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SUMMARY

Cerebral malaria is a complication of Plasmodium
falciparum infection characterized by sudden
coma, death, or neurodisability. Studies using a
mouse model of experimental cerebral malaria
(ECM) have indicated that blood-brain barrier
disruption and CD8 T cell recruitment contribute
to disease, but the ‘spatiotemporal mechanisms
are poorly understood. We show by ultra-high-field
MRI and multiphoton mlcroscopy that the olfactory
bulb is physncally and functlonally damaged (loss of
smell) by Plasmodium paraSItes durmg ECM. The
trabecular small caplllanes comprising the olfactory
bulb show parasnte -accumulation and. cell occlu-
sion followed by mncrobleedmg, events assocnated
with high fever and cytokine storm. Specifically,
the - olfactory . upregulates chemokine CCL21, and
loss or functional blockade of its receptors CCR7
and CXCR3 results in'decreased CD8 T cell activa-
tion and recruitment, respectively, ‘as ‘well as
prolonged survival. Thus, early detection of olfac-
tion loss and blockade of pathological cell recruit-
ment may offer ‘potential therapeutic strategies
for ECM.

CrossMark

 INTRODUCTION

Cerebral malaria (CM) is a severe complication of malaria
infection in humans caused by P. falciparum parasites and
characterized by sudden clinical symptoms such as convul-
sions and coma with high rates of death or long-term disabil-
ities (Idro et al., 2010; Taylor et al., 2004). Early diagnosis of

'CM is not easy, as it presents with nonspecific symptoms,

often resulting in the manifestation of disease at a time point
when CM treatment is less effective. Therefore, early, quick,
and cheap d|agn05|s of CM that allows tlmely |ntervent|ons
has been needed.

A mouse model of CM using P berghei ANKA (PbA) para-

- sites (experimental cerebral malaria, ECM) has wxdely been

used to understand the pathogenesis of CM (Langhorne
et al., 2011). Although the brain is.a privileged site that pre-
vents the entry of exogenous pathogens where tlght endothe-
lial cells form the blood brain barrier (BBB), ECM is believed to

~ result from multiple reasons such as BBB breakage followed

by mﬂammatory responses and cell accumulatlon in the bram
Indeed, a large number of studies suggest that various. cells
mostly leukocytes in high numbers, accumulate in the brain
vessels where infected red blood cells (IRBCs) and parasute~
specific. pathogenic CD8 T cells crossprimed by CD8a+

k dendrmc cells (DCs) play a critical role in ECM. pathogenesm

(Baptlsta et.al., 2010;.Haque et ai., 2011;
2013; Lundie et al., 2008; McQuillan et al.,

Howland et al.,
'2011). Moreover,
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Figure 1. Ultra-High-Field MRI Identifies OLF Bulb as a Vulnerable Location for PbA Parasites

' C57BL/6 mice were infected with 10° PbA parasites.

(A) 11.7 T MRI of coronal and sagittal sections of mice heads (FLASH T2-star signals, naive v.s. infected). White dotted circle in coronal section and white arrow in

sagittal section correspond to OLF bulb.

(B) DW! of coronal section of mouse head on day 6. Gray dotted rectangle and arrow point to HE staining in (C). The images in (A) and (B) are representative of at

least five animals.

(C) Histology of coronal section of OLF on day 6 after infection. Hypodense regions correspond to several bleeding sites by HE staining (scale bar, 1 mm). ONL
(OLF nerve layer), GL (glomerular layer), MCL (mitral cell layer), GCL (granule cell layer).
(D). IHC of OLF section on day. 6. Red, TER119+ erythrocytes; green, GFP-PbA parasites; blue, nuclei (DAPI)..Scale bar 100 pm.

See also Figures S1-and S2..

recent studles have: reported CD11c expression on activated
CD8 T cells during PbA infection, yet their precise role is not
'studted well (Tamura et al., 2011). Although these systemic
a’é'we‘!l as local events for the ‘dysfunction of BBB are well
~stud|ed ‘whether the initial brain injury and ‘BBB d‘sruption
occur in blood vessels of the whole brain snmultaneously or
there is a particular location that allows brain to become
“permiissive to tRBC and pathologlcal events has not been ful y
" addressed.

In this study, we investigated the spatiotemporal regulation of
"pathophysnologucal and lmmuno!ogscal mechanisms of murine
'CM, using ‘combination of two powerful imaging techniques,
‘an’ ultra-high- -field 11.7 T MRI' ‘and multiphoton microscopy
(MP). Wer eluc:dated the: underlylng mechanlsms where brain
became permissive durmg systemlc mfectlon with PbA para-
sites. We found that the o!factory bulb (OLF), composed of
unique capnlary structures, serves as. a sujtable environment
for parasites as well as cell migration, and is the first place to
sense malaria infection and permit “crosstalk” between the
brain and the activated immune system. This links the OLF
with loss of smell, high fever, astrocytes, CCL21, CCR7,
CXCR3, and CD11c+ CD8 T cells.

RESULTS -

.- Ultra-High-Field MRI.Imaging Identifies Olfactory Bulb
-as'Location of Microbleeding in the Brain during ECM
-~ To'study changes in mouse brain and visualize ECM-related pa-

thology, -we: performed.ultra-high-field . 11.7. T MRI (Mori et al.,

2011). Six days after PbA.-infection.when specific ECM symp-
toms: such as dtsonentatlon and paralysis begin, 11.7. T MRI
dtsplayed dark.but clear spots in the bilateral OLF (Figure 1A,
coronal sectlon) while no other parts of the brain, including
cerebrum or cerebellum, showed such spots (Figure 1A, sagittal
section). When diffusion- werghted smages (DWI) were obtained,
details- of the OLF region  were- more’ evident and‘remarkably

‘similar -to the "histological- details, ‘where- hypodense -regions

correspond: to: the bleedings: by hematoxylin-and eosin (H&E)

‘staining (Figures:1B and:1C). Immunohistochemistry (IHC) also

confirmed that bleeding (TER119+.erythrocytes) and- GFP-PbA
parasites were present.in the same area of OLF and were as

deep as the granular.cell layer (GCL) (Figure 1D). Additional

MRI at earlier time potnts dld not detect changes earlier than

“day 6 postinfection (see Figure S1B available online). Further-

more, several MRI images afte( the onset of symptoms showed

‘552 Cell Host & Microbe 15, 551563, May 14, 2014 ©2014 Elsevier Inc.
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Figure 2. Intravital Multrphoton Imagmg of OLF Bulb durmg Infection . .

(A) Schematic representatlon of MP. mloroscopy throughthe thinned- -skull of dorsal OLF bulb The depth of the images.is ~150 um from the pral surface in which
capillaries (red, diameter <5 jim) in the GL are visualized. Larger vessels (surface artenes and arterroles dxameter ~20—40 um) are located inthe ONL. .

(B) A representative snapshot intravital MP image from WT mouse OLF bulb on day 5 after GFP- PbA |nfectlon related to Mowe S1. White arrow shows GFP'
parasites attached/occluded to the blood vessel labeled with red TRITC-Dextran. Gray'line separates brgger vessels ‘and caprllanes Scale bar, 50 ym.

(C) PbA parasite load and CD3e {pan-T cell surface marker) were quantified by qPCR using primers specific for PbA18S fRNA and CD3e on days 3,4, 5, and 6 after
infection in the OLF, cortex; and cerebellum. Results are presented as relative mRNA units {mean + SE, n = 3for days 3, 4, and 5 and n'= 8for dey"ﬁ). *p'<0.05and
**p < 0.01 for.infected versus.noninfected mice by Mann-Whitney test.

(D) Fresh mrcrobleedmg in OLF. Representatrve snapshot images (0and 51 min time point) on day 6 after infection, related to Movie S2. Red,vessels (red TRITC-
Dextran); green, GFP-PbA (green arrow); blue, CD8 T cells (an‘u-CDB Ab, white arrow). Red areas in gray | crrcles show already—bled regions, yellow arrows show

the angular vessels where fresh bleeding will occur, and white arrows show leaked blood vessel mdncatmg fresh bleedrng occurred on the nght image.

