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FIGURE 1. CAT attenuates parasite liver development in the liver and blood. (A) Schematic representing experimental groups. Animals were subjected to
CAT (NCM), and uninfected control mice (Control) were s.c. injected with 30 mg/kg isopentaquine (D) at days —2, —1, and 0. Animals subjected to CAT
and positive control (ECM) mice were injected i.v. with 10,000 P. berghei ANKA salivary gland sporozoites (Spz) at day 0, and chemically attenuated mice
(groups of 5 performed in triplicates) were infected with 10,000 P. berghei ANKA sporozoites. (B) Blood parasitemia in animals subjected to CAT (NCM)
and untreated controls (ECM) as determined by blood smear plus Giemsa staining. (C) Mouse pathological behavior in animals subjected to CAT (NCM)
and untreated controls (ECM) scored from O to 20 according to the Rapid Murine Coma and Behavior Scale. (D) Animals (groups of 4) were assigned to
ECM and NCM groups as described. NCM and ECM mice were infected with 10,000 luciferase-expressing P. berghei ANKA sporozoites, and parasite
biomass was detected every 24 h in a luminometer after injection of 2.5 mg luciferin. Units are expressed as photons per second per centimeter squared per
steradian (p/s/cmzlsr). (E) Animals (groups of 3), assigned as CAT (NCM) and positive control (ECM) mice, were infected with 10,000 P. berghei ANKA
sporozoites and sacrificed at 42 h postinfection. Livers were extracted and RNA isolated and cDNA synthesized. Relative liver load was calculated via ACt
analysis based on parasite-specific 18S rRNA transcription. Animals (groups of 4), assigned to chemically attenuated (NCM) and positive control (ECM)
mice, were infected with 10,000 P. berghei ANKA sporozoites and sacrificed at 42 h postinfection. (F) Liver slices were performed and immunofiuo-
rescence analysis conducted by staining for P. berghei UIS4, P. berghei HSP70, Hoechst, and Phalloidin. Number of liver stages was determined in animals
subjected to CAT (NCM) and untreated controls (ECM) at 42 h postinfection. (G) Representative immunofluorescence images from both samples are
presented. (H) Size distribution of liver-stage parasites was determined by immunofluorescence analysis in animals subjected to CAT (NCM) and untreated
controls (ECM). ***p < 0.001. ns, p > 0.05.

to CAT (Fig. 1D). The liver stage following CAT was investigated
by qRT-PCR analysis of P. berghei 18S rRNA transcript levels.
Liver-stage development in NCM, characterized by multiple nuclear
divisions (32), was decreased as shown by quantitative transcrip-
tional analysis at 48 h postinfection (Fig. 1E). PCR analysis of small
volumes of blood (10 ) taken every 12 h from mice subjected to
CAT and infected with wild-type P. berghei ANKA sporozoites
revealed a positive parasite signal in NCM animals at 96 h post-
infection compared with 84 h postinfection in ECM wild-type
control mice (Supplemental Fig. 1B). Liver slices were made,
stained, and analyzed by immunofluorescence microscopy at 42 h
postinfection, to determine the number and size distribution of liver-
stage parasites following CAT (Fig. 1F-H). The number of liver-
stage parasites was not significantly different in treated animals
compared with untreated controls (Fig. 1F), but hepatic parasite
development was found to be significantly inhibited in a vast
number of liver-stage parasites in treated animals (Fig. 1G and 1H).

A small number of parasites from mice subjected to CAT appeared
to be developing normally (Fig. 1H). There was no evidence of loss
of integrity of the parasitophorous vacuole in treated mice.

The delay in onset of patent parasitemia, lower liver load, and
absence of cerebral symptoms indicate that treatment with iso-
pentaquine leads to an attenuation of liver-stage development and
an NCM outcome of malaria infection.

