 40 + 10 breaths per minute similar to what
has been previously described (62), to prevent motion artifacts. The ste-
reotaxic holder/heating block was fitted into a custom-built cradle, and an
86-mm volume (transmit) per 4 mouse head array (receive) radio frequency
coil ensemble was centered over the animal’s skull. The entire cradle was
then centered in the scanner. For enhanced T, imaging, gadopentetate
dimeglumine (Magnevist) (0.2 mmol/kg) was diluted 1:5 in 0.9% sodium
chloride and was injected 5 min before the scan via tail vein catheter (63).
The volume of delivered prepared contrast solution was ~0.2 mL After
scanning, mice were given an s.c. saline injection and placed on a heating
pad to recover. Infected mice underwent clinical scoring and parasitemia
measurements on day 5 p.i. before imaging and were included in the scan
group if parasitemia levels had reached at least 2%. All treated animals
received initial treatment at 6:00 AM on day 6 p.i. To minimize total time
under anesthesia and in the scanner, separate groups were used for T,
studies and T, relaxometry/ADC studies.

MRI Sequences. MRI sequences were as follows. For T,, axial T, relaxometry
MR images were acquired with varying echo times using a multislice-
multiecho (MSME) sequence with the following imaging parameters: repe-
tition time (TR)/echo time (TE) = 3,700 ms/15 ms, number of echoes = 16,
field of view (FOV) = 1.92 cm x 1.92 ¢m, matrix size = 128 x 128, slice
thickness = 1 mm, number of averages = 2, number of slices = 13 to 14, and
total in-plane resolution 150 pm. The total scan time was 16 min. For DWI,
multislice diffusion weighted spin-echo echoplanar imaging was used with
TR/TE = 2,000 ms/24.5 ms, number of slices = 13 to 14, slice thickness = 1 mm,
FOV = 1.92 cm x 1.92 cm, matrix size = 128 x 128, and two averages for
each direction (x, y, and z) with total in-plane resolution of 150 pm and
total scan duration of 42 min. For T,, pre- and postcontrast Magnevist in-
jection, 3D T;-weighted images were acquired using a fast recovery se-
quence, driven equilibrium Fourier transform (DEFT) with the following MR
parameters: TR/TE = 2,348 ms/5 ms, inversion time (TI) = 2,150 ms, number
of slices = 34 to 36, slice thickness = 0.4 mm, FOV = 1.92 cm x 1.92 ¢cm,
matrix size = 256 x 256, flip angle = 30°, number of averages = 2, total
in-plane resolution of 75 um, and total scan duration of 22 min. Post
gadolinium (Gd) T;-weighted MR images were acquired 5 min after injection
of the contrast.

Riggle et al.

MRI Data Analysis. MRl data were processed and quantitatively analyzed
using Matlab (R2016b) (Mathworks Inc.) and ParaVision 5.1. T, values were
calculated from quantitative maps generated from fitting the T, image to
an exponential decay using the equation S; = Mg exp(-TE/T>) + C, where
S; = signal intensity, My, = net magnetization at equilibrium, and C =
offset constant (64, 65). Regions of interest (ROIs) were drawn manually
on fitted T, maps, in selected regions of the brain including the following:
olfactory bulbs (OBs), cortex, corpus callosum (CC), and striatum S/ Ap-
pendix, Fig. S3. Finally, all ROl values corresponding to a given region
were averaged to generate the average T, value for that region. ADC
values for the same regions in the brain were obtained from the average
of the DWI acquired along three orthogonal directions (ADCx, ADCy, and
ADCz). For each direction, ADC values were generated in a pixel-wise
manner from manually drawn pixels of the same area, using the equa-
tion In[S;(b)/S;(b = 0)] = —b x ADCi, where S is the signal intensity, i=x, y, z
directions, and b = y2 G2 82 (A—8/3) where G and & are the magnitude and
duration of the gradient pulses, respectively, and A is the time interval
between them (66). Pre- and post-Gd T;-weighted signal intensities
were calculated using ParaVision 5.1. ROIs were drawn on the slices
corresponding to OBs, cortex, CC, and striatum for the pre-Gd image. The
ROIs were selected to include commonly involved regions based on ECM lit-
erature (OBs and CC), as well as other areas (cortex and striatum) with potential
quantitative, even if not qualitative, changes. Additional ROIs were selected
in the ventricles to assess for contrast leakage across the blood-CSF barrier and
in the cerebellum to assess for possible early brain herniation and compression
of the posterior fossa structures. The ROIs were then cloned on the postcontrast
images for the same animal, and mean signal intensity values were generated
for both scans. Since the pre- and postcontrast images are coregistered and the
sequence parameters are identical, the change in signal intensity within the
same ROIs can be used as a surrogate for contrast leakage, which would result
in increased signal (67, 68). The changes in signal intensity before and after Gd
infusion were then calculated as follows: [(Post-Gd intensity — Pre-Gd intensity)/
Pre-Gd intensity] x 100.