See also Movie S1;, Movie S2, Movie SB and Movie S4.

different degrees of hemorrhages in the OLF perhaps implying
progressive disease symptoms (Flgure 52). However, there
was no clear evrdence of mrcrohemorrhages in other _parts of
the brain, even the heavy bleeding occurred in OLF (Flgure 82).
Furthermore mice infected wrth lethal parasites, P, ~ yoeliil.
(PyL), had no microbleedings in thexr OLF (Figure S3A). It is there-
fore reasonable that our ultra—hlgh-fleld RI setting: enabled the
identification of OLF as a vulnerable area during PbA’ infection,
where bleedrngs could easily ocour compared with other | parts
of the brain.

Intravital Multiphoton Imaging of Parasites within OLF
Trabecular Small Vessels

We next lnvestrgated why. and ‘how bleedrngs occur |nclud|ng
possible involvement of the BBB drsmtegra’non from the OLF
during ECM The OLF is composed of trabecular small vessel
structures, which are hrgh in densrty and oriented in different

directions (radlally and. tangentlally) These complex vessels

) together with neuron and glial. cells, make synaptic: rnteractlons

in glomerulr and may. serve -as.a. scaffold envrronment for
neuronal cell mrgratron ln the tissue (Bovettr et al., 2007;.Dan-
lelyan etal., 2009). To examine whether this unlque vessel archi-
tecture could be a “weak spot” for rRBC and infection- related
events OLF was vrsuallzed by rntravrtal MP microscopy.. MP im-
agrng ofrodent OLF bulb has prevrously been performed as deep
as GL (~150 pm). which are rich . in caplllarres (Figure: 2A)
(Chaigneau et al., 2003; Petzold, et al., 2008; Sawada. et al.,
2011). We performed thinned-skull surgery over the dorsal OLF
bulb to maintain tissue intact (Sawada et al., 2011). Live images
of OLF vessels showed this region has anatomlcally complex
caprllary archltecture (dlameter <5 um) (Petzold et al.,. 2008)
and is suitable for the. adhesion/occlusion .of. circulating . iRBC,
shown as GFP srgnals expressed in PbA. parasrtes 5 days after
infection (Figure 2B; Movie S1). As seen in Movie 81, the speed

Cell Host & Microbe 75, 551-563, May 14, 2014 ©2014 Elsevier Inc. 553



of some GFP-labeled parasites. was reduced and/or stopped,
eventually causnng occlusion.: This was. in-accordance with a
significantly higher: parasite load as wel ' cells “accumulation
in the OLF (Fig Taken together AF es :esults suggest that

CD8 T Cells
Intravascular a

esis of ECM (Miyakoda
ould be observed and/

) g g P::umagmg Live MP
imaging of Iabeled CD8 T cells and GFP PbA parasites in OLF
clearly demonstrated that microbleeding occurred at the

sof T cells were not
due to in vivo anh—TCRB or anti-CD8 antibody labeling in which
the same antibody had no effect on T cells of naive mice (Movie
S4; data not shown). Rather, activated T celis accumulated in the
OLF capillaries starting day 5 and-highly increased in numbers
. with crawling behaviors (Movie 'S4). Together, these live OLF
images indicate that accumulated iRBC with increased and
crawling CD8 T.cells might leak out of the vessel via microbleed-
ing-of the OLF capillaries. :

Olfactory Function Is Destroyed during ECM

Given the above: flndmgs that mscrobleedlng occurs in OLF dur-

ing ECM, we hypothesized that the OLF function (smelly would be

affected; because OLF contains OLF nerves that form a complex

physiological synapse for’ odors. To.assess OLF function, we
‘performed a simple buried food test (BFT) (Yang and Crawley,

2009). OLF function was: ssgmflcantly |mpa|red as early as-‘day
“ 4 after infection, as determined bythe delayed time to find buried

food (Flgure 3A), compared: with mice that are resistant to ECM.

suchias BALLB/cor Rag2" ~ mice ormice |nfected with lethal PyL
: parasntes (Flgure 3B). Thus; olfaction joss might allow the predic-

tion of maniféstations of ECM stich as bleedlng in the OLF and
‘potential loss of BBB integrity.’

" Toevaluate whether the olfaction loss directly correlated with

the loss of BBB integrity, Evans-blue dye was injected into mice

atearly time points (days 3-6) afterinfection and blue dye extrav-

asation into brain tissues were monitored: In accordance with
'MP’“imaging  observations ‘where iRBC " slowed down and
'stopped in thevessels, blue dye™ extravasation into tissue
-appeared-from'the OLF as early as day 5 after infection, while
~the whole brain was blue'on day 6 or 7 (Figure 3C). The BBB is
“'restrictive due to tight -junctions (TJs), and proteins such as

-branching, capﬂlanes (Figure 2D_ Movie S2) As seen.in. Mowe

Cell Host & Microbe
Olfactory Disruption during Early Cerebral Malaria

zonula occludens-1 (ZO-1) and ZO-1 were indicated to be local-
ized in the OLF epithelium, OLF sensory neurons, and OLF bulb
MCL (Miragall et al., 1994). Ori day 6 after infection, significant
discontinuation of ZO-1 was observed in the MCL, which coin-
cided with the accumulation of GFP-PbA parasites (iRBC) (Fig-
ure 3D); suggesting that altered ZO-1 expression in TJ of OLF
might be associated with the loss.of BBB integrity during ECM.

High Fever and Chemokine Storm during ECM Are
Associated with OLF Dysfunction and Physical Damage
We next sought..possible factors that contributed to OLF
dysfunction during ECM. High fever was shown to be one of
the facilitating factors for the BBB loss (Kiyatkin and Sharma,
2009). Because high fever is an important symptom of malarial
coma, we developed a thermal camera system that allowed
continuous and noninvasive measurement of mouse body tem-
perature. The body temperature of infected mice revealed that

yay 5):and continue for 24 hr, then end W|th thermal
in he followmg 12—24 hr (Figure 3E; Movie S5).

ggers and/or facilitates BBB dlsmtegratlon followed

; by OLF dysfunctlon and bleeding is not clear, the data suggest

that high fever occurs 24 hr before ECM-related death and
may be correlated to BBB leakage. Of note, elevated systemic
serum cytokine levels at day 5-after infection may support the
notion that cytokine storm accompanies high fever (F:gure S4B).

'CCL21 Is Expressed in.OLF at the Early Stage of
Infection

We further investigated -other possible factors relevant to olfac—
tion loss. Chemokines are early mediators of inflammation and
have increasingly being recogmzed as contnbutors in the patho-
genesis of fever (Machado et al., 2007) As some_chemokines
and cytokines have critical roles .in. the development of ECM,
expression levels of several of them were measured in the
OLF. CCL21 and CCL19 mRNA and protein levels were highly
expressed as early as day 3 after infection in the OLF bulb (Fig-
ures 4A and 4B), suggestmg the early expression of chemokines,

X especrally CCL21, might. be important during ECM.

These results above prompted us to-examine whether CCR7
(receptor for CCL21 and CCL19) is involved in the pathology of
ECM. We infected WT and l|ttermate Cer7*~ and Cer7~/~
mice with PbA and followed their survival. A significant increase

~ in'survivalamong Cer7~'~ mice occurred, and death was caused

by high parasitemia, with no difference in parasite levels between
groups during ECM period (Figure 4C; data not shown). To eval-
uate whether olfaction in'Ccr7~'~ mice was intact, a BFT was
performed and- found to be intact (Figure 4D). Interestingly,
high fever occurred with a delayed onset in Ccr?"f mice -

(~48 hr) (Figure 4E) with no signs of bleeding in the OLF at day

6 (Figures S5A and S5B). Eva'ns blue staining gradually occurred
about 80% of Ccr7~/~ miice brains onward of day 8 (Figure S5B).
These data suggested that CCR7 has a role in the pathogenesis

554 Cell Host & Microbe 75, 551563, May 14, 2014 ©2014 Elsevier Inc.
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Figure 3. Olfaction Loss and Fever Occur durmg ECM

(A) To assess OLF function, mice were subjected to BFT at the indicated time points. The delay in time to find food is shown i in seconds (mean + SD n=4-6 per.
time point). *p < 0.05, **p < 0.01 and ***p < 0.001 by Student’s t test or Mann-Whitney test.