Chemical-attenuation—treated animals do not display signs of
cerebral pathology, BBB damage, and parasite sequestration
characteristic of ECM pathology

The brain is the centerpiece of ECM pathology. To determine
whether mice subjected to CAT were free of the clinical mani-
festations of ECM within the brain, and not only appearing out-
wardly healthy, we assessed the brain for indicators of pathology by
evaluating the integrity of the BBB and by quantifying the number
of infiltrating lymphocytes present in the organ. We injected Evans
blue dye at day 8 postinfection, the time point at which control mice
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succumbed to cerebral symptoms, to assess the integrity of the
vascular endothelium in experimental animals. Upon injection of
Evans blue, BBB disruption leads to extravasation of dye into the
brain tissue, which can be visualized and assessed quantitatively and
qualitatively. Control animals that experienced development of ECM
displayed evidence of cerebral pathology—a dark, evenly distributed
staining—compared with very faint staining in brains from chem-
ically attenuated NCM animals (Fig. 2A) that was not statistically
significantly different from naive brains from noninfected animals
by colorimetric analysis (Fig. 2B), indicating that the BBB and
vascular endothelium remained intact in animals subjected to CAT.
Cryosections of brain tissue were isolated from NCM and ECM
mice at the same time point postinfection, and histological analysis
revealed no indicators of cerebral damage in the NCM mice, in
contrast with the ECM controls, which displayed leukocyte infil-
tration, parenchymal hemorrhages, subarachnoidal bleeding, and
adherence of leukocytes to venule walls (Fig. 2C). NCM mice dis-
played an intact epithelium, no indicators of subarachnoidal bleed-
ing, and intact blood vessels with no evidence of sequestration
(Fig. 2C). ECM is associated with leukocyte sequestration in the
brain (33-37), and we accordingly quantified CD8* and CD4*
T cells infiltrating the brains of ECM and NCM mice. Interestingly,
NCM mice showed dramatically fewer CD8" infiltrates but a com-
parable number of CD4™ infiltrates (Fig. 2D). This correlates with
the observation that CD8" T cells in the brain-sequestered leukocytes
are essential for the cerebral symptoms and mortality in ECM (38).
In addition to leukocyte infiltration, protection from cerebral malaria
is associated with reduced parasite biomass and sequestration in the
brain (39). Thus, we determined the degree of parasite infiltration
within the brains of protected and nonprotected mice. Semiquanti-
tative histological analysis of brain sections revealed an approximate
50% reduction in parasite infiltration in NCM mice relative to ECM
controls (Fig. 2E).

A

CHEMICAL ATTENUATION PROTECTS FROM SEVERE MALARIA

The host immune response to the liver stage induces protection
from ECM

We next examined whether the early host immune response, during
which delayed, attenuated liver-stage development occurs, is re-
sponsible for the protective phenotype in NCM by parasite transfer
experiments. To investigate whether the absence of cerebral pa-
thology in NCM is due to a modification of the parasite at the
blood stage, we isolated 10® pRBCs from NCM mice and trans-
ferred them by i.v. injection into naive animals. All recipient mice
displayed clinical symptoms and died of ECM (Fig. 3A and
Supplemental Fig. 2), thus indicating that the intraerythrocytic de-
velopment after CAT remains unaffected and viable in its potential
to cause ECM. Furthermore, to determine whether residual anti-
malarial compound affects the parasite at the blood stage during
patency, animals were subjected to CAT and then challenged i.v.
with 10° or 10° pRBCs at either day 5 or 51 h postinfection to
mimic the onset of both microscopic and submicroscopic patency in
NCM. However, animals were not protected and succumbed to
cerebral pathology (Fig. 3B). We therefore assume that an immune
response to the very early stages is responsible for the protective
phenotype in NCM, and that this prepatent period, during which
delayed, attenuated liver-stage development occurs, is crucial for
the outcome of ECM.

Overall increase in proinflammatory immune responses in
experimental animals subjected to CAT at day 4 postinfection

We dissected the immune response during this period of prepatency
4 d postinfection. We observed a marked increase in total IFN-y
protein in the liver (4286 = 1100 pg cytokine/g organ) of NCM
mice compared with both ECM mice (35.96 = 6.528 pg cytokine/g
organ; p < 0.005) and control mice (4.622 = 0.6982 pg cytokine/g
organ; p < 0.005, n = 4, Mann—Whitney). Because IFN-vy is mainly
produced by T lymphocytes and, to a minor extent, by NK and