Immunohistochemistry Tissue Preparation. Multiplex fluorescence immuno-
histochemistry was performed on 10-um-thick frozen sections sourced from
uninfected and PbA-GFP-infected mice, perfused with 4% paraformalde-
hyde in PBS and cryoprotected with sucrose. Tissue was embedded in opti-
mal cutting temperature (OCT) compound, sagittally sliced, and mounted by
HistoServ, Inc. Antigen unmasking was performed using standard heat-
mediated antigen retrieval in 10 mM citrate buffer, pH 6.0. The sections
were incubated with F. receptor blocking solution (Innovex Biosciences) to
saturate endogenous F. receptors and then in Background Buster solution
(Innovex Biosciences) to minimize nonspecific antibody binding, per the
manufacturer’s instructions. The sections were then immunoreacted for
1 h at room temperature using 1 pg/mL cocktail mixture of the following
immunocompatible primary antibodies: chicken IgY anti-green fluorescent
protein (GFP) to amplify detection of PbA-GFP parasites (parasites were
kindly provided by W. Heath, University of Melbourne, Victoria, Australia),
rabbit IgG anti-fibrinogen to detect leaky blood vessels in the brain paren-
chyma, and a mixture of directly conjugated anti-mouse CD31-Alexa Fluor
647 and anti-mouse TER-119-PerCP, to label endothelial cells and extravasated
RBGs, respectively (69). Next, excess primary antibodies were removed with PBS
supplemented with 1 mg/mL BSA. The sections were stained using a 1 pg/mL
cocktail mixture of the following highly cross-adsorbed secondary antibodies
(Thermo Fisher, Jackson ImmunoResearch, or Li-Cor Biosciences): goat anti-
chicken IgY-Alexa Fluor 488 and goat anti-rabbit IgG-Alexa Fluor 430. After
washing off excess secondary antibodies, sections were counterstained using
100 ng/mL DAPI (Thermo Fisher Scientific) for visualization of cell nuclei.
Slides were then coverslipped using Immu-Mount medium (Thermo Fisher
Scientific) and imaged using a multichannel wide field epifluorescence micro-
scope (see below).

Image Acquisition. Images were acquired from whole specimen sections using
the Axio Imager.Z2 slide scanning fluorescence microscope (Zeiss) equipped
with a 20x/0.8 Plan-Apochromat (Phase-2) nonimmersion objective (Zeiss), a
high resolution ORCA-Flash4.0 sCMOS digital camera (Hamamatsu), a 200W
X-Cite 200DC broad band lamp source (Excelitas Technologies), and five
customized filter sets (Semrock) optimized to detect the following fluo-
rophores: DAPI, Alexa Fluor 430, Alexa Fluor 488, Alexa Fluor 546, and PerCP.
Image tiles (600 x 600-mm viewing area) were individually captured at
0.325 pm per pixel spatial resolution, and the tiles were seamlessly stitched
into whole specimen images using the ZEN 2 image acquisition and analysis
software program (Zeiss), with an appropriate color table having been
applied to each image channel to either match its emission spectrum or to
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set a distinguishing color balance. Pseudocolored stitched images were
then exported to Adobe Photoshop and overlaid as individual layers to
create multicolored merged composites. After staining was performed
on sagittal sections, analysis was completed using Imagel. Regions of
interest were drawn to encompass the entirety of the OBs. The per-
centage of the ROI that was positive for the marker of interest (TER119
or fibrinogen) was calculated. The percent area covered was compared
across groups.

Statistics. Statistical analysis of the imaging results was done using GraphPad
Prism 7. Even though our data were parametric, we used the more conservative
Kruskal-Wallis nonparametric method to analyze differences in ADC values, T,
values, and changes in T; signal intensities between the animal groups. For the
longitudinal analysis, we used a paired t test.
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