(B) OLF function of naive and PbA- or PyL-infected C57BL/6, Rag2~~, and BALB/c mice assessed by BFT on day Bafter infection (nme tofind food is shown in
seconds, mean + SD, n = 5-8 per group). No statistical significance observed between groups by Student sttest. >>>in{A)and (B) shows time' greater than 900s.
(C) Evans blue dye was injected i.v. to assess BBB'leakage in naive or infected mice at the indicated time ‘points. Two hours aﬁer dye injection, mice were
sacrificed, the brains removed, and images captured by dissecting mscroscopy White arrow, OLF buib (scale bar, 1 ‘mm). -

(D) IHC ‘of OLF bulbs at the indicated time points. Red, TJ protevn Z0O-1; green, GFP-PbA, blue, nuclel (DAPI) White arrows show the contlnuous line of ZO~
protein around the MCL in naive mice (scale bar, 10 um).

(E) Thermal camera monitoring of infected C57BL/6 mice, related to Movie S5. Mice movements and fever were continuously recorded in the cages. Mean fever .
measurements were calculated every 3 hr. Dotted green line shows the median fever level of the same mouse before infection. Red dots show 0-3 a.m. time
points for each day.

(Fand G) Fever in PbA-mfected Rag2" = mice (F) and PyL-mfected CS?BL/G mice (G) were recorded by thermal camera monitor. Mean fever measurements were
calculated every 3 hr.

The data presented in (E)—(G) are representative of at least three infected mice per group See also thures S3 and S4.

of ECM, contributing to OLF dysfunction, microbleeding, and activated and pOSSIbly involved in the pathogene5|s by produc-

high fever. o B . ing IFN-v and granzyme-B (Tamura et al., 2011). Consistent with

‘ this report, we found that CD8 T celis in the brain of infected mice
CCR7 Expression Is Critical for GDSa DC Prlmmg of ! were. mostly CD11c+,.a populatlon that .were . remarkabty
CD11c+ CD8T Cells but Not for Their Mlgratlon into reduced in the infected brains as well as. spleens of Ccr7“/”
Brain

mice by percentage, numbers, and activity (F|gures 5A, 5B,
We next mvest|gated underlymg mechamsm respons:ble forthe and 5C, respectlvely) and secreted IFN-v (Figure. 5D)

increased survival of Ccr7" ~ mice from ECM. Since CCRY is We further ‘evaluated whether decreased percentages of
|mportant in the migration of 1mmune cells such as DGs and CD1ic+ CD8 T ce(ls in Ccr7" ~ mice were caused by defects
T cells to the secondary !ymphond organs, we examined the in the prior priming in spleen it .has been ~suggested -that
recrwtment of T cells in the brain. Flow cytometric analysis of CD8a+ DCs preduspose CD8.T cells in_the pathogenesis of
immune cells obtained from bralns 6 days afterinfection showed = ECM, as they can cross._prime CD8 T cell responses (Lundie
that CD8 T cell accumulation was decreased by 50% inCer7~ et al.,.2008; Piva et al., 2012). We confirmed by lnfectmg basic
mice (Figure 5A) Arecent report suggested that among the CD8 leucine zipper transcrlptional factor ATF-like 3 (Batf3)-deficient
T cells recruited into the brain, CD11c+ CD8 T cells were hlghly mice which lack CD8a. DCs in. the spleen (Murphy et al., 2013)

Cell Host & Microbe 15, 551-563, May 14, 2014 ©2014 Elsevier Inc. 555
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(A) Brain tissues (OLF bulb-cortex-cerebellum) were removed on day 3 postinfection. Expression of indicated chemokine/cytokine mRNA was analyzed by
real-time gPCR. Results (mean = SD) are presented as fold induction compared to naive mice relative mRNA units (n =3). Red dotted: line corresponds to 1.

*p < 0.05, i"/*p < 0.01, infected versus noninfected mice by Student's t test.

_(B)IHC of OLF bulb sections from.infected mice (on days 0-3.postinfection). Red, CCL21; blue, nuclei (DAP) (scale bar, 10 um).
©). Surwval curves of WT (C57BL/6, n.=21), Ccr?*’ “(n=27)and Cor™'~ (n =283) mice after infection with-10% PbA. *p = 0.0004, log rank (Mantel-Cox) test.
(D) Infected WT and C‘cr?” ~ mice were 'subjected to BFT. The time to find food is shown'in seconds (mean + SD, n-= 4 per time point). "*p < 0.001 by Student’s

ttest. >>> shows time was greater than:900 s.

(E) Continuous fever monitoring of mfected WTand Ccr7“’ ~ mice. Mean fever measurements were calculated for every 3 hr. Blue and red dots show 0-3 a.m. time
points for each day. The data presented are representative of at least three infected animals per group.

See also Figure S5.

that the number of activated CD11c+ CD8 T cells in spleen and
their accumulation in brain was significantly impaired in Batf3~/~
mice with improved survival rate compared to controls (Figures
S6A-S6C). However, Ccr7~'~ mice had almost comparable
numbers of CD8a DCs in spleen (Figure S6A); we therefore
destgned experiments-to understand-if functional CCR7 expres-
sion on' CD80. DCs'is requ1red for- CD8 T cell activation.

Functional CCR7 Is Required for CDBa DCs’ Priming

of CD11c+ CD8 T Celis

To seek’ ‘the role of CCR7 expression on CD8a DC, we purified
CDB8a DCs from infected Rag2™"~ mice with intact DCs but no
“T/B cells: (McLellan et al’, 2002). Splenic-CD8a+ DCs, but not
CDB8u- DCs, from Rag2™~ mice expressed high levels of
- CCR7-“at"day 5 after infection. (Figure STA). These CCR7-+
CD8a+ DCs were purified (Figure S7B) and ‘adoptively trans-
‘ferred to Cer7~"~ mice in-which efficiently restored the recruit-
ment of activated CD11c+ CD8 T cells (which originated from
Ccr7~/~"mice) in the brain and accelerated ECM (Figure 5E).
Together, these findings suggest that functional CCR7 expres-

sion on activated CD8a+ DCs has a critical role in the patho-
genesis of ECM, possibly by activating CD11c+ CD8 T cells
and their expansion. However, CCR7 expression on CD11c+
CD8 T cells is dispensable for the migration of these cells.

CCL21 Expressed in OLF Coincides with Activation

of Astrocytes and May Be Important for the OLF .
Migration of CD11ic+ CD8 T Celis

The finding that CCR7 i is. dlspensable for the OLF m|gratlon of
CD11c+ CD8 T cells has implied the importance of CCL21 durmg ‘
priming of CD8 T cells. On the other hand, as CCL21 expression
was also observed in OLF from day 3 of mfectlon we evaluated
the possnbmty that CCL21 might. have an additional role on the
recruitment of CD8 T cells via an alternative chemokine receptor
interaction other than CCR7. Thus, we further analyzed the local-
ization and/or source of CCL21 in the infected OLF. Although it
was difficult to address the cell type expressing CCL21,
CCL21 staining was confined to the endothehum of mflamed
blood vessels where astrocytes are often colocallzed (F:gure 6A).
Astrocytes are specialized cells guardmg and sensing blood
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Figure 5. CCRY Expression Is Critical for CDBa DC Priming of CD11c+ CD8 T Cells but Not for Their Mlgratlon into Brain

WT and Ccr7 /= mice were infected.

(A and B) Flow cytometric analysis of whole brain (A) and spleen (B)cellson day 6 postlnfectlon Numbers in the insets show percentages of CDB T.eellsand their
CD11c expression, and the right figure in (A) shows absolute numbers of CD11c+ CD8 T cells in brain (mean = SEM of four to eight mice per group: *p < 0.05,
**p < 0.01, and **p < 0.001 infected Cer7~'~ versus infected Cer7*/~ mice by Mann-Whitney test).,

(C)-Activation status of CD11c+CD8 T cells in spleen of WT and:Cor7~/~ 'mice was determined by CD44 surface staining.

(DY Intracellular staining of IFN-y secreting CD1 1c+ CD8 T cells in spleens of WT mice.

(E) Enriched CD8a. DCs fro,minfected»RagZ“’ ~ spleens were adoptively-transferred to Ccr7 =/~ mice.and infected with PbA, and survival was monitored. Survival
curves of Cer7*'~.(n = 9), Cer7~'~(n = 7), and transferred Cer7 '~ (ri = 5) mice after infection are shown: ***p = 0.0005, Ccr7™"~ veérsus CD8a. DC transferred
Cer7-/~ mice by log rank (Mantel-Cox) test. FACS analysis shows the numbers of accumulated CD11c+ CD8 T cells in brains (mean + SD of three mice per group).