FIGURE 2. Animals subjected to CAT feature ab-

sence of pathology and decreased BBB damage. Ani-
mals (groups of 5) were assigned to ECM, NCM, and
control groups as described and infected with 10,000
P. berghei ANKA sporozoites and sacrificed at day 8

postinfection upon the onset of cerebral symptoms. (A)
Evans blue extravasation in formamide at day 8 post-
infection was compared between chemically attenuated
and ECM control mice by visual appearance. (B) Evans C
blue extravasation in formamide at day 8 postinfection
was compared between chemically attenuated and
ECM control mice by measurement of absorbance at
620 nm in comparison with control mice. (C) Sections
were isolated from brain tissue, stained with H&E, and
analyzed for indicators of cerebral pathology. Repre-
sentative images (left panels) display parenchyma and
parenchymal hemorrhage, in NCM and ECM groups,
respectively, and (right panels) subarachnoidal space
and subarachnoidal bleeding in NCM and ECM
groups, respectively. (D) Whole number cerebral CD8*
and CD4* T cell infiltration at day 8 postinfection was
analyzed by flow cytometry. (E) Brain parasite infil-
tration and parasitemia were assessed by histology and
scored from 1 to 3, and measured by percentage, re-
spectively. ***p < 0.001, *p < 0.05. ns, p > 0.05.
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FIGURE 3. The host immune response from the liver induces protec-
tion, whereas the pRBC remains pathogenic. (A) Mice in the infected RBC
(iRBC) group (n = 5) were infected with pooled 1 X 10° infected eryth-
rocytes from patent NCM mice (n = 5). Survival was tracked. (B) Mice in
the iRBC group (n = 5) were subjected to CAT and at day 5 postattenuation
were infected with 1 X 10° infected erythrocytes from pooled infected but
untreated mice. Survival was tracked.

NKT cells, we performed flow-cytometry analysis of lymphocytes
from liver and spleen tissue followed by intracellular cytokine
staining. We observed only a minor difference in the NK cell
populations in these organs and no difference in their intracellular

FIGURE 4. Animals subjected to CAT show in-
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cytokine staining (data not shown). However, we observed a pro-
nounced increase in the expression of activation marker CD44 on
both CD8* and CD4* T cells in the liver and CD8* T cells in the
spleen at day 4 postinfection (Fig. 4). In turn, a higher expression of
CD4*CD44"CD62L~ effector memory T cells was evident within
the liver and decreased numbers of CD4*CD44"CD62L" central
memory T cells (Fig. 4A and 4B) were apparent in mice subjected
to CAT. Within the spleen, there was a markedly higher number of
CD8" T effector cells in animals subjected to CAT compared with
ECM control mice (Fig. 4C and 4D). Intracellular cytokine staining
of liver-derived CD8" and CD4" T lymphocytes revealed an in-
creased tendency toward IFN-y* cells, in addition to IL-2 and
TNF-a at day 4 postinfection (Fig. 5). To assess early T cell acti-
vation in NCM, we examined CD69 and CD25 at this time point.
We observed a decrease in CD25 and CD69 expression on CD8*
and CD4" splenic T cells in NCM and none in the liver (Sup-
plemental Fig. 3A-D). CD69 is an early lymphocyte activation
marker associated with active, tissue-invading cells (19), whereas
CD25 forms part of the IL-2R and has been associated with several
cell phenotypes, including early T cell activation (40) and regulatory
T cells. These data suggest that early NCM immunopathogenesis

creased accumulation of activated T cells. Animals 80 bl - }g:}gg;
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trol groups as described, and infected with 10,000 P. @ S 3.0x10% Illl — |l|
berghei ANKA sporozoites and sacrificed at day 4 3 40 S axivIml |

postinfection. Additional uninfected control mice were &2 8 %1004
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isolated and stained for CDS8, CD4, and activation 0 = 0 ry y
markers to determine percentage expression of CDS8 .{9 .é'@ pr‘ zé’}‘\ .\‘} 09' RN ocw RN oow
and CD4 liver effector memory (CD8" or CD4* \ Y S S L Y I J
CD44"CD62L ") and central memory (CD8" or CD4* CcDs CD4 Spleen cD8 CD4