*p < 0.01, infected Cer7*/~ versus infected Cer7~/~ mice and Ccr7~/~ versus infected CD8a. DC transferred Cer7 ™/~ mice by Student's ttest. -

See also Figures S6 and S7.

vessel changes via their endfeet, and their redistribution in retina
was implicated during ECM (Medana et al., 1996). On day 6 after
infection, morphological alterations of the astrocytes such as
ill- spaced distribution and thlck and longer processes were
evident in OLF (Fxgure 6B). Moreover astrocyte interaction
with PECAM-1 was greatly altered lnterestlng!y, CCL21 stam-
. ing, espeoaally with its fiber-like structures, was in close interac-
tion with CD8 T cells in the OLF (Figure 6C). Given that CXCR3
has promiscuous interaction with several chemokines including
CCL21 especially in microglia and astrocytes (Rappert et al.,
2002; van Weering ‘et al., 2010) and is a critical molecule for
CD8 T cell migration during ECM. (Campanella et al.,

2008:;

Hansen et al., 2007; Van den Steen et al., 2008), to understand
if there is a chemotactic interaction between CCL21- and

'CXCRB3-expressing CD11c+ CD8 T cells, we performed in vitro

transwell migration assay. The CXCR3+ CD11c+ CcD8 T cells

_dose- dependently migrated toward CcCL21 (Flgure 6D) suggest—

ing CCL21 may be involved in the recruttment of these cells into
OLF during ECM

Blocklng CCR7-CCL21 -CXCR3 Axns Isa Potentlal
Intervention for. ECM

Given that CCR7- CCL21 and CCL21 CXCR3 axis may have
roles in ECM mmunopathology, we evaluated whether CCL21
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‘Figure 6. CCL21 Expressed in OLF Coincides with Astrocyte Activation and May Be Involved in the Migration of CD11c+ CD8 T Cells

(A) IHC of OLF bulb:sections:from infected mice on day6. Green, astrocytes (GFAP); red,/.CCL21; blue, nuclei (DAPI) (scale bar, 50 pm).

(B) Astrocyte endfeet wrap blood:vessels in.GL. IHC of OLF bulb. GL sections. Green, vessels (PECAM-1); red, astrocytes (GFAP); blue, nuclei (DAPI). White
arrows, blood vessels (scale bar, 10 um).

(C) CD8 T cells associate with CCL21:in OLF. IHC of OLF bulb sections: Green, CCL21; red; CD8 T cells (CD8); blue, nuclei (DAPI) (scale bar, 10 um). White arrows
show fiber-like structures of CCL21 interacting with CD8 T cells.

(DY Migration.of purified-splenic:CD11c+ CXCR3+ CD8 T cells from infected mice in response to recombinant CCL21(0=2:ug/mi). Human SDF1+a (80 ng/ml) was
-used:as positive control: The migrated cells were counted by flow cytometer, and chemokine-induced migration was normalized to the unstimulated control (gray
dotted line):and depicted as percentage.

(E) Mice were i.v. injected:daily from the day of infection (0~3 days) with recombinant mouse anti-CCL:21 Ab (50 ug per day) and isotype control,‘and survival was
monitored (n'= 5 per group, **p < 0.01, log rank [Mantel-Cox] test).

(F) Survival curves of recombinant anti-CXCR3 and isotype control antibody treated groups of WT and Ccr7 ™'~ mice after infection. Mice were i.v. injected with
antibodies twice at 100 ug per day per mouse on days 4 and 5 after infection. p = 0.0 for isotype control versus anti-CXCR3 Ab group, and **p < 0.01 for Ccr7~/~
isotype control versus Ccer7~'~ anti-CXCR3 Ab group by log rank (Mantel-Cox) test (n = 5 per group).

could be exploited as'a therapeutlc target for the intervention of
ECM. Treatment of mice with i.v. anti-=CCL21 Ab for the first
‘3 days of‘infection led to ‘significantly better survival compared
‘to tsotype—oontrol treated mice (Figure ‘6E). However, anti-
CCL21 Ab treatment from day 4 after infection did not have a
profound effect on ECM progression (data not shown), sug-

doses of anti-CXCR3 Ab on days 4 and 5 after infection led to
S|gn|f|cant survival from ECM in Cer7~'~ mice as compared to
controls (Figure 6F). These data have revealed a proof of concept
that combinational blockmg of chemokines could be a thera-
peutic intervention for ECM. )

gesting’ involvement of CCL21 during: late stage of ECM might
be compromlsed by the activation of other effector rnechamsms
Therefore, we performed combined targetmg of CCL21 and
CXCR3 by using Cer7™~ mice: Blocking CXCR3 by suboptimal

DISCUSSION

Although brain is severely dysfunctional during ECM due to
multiple pathological events such as BBB disruption, vascular
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Once host is infected with PbA parasites, immune.cells are activated in periphery such as blood and spleen..Infection-activated CD8a+ DCs in spleen (1) gain

ability to.crossprime antigens to CD8 T cells via the expression of CCR7. Some of the actrvated CD8T cells become effector phenotype by expressing CD11 cand
- CXCR3 (2). These activated immune cells, iRBC, or parasite produots are sensed by astrocytes and their surroundlng endfeet around the vessels in the OLF

glomerutli (3) which possrbly induce CCL21 secretion from astrocytes (4), and havmg a part in opening the BBB gateway toi |mmune cells. Acttvated cpsT cells

migrate specifically to OLF bulb, where CCL21 ‘and various other effector molecules are secreted (5and 6), Ieadlng to fever and bleedlng at OLF (7).

leakage, and immune cell accumulatlon (especially CD8 T cell .

|nfr|tratron) the exact location at and method by which brarn is
dlsrupted are poorly understood In the current study, we have
rdentlfled in mice that the OLF regron is a vulnerable location
for vascular leakage durlng ECM in which thrs drscovery could
only be possible by usmg an ultra~h|gh-freld MRI'in combination
with MP live imaging mlcroscopy We further ldentlfled that there
is an early symptom olfactron loss before the onset of coma.
Given that even 1 day early detectlon of malarial coma could
increase treatment success dramatrcally, this prevnously unno-
ticed, truly overlooked Iocatlon and detect|on of olfactron loss
during malaria rnfectron may provide early, cheap, and easy
diagnosis of ECM. ln search for the underlying mechanlsm(s)
of pathology of ECM via OLF, we found that CCL21 possibly
secreted from OLF astrocytes m!ght have a role for the recruit-
ment of pathologlcal CD11c+ CD8 T cells into braln (Frgure 7).
We further extended this potentlal funotlon of CCL21 into a ther-
apeutic strategy ‘by blockmg chemokme receptor interactions
when the early symptom of ECM olfactlon loss, was evident. -
An rnterestrng question is why is the OLF bulb the first place
affected by Plasmodrum parasrtes'7 The OLF is composed of
very dense caplllanes onented in different directions (radially
and tangentially) that exhibit a network of TJ with the thin astro-
cyte endfeet surroundlng the vessel creatrng aBBB “guardlan
This restricts the flux of substances between the blood and

2010; Nacer et al.,

neuronal tissue, maybe via the TJ's capabillty to transmit infor-
mation between astrocytes (Chen et al., 2013; Whitman et al.,

2009). In the current study, kthe ONL, blood vessel scaffold
around the GL and as deep as MCL was targeted by |RBC or
parasrte related events At present we donot know what para-

“site or related factors mlght contrlbute to this; however the TJ

network (eg ZO -1). mlght be targeted and possmly dlsmte-
grated during ECM. Itis possrble that penvasoular astrocyte
endfest, which are nch in GL and MCL, sense changes in the .
vessels (De Sannt dan and Westbrook 2005; Petzold. et al.,
2008) even when the penpheral parasite burden was very low.
Previous studies have reported .in cortex that postcaplllary

‘venules (labeled with anti- CD14) and/or arteriolar vasoconstric-

tion play a dommant role i in ECM pathogenesrs (Cabrales et al.,
2012). Although 'PECAM-1 staining of. OLF
vessels seem to be altered in our study, whether there is.a differ-
entral role for different anatomical vessel structures’ of OLF needs
to be further rnvestrgated )