CD44™MCD62L") cells and percentage of CD8 or CD4-
T cells expressing CD44. (B) Lymphocytes isolated
and stained for CDS8, CD4, and activation markers to
quantify whole numbers of CD8 and CD4 liver effector
memory (CD8" or CD4* CD44™CD62L ") and central
memory (CD8" or CD4* CD44™CD62L"Y) cells and
total numbers of CD8 or CD4-T cells expressing
CD44. (€) Lymphocytes isolated and stained for CD8,
CD4, and activation markers to determine percentage
expression of CD8 and CD4 splenic effector memory
(CD8" or CD4* CD44™CD62L") and central memory
(CD8* or CD4" CD44"CD62L") cells and percentage
of CD8 or CD4-T cells expressing CD44. (D) Lym-
phocytes isolated and stained for CD8, CD4, and ac-
tivation markers to quantify whole numbers of CDS8
and CD4 splenic effector memory (CD8" or CD4*
CD44"CD62L7) and central memory (CD8" or CD4*
CD44MCD62L*Y) cells and total numbers of CD8 or
CDA4-T cells expressing CD44. (E) Representative dot
blots of CD44 and CD62L staining of both CD8* and
CD4" liver and splenic lymphocytes in untreated con-
trols (ECM) and chemically attenuated animals
(NCM). (F) Percentage CD44 expression by CD8* and
CD4* T cells in liver in untreated controls (ECM) and
chemically attenuated animals (NCM). Upper histo-
grams tepresent CD8" T cells and lower histograms
CD4" T cells, and are single representative samples
from whole experimental group. (G) Percentage CD44
expression by CD8" and CD4™ T cells in splenic tissue
in untreated controls (ECM) and chemically attenuated
animals (NCM). Upper histograms represent CD8"
T cells and lower histograms CD4* T cells, and are
single representative samples from whole experimental
group. *p < 0.05, **p < 0.01.
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after CAT is marked by the early activation of the host immune
system.

Animals subjected to CAT exhibited a decrease in T effector
cells, T cell activation marker expression, and CD8*CDI1c*
dendritic cell numbers at day 8 postinfection

Host immunopathogenesis diverged significantly from ECM mice
at the fulminant stage of disease. At days 8-9 postinfection, NCM
mice showed a decrease in splenic CD4*CD44"CD62L"~ T ef-
fector subsets, and a decrease in expression of both CD69 and
CD25 activation markers in both splenic CD8" and CD4" T cells
(Supplemental Fig. 3E and 3F). T cell activation in ECM occurred

in response to a systemic Thl environment and Ag presentation by
CDl11c* dendritic cells (DCs) (41, 42). We observed a lower number
of CD11c""CD8* DCs in our NCM model in liver and a pronounced
decrease in spleen at day 8 postinfection (Fig. 6).

Adoptive transfer of splenocytes from animals subjected to CAT
leads to 70% protection against ECM and is ablated upon
depletion of CD8" T cells, but not CD25" or CD4* T cells from
late-phase infection

To investigate the transferability of the early immune environment
in NCM, we performed an adoptive transfer of 2 X 107 liver-
derived lymphocytes at 48 h after sporozoite inoculation into naive
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FIGURE 5. Animals subjected to CAT feature increased cytokine expression by CD8" T cells and increased TNF-a expression by CD4" T at day 4
postinfection. Animals (groups of 5) were assigned to ECM and NCM groups as described, infected with 10,000 P. berghei ANKA sporozoites, and
sacrificed at day 4 postinfection. Livers were harvested and lymphocytes isolated and cultured ex vivo with PMA/Ionomycin and brefeldin A. (A) Cells
were stained for CD8 and IFN-y, TNF-a, and IL-2. (B) Cells were stained for CD4 and IFN-y, TNF-a, and IL-2. *p < 0.05, **p < 0.01.

GT0Z ‘€ AINC UOBOGS17 9P SPEPISIBAIUN T8 /B.0" jouNnwuL MMM //:dY WOy pepeojumoq


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1400863/-/DCSupplemental
http://www.jimmunol.org/

The Journal of Immunology

o 8x10% e
3 6x1 DDE *k O Nem
S axtom i i
L
2%1006:
é |;| Nl
9 1.5x10%r p=008
8 1.0x10
& 5.0%1003
0.0 Py
o oSl
) &£ xa &
™ & v &
‘ A <
Day 4 Day 8

FIGURE 6. Animals subjected to CAT display fewer CD8*CD11c* DCs
at day 8. Animals (groups of 5) were assigned to ECM and NCM groups as
described, and infected with 10,000 P. berghei ANKA sporozoites, and
sacrificed at days 4 and 8 postinfection. Liver and spleen were harvested,
and lymphocytes isolated and stained for CD8 and CDllc to determine
whole number of CD8*CD11c* DC population. **p < 0.01.

animals, which were challenged with 10,000 P. berghei ANKA
sporozoites 24 h later. This did not confer any difference in pro-
tection between NCM- and ECM-recipient animals. In contrast,
adoptive transfer of 2 X 107 whole splenocytes from NCM donors
to naive mice led to around 70% protection of mice against cerebral
symptoms compared with 0% protection in control animals that
received splenocytes from ECM donors (Fig. 7A). Strikingly, this
protection could not be conferred if donor NCM mice were depleted
of CD8" T cells (Fig. 7A). We therefore assume that NCM pro-
tection is essentially mediated by splenic CD8" T cells, as part of
a systemic modulation of the early host immune response. Quan-
tification of parasite liver load by qRT-PCR at 42 h postinfection in
adoptive transfer recipients revealed no significant difference be-
tween adoptive transfer recipients from NCM and ECM donors,
respectively (Supplemental Fig. 4A), indicating that adoptively
transferred splenocytes do not have a cytolytic effect on infected
hepatocytes. Because it has been shown that CD4* T cells are re-
quired for the induction of cerebral pathology in C57BL/6 mice and
their early depletion leads to protection from cerebral pathology
(43, 44), we administered CD4-depleting Ab to animals subjected to
CAT from day 6 postinfection to determine the role of CD4" T cells
at late infection. All animals were protected from cerebral pathol-
ogy. Similarly, depletion of CD25 from early infection did not alter
the NCM phenotype (Supplemental Fig. 4B and 4C).

Protection arising from CAT cannot be elicited in mice
deficient of IL-10, indicating that NCM protection may depend
upon IL-10

Given the presumed downregulation of the Thl response during
fulminant infection in CAT mice, because of the absence of ce-
rebral pathology, we investigated the role of the anti-inflammatory
cytokine IL-10. IL-10 is a master regulator of immunity to malaria
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and is important in ECM immunopathology, controlling Thl
responses (45, 46). Because protection by CAT is associated
with stronger proinflammatory responses at earlier time points in
contrast with ECM controls, which decrease at later infection, we
investigated the role of IL-10 in the NCM model. We subjected
IL-10"" 8™ knockout mice and WT mice treated with anti—IL-
10R Ab to CAT and subsequently challenged with 10,000 P. berghei
ANKA sporozoites. Animals had ECM pathology and died at days
10-12, indicating the requirement of IL-10 in NCM (Fig. 7B). We
next injected chemically attenuated mice with IL-10R Ab at day 5
postinfection, and protection was still abrogated (Fig. 7C). This
suggests that the protective role of IL-10 in NCM is stage specific
and mediated from the later stages, not the pre-erythrocytic stage
(Fig. 8). To determine whether protection could be conferred to IL-
10 knockout mice by adoptive transfer of splenocytes from chem-
ically attenuated wild-type mice, we subjected IL-10 knockout mice
to adoptive transfer as described earlier. All animals succumbed to
cerebral pathology (Supplemental Fig. 4D).

Discussion

In most studies focusing on murine cerebral immunopathogenesis,
the pre-erythrocytic and early erythrocytic stages have been largely
overlooked. In contrast, our study uncovers a previously unelu-
cidated role for the pre-erythrocytic stage in ECM and emerging
T cell responses. Classically, upon infection of erythrocytes and
clearance in the spleen, the host undergoes a Thl response that
involves the production of proinflammatory cytokines and the
recruitment of innate immune cells such as monocytes and neu-
trophils and their chemotaxis to the brain microvasculature (47—
49). A diverse range of cytokines, especially the proinflammatory
cytokine IFN-v, also increases expression of adhesion molecules
such as ICAM-1 and LFA-1 (50, 51). DCs capture and present Ags
during the rupture of pRBCs and their clearance in the spleen.
This, together with the overriding Thl environment and costim-
ulatory signals provided by adhesion molecules (52), causes
T lymphocytes to become activated and migrate via chemotaxis to
the brain microvasculature. It is this adaptive response, and T cell
activation, that occurs in late blood-stage infection that leads to
BBB damage and pathology.