The OLF bulb is known asa dynamlc locatton for OLF nerve
prolectlons especsally chemosensatrons OLF nerves initiate
from the nasal mucosa and termmate in, the OLF bulb through .
the cnbrlform plate Lymphatrc and blood vessels surround
these nerves through which molecules cells and even patho-
gens can gain access to brain parenchyma (Danlelyan et al.,
2009). Recent studles ‘revealed that neuronal cells from the
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central nervous system (CNS) migrate via nerves and along brain
_ blood vessels toward the OLF bulb: (Bovetti et al., 2007), sug-
gesting that OLF could be a dynamic cell migration gateway
between the. external environment and (CNS. Therefore, it is
reasonable - that - patients - suffering: from: neurodegenerative
Alzheimer's or Parkmson s disease and autoimmune diseases

experience OLF dysfunction ‘as an early: symptom (Mesholam -

et al., 1998; Strous and Shoenfe!d 2006). Similarly, our findings
“imply that these dense.and d:rectlonally structured blood capil-
laries could also be a suxtable environment for Plasmodium
parasites’ adhes1on/occlus —even: though iRBC migrate
inside the vessels—and. these. consecutsve events could be a
reason for olfaction: loss:

This study‘identified factors:that. mlght be involved in preced-
ing the BBB .opening from the OLF bulb. One of the factors
involved in BBB leakage might be a high fever. Aithough it is
speculated that there should be thermoregulation in mouse
models of malaria similar to murine sepsis models, currently
there have been no reports of a febrile response in mouse
malarias (Lamb et al., 2006). Moreover, ECM, in conirast to
human infection, is considered to cause hypothermia. By using
a thermal camera, a relatively simple-technology developed
recently (T.A. and K.J.l, unpublished data), we detected a
distinct fever period occurring 24 hr before the final manifesta-
tion of disease, thermal loss, and death. Importantly, the fever
period correlated with severe olfaction loss. Given that the circa-
dian rhythm of mice prevents-accurate fever measurement at a
single time point, it is not surprising that previous studies could

“only measure final thermal loss at the final stage of disease.

We. concluded- that systemfc and local cytokine/chemokine

"storm might. cause high. fever in mice, similar to_human CM
cases, and probably had the major role in the loss of BBB integ-
rity. Importantly, lack of high fever in Rag2™'~ mice and in lethal
and nonlethal Py infections may confirm.that fever is associated
with ECM and might be related to BBB leakage However, the

mediators causing -fever during ECM' and their direct role on’

'BBB disruption are currently unknown. The scuentlﬁc under-
standmg of the mechanism of fever andits relation to cytokinesis
have only been performed by using bacterial products such as
LPS and LPS challenge models in" which’ fever is known to
correlate well with the cytokmes IL-1B and TNF-u (Netea et al.,
2000). In contrast, there is a lack of information and direct corre-
lation in murine malaria that these very same cytokines would be
elevated and cause malanal fever Ctearly, thlS area needs
“further mvesttgatlon
" Astrocytes aré common CNS-residing cells essential for regu-
lating blood flow and maintaining.the BBB. Astrocytes are also
important in immune defense of the CNS by expressing a wide
variety ‘of chemokines during physuologlcal and pathological
conditions (de Haas et al., 2007; Medana et al., 1996): Further-
“more, ‘astrocytes increase CCL21 expression in response to
CNS injury and infection (Lalor and Segal, 2010; Noor et al.,
2010) An mcreased CCL21 expression in the OLF, specifically
in GL where hngh numbers of astrocytes are present, led us to
study Ccr7"’ ~ mice, because CCR7 regulates CNS Iymphocyte
trafflckmg via interactions wuth its ligands, CCL19 and CCL21
(Noor and Wilson, 2012). In addition, previous studies identified
chemokine receptors such as CCR5 and CXCRS3 that might be
important for cellular migration into the brain (Belnoue et al.,
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2003a, 2003b; Miu et al., 2008). Although the role of CCR7 in
the induction and maintenance of antiviral effector and memory
CTL responses was extensively examined (Junt et al., 2004), the
role of CCR7 during a severe malaria model such as ECM was
not investigated before. We found that expansion and migration
of effecter“CD11c+ CD8 T cells'were severely impaired in the
absence of CCR7 in spleen as well as brain. However, our
detailed analysis with CD8a DCs from Rag2™~ mice led to the
conclusion that the expansion of CD11c+ CD8 T cells required
an antigenic stimulus from CD8a. DCs in spleen-and the pres-
ence of CCR7. However, given that Batf3™~ mice could escape
from ECM only partially (~50%), whether compensation occur
between members of the BATF family in DC development as a
result of the combined actions of BATF3, BATF, and BATF2 or
compensation occurs between other DC types during ECM,
needs further investigation (Murphy et al., 2013). Nevertheless,
these results indicated that CD8o DC crosspriming of CD8
T cells during ECM required CCR7 that induces the expansion
of effector CD11c+ CD8 T cells, which migrate into the brain
via the OLF bulb, finally causing ECM. However, activated
CD11c+ CD8: T. cells migrate to brain via multiple molecules
including -several -chemokines/chemokine receptors such as
IP-10 and CXCR3 at the effector phase. It is evident in our study
that CCL21 is involved in the priming of CD11c+ CD8 T cells;
however, presence of CCL21 at OLF implied its association for
the chemotactic support for T cell migration. The CXCR3 was
recognized-as an alternative receptor for CCL.21, especially in
astrocytes -and microglia (van Weering et al.,, 2010), and -
CCL21was shown to be rapidly increased in the brain after
Toxoplasma infection and- supported T cell migration (Wilson
et al., 2009). Therefore, it is plausible that- CCL21 might be
involved in the migration of CXCR3+ CD8 T cells into OLF. Our
in vitro transwell migration assay supporis this idea; however,
limited effect of anti-CCL21 Ab treatment at the onset of OLF
dysfunction (on day 4) ‘might suggest compensation of other

mechanisms causing pathology during effector phase of ECM '

in vivo. Nevertheless, here we show a proof-of—concept”
therapeutic approach that blocking CCL21 and/or combination
blockage of CCR7-CCL21-CXCR3 axis could 'be exploited as
a strategy for intervention durmg ECM.
In summary, this study demonstrates that the OLF bulb is a

“weak spot” due to its complex archntecture and could be a
target for Plasmodium parasites which cause ECM. Murine
studies have also concluded that immune cells such as patho-
genic CD11c+ CD8 T cells enter brain via microbleedings at”
OLF. The CCL21 in the OLF GL during early infection might be
one of the underlying mechanisms for the accumulation of path-
ogenic CD11c+ CD8 T cells, and CCL21 expression.might be a
risk factor for the development of ECM (Figure 7). These results
provide evidence ‘that OLF functional impairment is a valuable
marker for ECM development and early diagnosis. Currently,
whether these ﬂndmgs in mice. are applicable to humans is
unclear. Of note, the symptoms of OLF involvement in humans
may differ from mice such as “olfactory hallucinations” (Barresi
et al.,, 2012; Perry et al., 2009). Clearly, tests of olfaction loss
and techniques such as improved human OLF MRI imaging
(Wang et al., 2011) will be needed in future. Furthermore, OLF
bulb as a location may be a usefut therapeutlc target for CM,
as well as for various neuroimmune diseases.in ‘humans.
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EXPERIMENTAL PROCEDURES

Parasites and Mice

Two different PbA lines {(with and wnthout ‘GFP)-were ‘used (Coban et al.,

2007; ‘Ishino et -al., 2006; Zhao et ‘al., 2012). ‘The C57BL/6 (CLEA,
Osaka, Japan), Ccr7~/~ (kindly ‘provided: by Prof: M. Miyasaka ‘and
M.H. Jang (Osaka University) (FOrster et al.;1999), and’ Batf3~/~ (Jackson
Labs) . mice ‘were used accordmg to the :guidelines of NIBIO ‘and Osaka
University.

Wild-type mice were i.v. injected daily- W|th anti-CCL21 antlbody or: |sotype
control (50 ug per mouse, Peprotech) for 3 days from the beginning of
infection. Alternatwely, antr—CXCRS antibody (LEAF—punfted anti-mouse
CD183 [CXCR3], 100 ug per mouse, Biolegend) was injected twrce on days
4 and 5 after infection. .

Buried Food Test

The BFT was performed as prevrously descnbed (Yang and Crawley, 2009)
Briefly, mice were left without food for 18 hr and were placed in a new cage
containing buried food under the beddmg “The time when the mouse found
the buried food was recorded. The test was stopped at 15 min, and its time
was recorded as 900 s (latency score, >>>). :

MRI Brain Imaging

- An ultra-high-field 11.7 T MRI scanner (AVANCE-Il 500°WB; Bruker BioSpin)
was used.- Initially, naive live mice and 4% paraformaldehyde (PFA)-fixed
dead mice heads were compared, and no significant differences’ were
observed (Figure S1A). Therefore, in:continuing experiments, infected and
deeply anesthetized mice were fixed:in PFA :and-visualized by MRI.: The
T.* weighted (FLASH sequence) and DWiIs (spin echo sequence).were used
to detect bleedings.

Thmned-Skull Surgery and Multiphoton Imaging

The OLF bulb was visualized in living mice by prevrously descnbed surgically
“thinned-skull” technique (Sawada etal., 2011; Wake etal., 2009). Briefly, the
mouse head was immobilized and the skull over the OLF was thinned
(~20-30 pm). A metal nng ‘was aﬁached to the skull over the reg:on and
kept moist during imaging with a - mlcroscope (FV1000MPE O!ympus)
OLF vasculature was visualized by tetramethylrhodamine rsothlocyanate—
dextran (5 mg, Sigma)‘and T cells by brilliant vislet 421 conjugated TCR-p
(10 ug, Biolegend) or'CD8a. (5 1ig; Bidlegend), A Ti-sapphire laser (MaiTai
Hp, Spectral Physics) was tuned to the ’ext:‘itat‘ion wavelength “800 nm
for. T cells “and’ vessels, :and -a Chameleon :laser (Coherent) was ‘tuned
to 950 nm -for GFP—PbA. Time-lapse imaging :of:-deep :OLF. regions
(507.934 pmilx], 507.934 umiy), 5. umiz] per 1.1095 s) was performed. by
continuous ‘repeated acquisition. of fluorescence image stacks comprising
30-80 z planes (acquisition of one-stack image requires ~40-90 s). The
typical imaging depth was 80-150 um (Chaigneau et al., 2003) Each mouse
was imaged only, once lmagrng data were processed and analyzed using
Volocity software.

Temperature Monitoring

A mouse cage with an in-house thermal momtonng system was developed
(T.A., unpublished data and patent pending). A cagé was prepared like an
incubator, with an-environmental temperature controlled at'30°C witha 12 hr
light-dark cycle and food and water ad libitum. The back skin temperature
was continuously recorded(after removing hair) at:1 min:intervals by FLIR
b60 thermal camera, and' the data were. analyzed by QurckPIot software
(FLIR Systems, Inc.).

Assessment of BBB Permeabllity and Hrsto!ogy
At the indicated time points, mice were mjected i.v.:with 200 pl 1% of Evans
biue dye (Sigma) and 2 hr later brains were removed, washed with PBS, and

images taken. In addition, brains were removed and prepared for IHC as -

reported earlier (Zhao et al. 2012)

Quantitative Real-Time Reverse Transcriptiori'PCR Analysis
Brain samples were homogemzed total RNA was isolated, and g-PCR was
performed as descnbed previously (Zhao &t al,, 2012).

Flow Cytometric Analysis

Spleen and brain cells were punfled as described before (Coban et al., 2007;
Zhao et al., 2012). Cell surfaces were stained for CD11¢, CD4, CD8a, CD3,
TCRB, CCR7, CD44, CD11c, and CD11b.

Transwell Migration ASsay
Forty-eight-well transwell plates (5 um pore size, Costar, Corning Inc.) were
used for chemotaxié assay as previously described (Rappert et al., 2002). -

Adoptive Transfer Experiments ) :
Total splenocytes were prepared from Rag2™/~ mice § days after infection with
PbANKA, and splenic CD8a+ DC were enriched with a purity >95% (Figure S5B).

Statlsﬂcal Analy5|s

Differences between two groups were analyzed by using Prism software The
log rank (Mantel-Cox) test was performed for survival curves. p < 0.05 was
considered statistically sigr)ificant.

SUPPLEMENTAL INFORMATION

Supplemental Informatlon lncludes seven ﬂgures, Supplemental Expenmental
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Article history: Because vaccination is an effective means to protect humans from influenza viruses, extensive efforts
Received 31 January 2014 have been made to develop not only new vaccines, but also for new adjuvants to enhance the effi-
Received in revised form 27 May 2014 cacy of existing inactivated vaccines. Here, we examined the adjuvanticity of synthetic hemozoin, a
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synthetic version of the malarial by-product hemozoin, on the vaccine efficacy of inactivated whole
influenza viruses in a mouse model. We found that mice immunized twice with hemozoin-adjuvanted

inactivated A/California/04/2009 (H1N1pdm09) or A/Vietnam/1203/2004 (H5N1) virus elicited higher
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;fg:’;rg;:vims virus-specific antibody responses than did mice immunized with non-adjuvanted counterparts. Further-
Vaccine more, mice immunized with hemozoin-adjuvanted inactivated viruses were better protected from lethal
Hemozoin challenge with influenza viruses than were mice immunized with non-adjuvanted inactivated vaccines.
Adjuvant Our results show that hemozoin improves the immunogenicity of inactivated influenza viruses, and is
Antibody thus a promising adjuvant for inactivated whole virion influenza vaccines. .

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Despite the - worldwide surveillance network of influenza
viruses, the incidence and prevalence of influenza are hard to pre-
dict, as exemplifieéd by the influenza (H1N1) 2009 pandemic [1,2].
Vaccination stands on the frontlines of influenza infection con-
trol: both live attenuated and inactivated influenza vaccines are
currently available [3,4]. The live attenuated vaccines are more effi-
cient than inactivated vaccines at inducing the mucosal immune
responses that play an important role in combating influenza
virus infection [5,6]. However, because of the safety concerns such
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as the emergence of revertant and/or reassortant viruses, these
live vaccines are licensed in a limited number of countries. By
contrast, inactivated vaccines have few safety concerns and are
globally available. While they efficiently induce humoral immune
responses, a high dose (usually 15 pg) of the inactivated vaccine
is required to provide adequate immunity [7,8]. Therefore, there is
room for improvement in the current influenza vaccines.

Vaccine is generally -assessed on the basis of immunogenicity,
safety, and costs [9]. To enhance the immunogenicity of the inactiv-
ated vaccines, adjuvants, such as aluminum compounds and salts,
have been considered [10]. Adjuvants are defined as immune mod-
ulators that are added to inactivated vaccines to boost the immune
responses, enable the use of lower amounts of antigens, and thus
expand the vaccine supply [10,11]. Although most of the inactivated
influenza vaccines currently used are injected via the intramus-
cular or subcutaneous routes, previous studies have shown that
intranasal vaccinations induce antibodies more effectively than do
intramuscular or subcutaneous vaccinations [ 12-14]. However, the
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alum compounds that are generally used as adjuvants for intra-
muscular administration do not enhance the efficacy of intranasal
vaccines; therefore, to improve the efficacy of intranasal vaccines,
novel intranasal adjuvants are reQuired [15].

Malaria parasites digest hemoglobm in red blood cells, result-
ing in the production of potentially toxic heme metabolites {16].
To protect themselves from oxidative damage, the parasites poly-
merize toxic heme enzymatically into a safer insoluble substance,
hemozoin [17].- Recently, hemozoin and a chemically identical
synthetic version of hemozoin (called B-hematin) have been inves-
tigated for their potency as novel adjuvants, and the molecular
pathway underlying their immunological function has also been
studied. Such studies have demonstrated that purrﬁed hemozom is
a non-DNA ligand for Toll-like . receptor 9 (TLR9) that may activate
innate immune cells via TLR9: [18-20]. This latter point has been a
subject of debate, however, because the adjuvanteffect of synthetic
hemozoin is dependent on MyD88 and not TLR9 [21]. Recently, we
reported that hemozoin enhances the protective efficacy of asubcu-
taneously administered influenza HA splitvaccinein a'ferret‘model
[22].

We speculated that synthetrc hemozoin (hereafter referred to
only as hemozoin) could serve as a novel intranasal adjuvant
for the inactivated influenza vaccine. Accordingly, here we eval-
uated the adjuvanticity of hemozoin on the vaccine efficacy of
intranasally administered inactivated whole virion influenza vac-
cines in a murine lethal infection model. The results indicate that
hemozoin is a promising adjuvant for inactivated whole virion
influenza vaccines.