Some experimental ECM models with “unnaturally early”
IFN-vy responses have been associated with protection from ECM
(18, 19), where inflammatory responses may diverge from their
normal role of mediating splenic T cell activation and the devel-
opment of pathology during the fulminant stage of disease (3). We
believe that chemical attenuation in the NCM model causes pro-
tection via a similar dynamics (Fig. 8). The pre-erythrocytic par-
asite development following CAT is marked by a significant
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FIGURE 7. The NCM phenotype can be adoptively transferred and relies on CD8" T cells and IL-10. (A) NCM and ECM mice were either depleted or
not of their CD8" T cells, infected with 10,000 P. berghei ANKA sporozoites, and sacrificed at day 2 postinfection. Splenic lymphocytes from the depleted
and undepleted donor groups were isolated, pooled, and adoptively transferred into recipient mice (groups of 5). Recipient mice were infected with 10,000
P. berghei ANKA sporozoites 24 h posttransfer and survival tracked (experiment performed in triplicates). (B) IL-10""/“#™ knockout mice were subjected
to CAT (NCM), infected with 10,000 P. berghei ANKA sporozoites, and survival tracked (experiment performed in triplicates). (C) NCM mice were
administered anti—IL-10R Ab i.p. at either day O or 5 postinfection and compared with control mice, infected with 10,000 P. berghei ANKA sporozoites,

and survival was tracked (experiment performed in duplicates).

GT0Z ‘€ AINC UOBOGS17 9P SPEPISIBAIUN T8 /B.0" jouNnwuL MMM //:dY WOy pepeojumoq


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1400863/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1400863/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1400863/-/DCSupplemental
http://www.jimmunol.org/

4868 CHEMICAL ATTENUATION PROTECTS FROM SEVERE MALARIA

NCM

intact blood.brain barrier

rythrocytic ph

"\ perforated I:In7-l:raln barrier
~

Brain

ays p n

FIGURE 8. A hypothetical schema detailing how CAT affects malaria
immunopathogenesis. (A) CAT leads to NCM outcome. After sporozoite
invasion, chemical attenuation of the parasite causes prolonged pre-eryth-
rocytic development in the liver before the onset of blood-stage infection.
Attenuated development at this early time point causes an increase in T
effector cells at the liver and production of proinflammatory cytokines. These
activated T cells migrate to the spleen where there is an associated increase
in T effector cells and Th1 responses before the release of merosomes and
rupture of infected erythrocytes. At the point of blood-stage infection, the
delicate balance required for ECM immunopathology is disrupted. Reduced
numbers of CD8*CD11c* DCs in the spleen are associated with decreased
phagocytosis of parasite moieties, which, in turn, leads to decreased priming
of lymphocytes. Systemic inflammation is therefore reduced at the fulminant
stage of infection, leading to reduced endothelial cell activation in the brain,
reduced binding of infected erythrocytes to endothelial receptors, and re-
duced migration of lymphocytes from the spleen to the brain microvascu-
lature. This, in turn, reduces leukocyte and parasite sequestration and
prevents damage to the BBB and associated cerebral pathology. (B) Absence
of CAT leads to ECM outcome. After sporozoite invasion, parasites undergo
pre-erythrocytic development in the liver before the onset of blood-stage
infection. No significant protective proinflammatory response occurs at ei-
ther liver or spleen at the pre-erythrocytic stage. At blood-stage infection,
increasing blood-stage parasitemia and rupture of infected erythrocytes is
associated with phagocytosis of parasite moieties by splenic CD8"CD11¢*
DCs, which exogenously process Ag via MHCI, prime and activate lym-
phocytes, and cause systemic inflammation, associated with proinflammatory
cytokines such as IFN-y. Systemic inflammation increases endothelial acti-
vation in the brain, increased binding of infected erythrocytes to endothelial
receptors and increased migration of lymphocytes from the spleen to the
brain microvasculature in response to chemokines. This leukocyte and
parasite sequestration damages the BBB and leads to cerebral pathology,
possibly through Ag-specific T cell cytotoxicity, via MHClI-restricted
presentation of parasite-derived Ag on endothelial cells; hemorrhaging,
coma, and death result.