2. Materials and methods
2.1. Cells and viruses

Human embryonic kidney HEK293T cells were maintained in
Dulbecco’s modified Eagle medium (Lonza, Basel, Switzerland) sup-
plemented with 10% fetal calf serum (Invitrogen, Carlsbad,CA).
Madin-Darby canine kidney (MDCK) cells were maintained in min-
imum essential medium.(MEM) (Invitrogen) supplemented with
5% newborn calf serum (NCS) (Sigma, St. Louis, MO). All cells were
maintained in a humidified incubator at.37.°C in 5% CO;. -

A/Cahforma/04/2009 (HlNl Ca04) whlch isan early isolate of
influenza (H1N1) 2009 pandemicviruses, and mouse-adapted Ca04
(MACa04) [23] viruses were propagated in MDCK. cells as-previ-
ously described [24]. A/Vletnam/1203/2004(H5Nl VN1203)v1rus

arepresentative strain of highly pathogenic avian influenzaviruses,

was grown in MDCK cells and in 10-day-old embryonated chicken
eggs to use as challenge viruses and as vaccine and ELISA antigens,
respectively. All work involving live VN1203 virus was carried out
at the ABSL-3 laboratory of the Influenza Research Institute, UW-
Madison, following the protocol desrgned by Instrtutrqnal Animal
Care and Use Committee (IACUC).

2.2. Inactivated influenza virus and adjuvant

To mactlvate MDCK cell- propagated Ca04 virus and egg-
propagated VN1203 virus, formalm (final concentratlon 0.1%) was
added to the viruses, which were then mcubated at4°Cfor1 week.
The inactivated viruses were purified through a 10-50% sucrose
densrty gradient and resuspended.in phosphate- buffered saline
(PBS) as described prevrously [25]. Inactivation of Ca04 viruses
was confirmed by passaging, them twice in MDCK cells and exam-
ining their cytopathic effect mactrvatlon of VN1203 viruses was
confirmed by passaging them twice in embryonated chicken eggs
followed by hemagglutmatlon assays. .

Synthetic hemozoin, was purified from hemin chloride (>98%
pure, Fluka) by using the acid-catalyzed method described previ-
ously [21] and was re-suspended in endotoxin-free water with no
detectable levels of endotoxin. The synthetic hemozoin concentra-
tion was calculated in mM (1 mg of hemozoin in 1ml of water was
equal to1 mM).

2.3. Immunization and protection studies

For the immunization and protection studies with Ca04 virus,
six-week-old female BALB/c mice (n=13 per group) were anes-
thetized with isoflurane and intranasally administered with 50 .l
of PBS, 9 mM hemozoin only, inactivated Ca04 only [5 x 10° plaque-
formlng unit (PFU) which corresponds to 0 1 g when' the total
amount of ‘viral protein was measured by using a BCA protem
assay (Thermo Screntrﬁc)} or. mactlvated Ca04 adjuvanted with

‘9 mM hemozoin, twice witha 2-week mterval between the immun-

izations. Three weeks after the final admmlstratlon three ‘Tnice
from each gr oup were euthanized for collectlon of bronchoalveolar
lavage fluid (BALF) and nasal washes. The remalmng mice (n=10
per group) were mtranasally challenged w1th 10- fold 50% mouse

‘lethal doses (MLDSO) of MACa04 virus. On days 3 and 6 post-

challenge, three mice each were euthamzed and’ their lungs were
collected, homogemzed with MEM contamrng 0. 3% BSA, and exam-
ined for virus titers by usmg plaque assays in MDCK cells The body
welght and survival of the’ remaining challenged rnrce (n= 4 per
group) were monitored dally for 14 days.

For VN1203 virus, four—week—old female BALB/c mice (n 16 per
group) were immunized as descnbed above Two weeks after the
last unmumzanon five mice from each group were euthamzed for
collection of BALF and nasal washes. The remammg mrce (n 11 per
group) were challenged with 100 MLDso of VN1203 virus. On days

“3and 6 post-challenge, three mice each were euthamzed and their

lungs were collected, homogenlzed wrth MEM contarnmg 0. 3% BSA '
and examined for virus titers by using plaque assays in MDCK cells
The body weight and survival of the remaining challenged mice
(n 5 per group) were momtored daily for 14 days

24. ,Detection of virus-speciﬁc antibodies

Virus- specrﬁc antlbodxes in nasalwashes, BALF and serum were
detected by using an ELISA as prevrously descrlbed [25= 27] Briefly,
96-well ELISA plate wells were coated ‘with approximately 0.3 ug
(m 50 wl) of purlﬁed Ca04 or VN1203 virus treated with drsruptlon
buffer (0 5M Tris-HCl [pl—l 8.0}, 0.6 M. KCl, and 0.5% Triton X-100)
or sarkosyl respectlvely After. incubation of the virus- coated plates
with the test samples, virus-specific IgA. and 1gG. antlbodres in-the

samples were detected by using anti-mouse IgA and IgG goat anti-
bodies conjugated to horseradish peroxidase (Kirkegaard & Perry
Laboratory‘Inc., Gaithersburg, MD, Rockland) respectively.

2.5. Hemagglutination inhibition assay (Hl assay)

To detect HI antlbodles agamst Ca04 and VN1203 an HI assay
was performed as described previously [28,29]. Brleﬂy, serum sam-
ples were treated with receptor~destroymg enzyme (RDE; Denka
Seiken Co., Ltd.) by mcubatmg at 37°C for 16-18h followed by
inactivation at 56 °C for 30'min. One volume of turkey or horse red
blood cells’ (RBCs) was then added to 20 volumes of serum and
the sera were incubated for 1h on ice with intermittent mixing.
The sarnples were then centrrfuged at 900 x g for 5min, and the
supernatants were transferred tonew tubes for use in the Hl assay.
Serially diluted sera (2- -fold dllutlons) were mlxed with4 HA units
of virus antigen and incubated with 0.5% turkey RBCs or. 1% horse
RBCs to determine the extent of hemagglutination inhibition.
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- 2.6. Statistical analysis

Statistically significant differences in the virus-specific titers
“(P<0.05and P<0.01) and the survival rates of the challenged mice
© (P<0.05) wereassessed by use of a one-way ANOVA followed by a
Dunnett’s test and Log-rank statistical analysis, respectively.

3. Results

‘3.1, Hemozoin enhances influenza virus-specific antibody
responses in mice

To examine the effect of hemozoin on antibody responses
‘elicited by immunization with inactivated influenza viruses, we
intranasally administered BALB/c mice with hemozoin-adjuvanted
inactivated virus (Ca04 or VN1203 virus, 5 x 108 plaque-forming
units (PFU), the total amount of viral protein was 0.1 pg) twice
with a 2-week interval between the immunizations. At three or
two weeks after the final administration, ‘we examined the anti-
- body responses to the administered Ca04 or VN1203 virus by using
an ELISA to measure the amount of IgG in the serum and IgA in the

BALF and nasal washes (Fig. 1). Neither IgG nor IgA against Ca04
or VN1203 virus was apprec1ably detected in any samples from
the PBS- or hemozom administered mice. Under.these conditions,
although one mouse immunized with non-adjuvanted inactiv-

ated Ca04 (Fig. 1A upper panel) and one mouse immunized with

non-adjuvanted inactivated VN1203 virus (Fig. 1B upper panel)

"produced virus-specific IgG in the serum at a detectable level,
all of the mice immunized with hemozoin-adjuvanted inactiv-

ated Ca04 (n=3) or VN1203 (n=5) virus elicited significantly

hlgher levels of virus- specific IgG in: the serum. We also exam-
ined the functional properties of the elicited antibodies by using
hemagglutmanon inhibition (HI) assays. For both the Ca04 and

VN1203 viruses, greater HI titers were obtained after vaccination
‘with hemozoin-adjuvanted. inactivated viruses than with non-
adjuvanted inactivated viruses (Fig. 1A and B upper, right panel),
although the titer difference for Ca04 virus between the hemo-
zoin group and the control groups was not statistically significant
(Fig. 1A upper, right panel). Of note, although the addition of hemo-
zoin did not enhance IgA production in the nasal washes or BALF
of ‘the inactivated Ca04 virus-immunized mice, some of the mice
- immunized with' the ‘hemozoin-adjuvanted inactivated VN1203
“virus did produce ‘high levels of virus- -specific’1gA in their nasal
~ washes and BALF (Fig: 1B lower panels). Taken together, these

results indicate that hemozoin enhanced the immunogenicity of
" inactivated influenzaviruses, resultmg inmore efﬁcxent producnon
i of vn‘us specxﬁc antlbodles

3.2. HemoZoin -enhances the efficacy of inactivated influenza
vaccine against lethal challenge in mice

To further assess the adjuvanticity of hemozoin, mice immu-
nized twice with hemozoin-adjuvanted .inactivated Ca04 or
VN1203 virus were challenged with a lethal dose of MACa04
(10 MLDso) [23] or VN1203 (100 MLDsg) virus (Fig. 2). In the
MACa04 challenge group,.although all of the PBS-administered
mice and 75% of the hemozom-admlmstered or inactivated Ca04
virus-, unmumzed mice died, all of the mice immunized with
khemozom—adjuvanted inactivated Ca04 virus survived (Fig. 2A).
‘Intriguingly, no s:gmﬁcant difference was found in'Ca04 virus titers
“inthe lungs among the mouse groups tested (Table 1). These results

'ffsuggest that the adJuvantxmty of hemozoin was sufficient to protect -

mice from lethal challenge with MACa04 virus.
For VN1203 virus, all PBS- and hemozom administered and
inactivated VN1203 vuus -immunized mice died following the

Table 1’
Virus titers in the lungs of immunized mice challenged with mouse-adapted Ca04
virus. .

Immunization Day after challenge Virus titer (mean logig

PFU SD/g) in: lungs

3 8.1 +0.03
PBS 6 6.5 %03
Hemozoin 3 8.2 +: 0.03

6 6.6 & 0.06
Inactivated 3 81+02
Ca04 virus 6 57+ 1.0
Hemozoin-adjuvanted 3 8.0+0.2
inactivated Ca04 virus 6 6.2 £ 0.4

* Mice were intranasally immunized twice with the indicated agents (50 u! per
mouse) and challenged with 10 MLDsg of MACa04 virus (50 pl per mouse) 3 weeks

- after the final immunization. Lungs were collected from mice (n=3) ondays 3 and 6

after challenge and examined for virus titers.by use of plaque assays in MDCK cells.

Table 2
Virus titers in the lungs of immunized mice challenged with VIN1203 virus.?

Immunization Day after Virus titer (mean log
challenge PFU +SD/g) in: lungs
3 63402
PBS 6 63402
. 3 6.6:% 0.2
Hemozoin 6 63 +02
Inactivated 3 6.7 £ 0.3
VN1203 virus 6 5.6 + 04
Hemozoin-adjuvanted 3 6.4 +03
inactivated VN1203 virus 6 6.0 = 04

* Mice were intranasally immunized twice with the indicated agents (50 ! per
mouse) and challenged with 100 MLDso of VN1203 virus (50 pl per mouse) 4 weeks
after the final immunization. Lungs were collected from mice (n=3) ondays 3 and 6
after challenge and examined for virus titers by use of plaque assays in MDCK cells.

lethal challenge (Fig. 2B). By contrast, 60% of the mice immunized
with hemozoin-adjuvanted inactivated VN1203 virus survived

‘although mice of -all* groups ‘experienced body weight loss

(Fig."2B). In accordance with the results of the MACa04 virus
challenge, the-addition of ‘hemozoin to inactivated VN1203 virus
immunization-did not affect the virus titers in the lungs of

" VN1203 virus-challenged mice (Table 2). These results suggest

that hemozoin enhanced the vaccine efficacy of the inactiv-
ated influenza viruses by modulating host responses, but not by
directly inhibiting virus replication. Overall, these results suggest
that hemozoin is a promlsmg adjuvant fm inactivated influenza
vaccmes

"4. Discussion

Here, we examined the effect of an adjuvant candidate, hemo-
zoin, on the vaccine efficacy of inactivated whole virion influenza
vaccines ‘against lethal challenge in a mouse model. Signifi-
cantly better virus-specific antibody responses were induced by
hemozoin-adjuvanted inactivated virus than by inactivated viruses
(Fig. 1). We further demonstrated that the hemozoin-adjuvanted
inactivated viruses protected mice from lethal challenges more
efficiently than did their non-adjuvanted counterparts with no
effect’ of virus titers in the lungs (Fig. 2, Tables 1 and 2).

These results indicate that hemozoin is a promising candidate

as an effective adjuvant for mactlvated whole virion .influenza
vaccines.

‘We observed significantly higher levels of IgA specific for
VN1203 virus in the BALF and nasal washes, and of serum IgG, in

.mice immunized with hemozoin-adjuvanted inactivated VN1203

virus than in mice immunized with non-adjuvanted inactivated
VN1203 virus-immunized mice (Fig. 1B). These results suggest
that hemozoin enhanced the mucosal immune responses and
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Fig. 1. Virus-specific antibody responses in immunized mice. Virus-Speciﬁc antibodies were detected by means of ELISA and Hl assays with purified Ca04 (A) or VN1203 (B)
virus as a viral antigen. IgG antibody titers (upper, left panels) and HI titers (upper, right panels) in serum-and IgA antibody titers in:the BALF (lower, left panels) :and nasal
washes (lower, right panels) from mice intranasally mock-immunized with PBS or hemozoin or unrnumzed with non-adjuvanted or hemozoin-adjuvanted inactivated-virus
were measured. Values represent antlbody titers in individual mice (A: n=3, B: n=5). Statlstlcally 51gmﬁcant differences (” P<0. 05 **1 P<0,01) are indicated. .

may potentially compensate for the well-recognized weakness of
inactivated -vaccines [30,13,31]. By contrast, enhanced IgA pro-
‘duction by the- hemozom addition was not observed ‘with the
Ca04 virus counterparts (Fig. 1A). This contradlctlon ‘may reflect
a difference in immunogenicity between the Ca04 and VN1203
viruses. Further study is required to clarify the mechanisms. by
which hemozoin promotes IgA responses after immunization with
inactivated vaccines..In addition, hemozoin-adjuvanted. inactiv-
ated virus protected mice better than'non-adjuvanted inactivated
viruses although virus titers inlungs were similar between animals
“immunized with and without the adjuvant (Fig. 2, Tables 1 and 2).
This finding suggests that hemozoin enhanced the vaccine*efﬁc‘acy
of the indctivated influenza viruses by modulatmg host responses.
In the current study, we measured viral loads only in respiratory
organs, which are the primary sites of influenza virus replication
even for strains that cause systemic infection (e.g., VN1203 virus).

Afurther study to examine the inhibitory ‘effect of hemozoin on sys-
temic spread of influenza viruses may explain the better prOtection
afforded by hemozoin-adjuvantedvaccine.

‘Although hemozoin is a ligand for TLRO [18- 20] studles using
TLR9--or MyD88-deficient mice suggest that the potent adjuvant
effectof synthetic hemozoin is mediated not via TL‘RQ,:butf through
MyD88 *[21]. In addition, previous studies have demonstrated
that hemozoin stimulates innate inflammatory responses; inducing
neutrophil recruitment via MyD88 [21,32]. Thus, one of the pos-
sible mechanisms underlying the hemozoin-mediated enhanced
efficacy of inactivated influenza vaccine may be that hemozoin
induces the balanced Th1/Th2 responses in'a MyD88-dependent
manner, leading to the improved immunogenicity of the inactiv-
ated influenza viruses and to the better protection against-lethal
challenge with influenza viruses. Of note, one of four mice admin-
istered with only hemozoin survived after the lethal challenge with
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Fig. 2. Body weight changes and survival of mice challenged with lethal doses of viruses. Mice were mock-immunized with PBS or hemozoin, or immunized with non-
adjuvanted or hemozoin-adjuvanted inactivated virus twice with a 2-week interval in between the immunizations. Three or four weeks after the final immunization, mice
were intranasally challenged with 10 MLDsy of MACa04 virus (A: n=4) or 100 MLDsp of VN1203 virus (B: n=5), respectively. Body weight (left panels) and survival (right
panels) were monitored for 14 days after challenge. Values are expressed as mean changes in body weight = SD (left panels). Statistically significant differences in the survival

rate of immunized mice (*: P<0.05) are indicated (A: right panel).

MACa04 virus (Fig. 2A), suggesting that hemozoin itself might have
protective effects againstinfluenza virus infection. Additional study
is required to clarify the inhibitory effect of hemozoin on influenza
virus infection.

In conclusion, here, we demonstrated the potential of hemo-
zoin as a novel whole virion influenza vaccine adjuvant. Because
. the mechanism by which hemozoin enhances immunogenicity
remains unclear, we should continue to evaluate the adjuvantic-
ity of hemozoin in the context of influenza vaccination. In addition,
to establish the efficacy of hemozoin as an adjuvant, further studies
are needed including studies in an additional animal model such as
ferrets.
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