reduction in liver burden at 42 h postinfection and a decreased
parasite biomass in the host from 72 to 96 h postinfection following
merosome egress. By PCR analysis, all animals subjected to CAT
became blood-stage—positive some 12 h after the ECM controls, at
96 and 84 h postinfection, respectively. The disparity in the apparent
onset of blood parasitemia between the two experimental ap-
proaches may be because of the insufficiency of PCR to amplify
parasite material from a low volume of blood isolated from a mouse

with submicroscopic parasitemia. Interestingly, liver-stage devel-
opment appears to be essential for protection from cerebral pa-
thology, because both low- and high-dose challenge of pRBCs
following CAT failed to protect from ECM.

As revealed by immunofluorescence microscopy, the number of
liver-stage parasites does not differ in protected animals. However,
most liver stages in protected animals are considerably less devel-
oped than in nonprotected controls, whereas only a small number of
EEFs appears to show normal development, suggesting that they may
have escaped attenuation marked by an unchanged parasitophorous
vacuolar membrane. This attenuated growth correlates with an
equally idiosyncratic early immune response. Indeed, following CAT
and sporozoite challenge, attenuated parasite development induces
T cell activation within both liver and spleen, and increased IFN-y,
TNF-a, and IL-2 production by CD8* lymphocytes at an earlier
time point than in a normal ECM infection. This early peak appears
to cause modulation of later inflammatory immunopathogenesis in
the host, during the phase where splenic T cells would normally
become activated and migrate to the brain at the crucial time point
between days 8 and 10 postinfection (days 4—6 postblood infection)
(3). This may be similar to other experimental ECM models in
which early IFN-y production was associated with protection (18,
19). Early NCM immunopathogenesis following CAT is marked
by the early activation of the host immune system, possibly by
isopentaquine-killed parasites, in turn leading to increased accu-
mulation of splenic T effector cells and a pronounced intrahepatic
and splenic Thl-environment. NCM hosts display decreased
CD11c"CD8* DC numbers, downregulation of T cell activation, no
cerebral infiltration, and a complete absence of cerebral pathology.
The connection between CD11c™CD8* DCs and ECM is well
established. Parasites associate with these DCs, which capture dying
cells and exogenously process Ag for cross-presentation via MHCI
(53). They have been shown to prime naive CD8" T cell prolifer-
ation and CTL effector functions (54) with the induction of specific
CD8* T cell responses abrogated in their absence (55). Recent work
suggests CD11c"€"CD8™ DCs are responsible for ECM immuno-
pathogenesis (42). Although we did not test the capacity for Ag
presentation in DCs, we observed a decreased number and con-
current reduction in T cell activation at the fulminant stage of
infection, a component of the overall downregulation in Th1 re-
sponses. We speculated that this downregulation may be mediated
by the anti-inflammatory cytokine IL-10 during the fulminant stage
of disease in a response that we hypothesize represents the host
bringing its early proinflammatory response under control, at the
stage where T cell priming and/or chemotaxis to the brain would
occur. IL-10 plays an essential role in ECM immunopathology that
can both impede pathogen clearance and ameliorate immunopa-
thology (45, 46). Furthermore, it has been demonstrated that neu-
tralization of IL-10 leads to ECM symptoms in otherwise resistant
mice (56). Although we did not observe an increased level of IL-10
protein in mice subjected to CAT, we were unable to induce NCM
protection in those lacking the cytokine, perhaps due in part to
increased ECM pathology in its absence. This strongly indicates the
requirement of IL-10 for the NCM phenotype. Because regulatory
T cells are associated with the production of IL-10 and the limitation
of inflammatory pathology (57) and have been associated with
protection from ECM (58), we speculated that they might be re-
sponsible for the production of IL-10 in the NCM model or otherwise
mediate T cell responses. Although depletion of CD25 had no effect
on the protective phenotype (Supplemental Fig. 4B), some reports
have indicated that CD25" cells are required for development of
cerebral pathology in susceptible mice (59, 60), so we cannot exclude
their role in NCM, and the source of IL-10 remains unknown. Recent
literature reports an [L-10-producing CD4*CD25 Foxp3 ™ regulatory

GT0Z ‘€ AINC UOBOGS17 9P SPEPISIBAIUN T8 /B.0" jouNnwuL MMM //:dY WOy pepeojumoq


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1400863/-/DCSupplemental
http://www.jimmunol.org/

The Journal of Immunology

T cell subset associated with the modulation of pathology in Plas-
modium yoelii (61), although depletion of CD4" cells from day 6
postinfection had no effect on the protective phenotype observed in
NCM animals.

The early inflammatory peak in the NCM phenotype caused by
CAT appears to be largely caused by CD8" T cells, including the
effector memory subset, because adoptive transfer of splenocytes
from mice subjected to CAT cannot confer protection to naive ani-
mals in their absence. Adoptive transfer into IL-10"/“™ knockout
mice was not able to confer protection, perhaps unsurprisingly, be-
cause NCM protection is dependent upon IL-10. Although we cannot
comment as to epitope specificity of these CD8" T cells, we assume
that they are specific to pre-erythrocytic parasite Ag. The Ag speci-
ficity of T cells that migrate to the brain in ECM is still mostly
undescribed, although a recent publication identified one conserved
CDS8 epitope cross-presented by the brain microvessels (5). Although
it is attractive to speculate that a shared antigenic repertoire may exist
between the parasitized hepatocyte and the infected erythrocyte, and
is displayed via MHCI on the cytokine-activated brain endothelial
cell (62), it is conceivable that CD8* T cell-mediated protection
leading to NCM is not restricted to any one particular Ag. Indeed, it is
possible that early T cell priming, regardless of Ag, causes a more
generalized, systemic downregulation of the Thl response, Ag pre-
sentation, and T cell activation where and when it matters, at the
onset of fulminant disease. Furthermore, it is possible that a re-
duced parasite load in the liver due to CAT induces the priming
of differential CD8" specificities to those that mediate ECM.
Follow-up experiments will isolate protective CD8"* T cells and
determine their precise epitope specificity, longevity, and effect
after adoptive transfer.

Quantification of liver burden after adoptive transfer and
sporozoite infection revealed no significant difference between
recipients of adoptively transferred splenocytes from protected
animals and ECM control animals, indicating that adoptively
transferred CD8* T cells are not engaged in cytolytic parasite
killing. However, a recent study in P. yoelii reported that adop-
tive transfer of splenic and hepatic lymphocytes renders CD8"
T cells immotile and unable to make contact with Plasmodium-
infected hepatocytes (63). Thus, we cannot exclude that parasite
killing by CD8" T cells does occur in animals subjected to CAT.
After adoptive transfer, the inability of immobilized CD8* T cells
to make contact with infected hepatocytes may render them reliant
on soluble mediators to modulate cerebral immunopathogenesis.
This may explain why adoptive transfer does not lead to 100%
protection. Our work has far-reaching implications in dissecting
the complex sequence of interrelated events that form the immu-
nological basis of HCM pathology, thought to begin with pRBC
sequestration or rupture (3). We suggest a role for the early
intrahepatic host immune responses that can alter the course
of downstream-systemic immunopathogenesis. The liver is an
immunoprivileged organ typified by tolerogenic, limited T cell
responses (64). We suggest that liver tolerance may explain
why such potentially protective pre-erythrocytic responses do not
naturally occur in HCM. The decrease in severe pathology, in-
cluding cerebral symptoms, and yet onset of blood infection in the
RTS,S vaccine trials are so far unexplained. RTS,S consists of
sequences from the C-terminal region of the CS protein (65) and is
designed to produce a pre-erythrocytic T cell response directed
against the infected liver. It is conceivable that this provokes T cell
responses akin to those in the NCM model, and we hypothesize
that these data may provide a mechanistic basis for the unex-
plained decrease in severe and cerebral pathology observed in
the RTS,S malaria vaccination trials and other pre-erythrocytic
malaria interventions (10, 17).
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