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研究成果の概要（和文）：私たちの研究は、免疫応答を誘導する強力なToll-Like Receptor-2（TLR2）アゴニス
トであるPEG-Pam2Cysが新しい肝臓ステージの抗マラリア薬を構成しうることを示唆する。PEG-Pam2Cysは、マラ
リア原虫の感染予防と感染後の寄生虫の除去の両方に使用することができる。PEG-Pam2Cysは、通常寄生虫によ
って誘導されない強い自然免疫応答を刺激するので、この化合物は、一般の薬剤のように寄生虫の耐性を発達さ
せない。マラリアや他の原生動物の寄生虫の対策におけるPEG-Pam2Cysのポテンシャルについて、さらなる研究
が必要である。

研究成果の概要（英文）：We investigated a new approach to both protection from and treatment of 
malaria parasites that involves the direct stimulation of the host innate immune response through 
the administration of a Toll-Like Receptor-2 (TLR2) agonist. The activity of S-[2,3-bis
(palmitoyloxy)propyl] cysteine (Pam2Cys) against the hepatocytic stages, erythrocytic stages and 
gametocytes of Plasmodium yoelii was investigated. PEG-Pam2Cys significantly reduces the numbers of 
malaria parasites in the livers of mice following challenge with sporozoites. We also show that 
treatment can clear parasites from the liver when administered subsequent to the establishment of 
infection. PEG-Pam2Cys can reduce the numbers of mosquitoes that are infected following blood 
feeding on gametocytaemic mice. These results suggest that this compound could represent a novel 
liver stage anti-malarial that can be used both for the clearance of parasites following exposure 
and for the prevention of the establishment of infection.

研究分野：原虫学

キーワード： Malaria　Pam2Cys　vaccine　antimalarial drug

  ２版



様	 式	 Ｃ－１９、Ｆ－１９－１、Ｚ－１９、ＣＫ－１９（共通）	

１．研究開始当初の背景 
Clinically	 silent	 and	 typically	 low	 in	
number,	the	liver	stages	of	the	malaria	
parasite,	 Plasmodium	 spp.,	 grow	 and	
develop	in	hepatocytes	over	the	course	of	
a	number	days	following	the	deposition	of	
sporozoites	 into	 the	 skin	 of	 the	 host	
during	 an	 infected	 mosquito	 bite.	
Following	their	development	in	the	liver,	
which	involves	the	maturation	of	single	
nucleated	 invasive	 sporozoites	 into	
multi-nucleated	 schizonts	 containing	
thousands	 of	 merozoites	 capable	 of	
infecting	erythrocytes,	malaria	parasites	
enter	 the	 blood	 stream	 where	 the	
symptomatic	 red-blood	 cell	 cycle	 is	
initiated.	An	intervention	that	effectively	
targets	 parasites	 in	 the	 liver	 has	 the	
capacity	 to	 prevent	 the	 onset	 of	
symptomatic	 malaria,	 and	 to	 break	 the	
transmission	cycle	of	the	parasite.	There	
is	currently	only	a	single	licensed	drug	
available,	 primaquine,	 which	 can	 kill	
malaria	parasites	in	the	liver.		Its	use,	
however,	is	associated	with	serious	side	
effects	 in	 some	 groups	 of	 patients,	
including	those	with	glucose-6-phosphate	
dehydrogenase	(G6PD)	deficiency	in	which	
it	 can	 cause	 severe	 hemolysis,	 and	
reports	 of	 parasite	 resistance	 to	 the	
drug	 are	 accumulating.	 New	 ways	 of	
attacking	 the	 malaria	 parasite	 in	 the	
liver	are	needed.		
Liver	 stage	 malaria	 parasites	 cause	 no	
pathology	but	are	recognized	and	targeted	
by	the	innate	immune	system,	although	the	
degree	 of	 protection	 is	 slight.	 The	
recognition	of	parasites	in	the	liver	is	
relatively	poorly	understood,	but	recent	
evidence	suggests	that	it	occurs	through	
the	activation	of	the	cytosolic	pattern	
recognition	receptor	melanoma	
differentiation-associated	gene	5	(Mda5),	
which	 in	 turn	 triggers	 mitochondrial	
antiviral	 signaling	 protein	 (Mavs)	
stimulation	to	induce	a	type	I	interferon	
(IFN)	response.	A	role	for	IFN-γ	has	also	
been	shown,	with	parasite	killing	mostly	
mediated	 through	the	 effector	 functions	
of	 liver	 natural	 killer	 T	 cells	 (NKT	
cells).	 There	 is	 also	 evidence	 that	
sporozoites	 can	 activate	 the	 pattern	
recognition	receptor	Toll-like	receptor-
2	 (TLR2)	 and	 that	 this	 can	 lead	 to	
suppression	 of	 the	 growth	 of	 hepatic	
stage	 parasites.	 These	 findings	 thus	
suggest	that	harnessing	and	boosting	the	
natural	 capacity	 of	 the	 innate	 immune	
system	 to	 kill	 hepatocytic	 malaria	
parasites	 could	 form	 the	 basis	 for	 a	

valuable	 intervention	 against	 the	
parasite.		
The	lipopeptide	S-[2,3-bis(palmitoyloxy)	
propyl]	 cysteine	 (Pam2Cys),	 a	 synthetic	
analogue	 of	 the	 lipid	 component	 of	
macrophage	 activating	 lipopeptide-2	
(MALP2)	is	a	potent	Toll-like	Receptor	2	
(TLR2)	agonist,	which	has	been	shown	to	
confer	 rapid	 protection	 against	 the	
influenza	A	virus	and	secondary	bacterial	
infections.	This	protection	is	conferred	
through	stimulation	of	the	innate	immune	
system,	 and	 specifically	 through	 the	
induction	of	macrophages	and	neutrophils	
to	 secrete	 inflammatory	 cytokines	
including	 interleukin-2	 (IL-2),	 tumor	
necrosis	factor	alpha	(TNF-α)	and	IFN-
γ.	Given	the	ability	of	PEG-Pam2Cys	to	
invoke	a	response	in	this	manner	and	the	
fact	that	liver	stage	malaria	parasites	
are	 susceptible	 to	 innate	 immune	 responses	
involving	 the	 IFN-γ	 pathway,	 we	
hypothesized	that	PEG-Pam2Cys	could	work	
as	 both	 an	 immunotherapeutic	 to	 clear	
liver	 stage	 parasites,	 and	 also	 as	 an	
immunoprophylactic	to	prevent	the	establishment	
of	 parasites	 in	 the	 liver	 following	
sporozoite	 challenge.	 Here,	 we	 provide	
the	results	of	experiments	that	show	that	
administration	 of	 PEG-Pam2Cys	 several	
hours	prior	to	challenge	with	sporozoites	
of	the	rodent	malaria	Plasmodium	yoelii,	
significantly	 and	 dramatically	 reduces	
the	numbers	of	parasites	that	are	able	to	
grow	in	the	livers	of	mice.	Furthermore,	
the	administration	of	PEG-Pam2Cys	24	hours	
after	 infection	 with	 sporozoites	 also	
provides	 significant	 protection	 against	
the	development	of	parasites	in	the	liver.		
 
２．研究の目的 
Liver	 stage	 malaria	 parasites	 are	
recognized	 and	 targeted	 by	 the	 innate	
immune	 system,	 although	 the	 degree	 of	
protection	 is	 slight.	 Harnessing	 and	
boosting	 the	 natural	 capacity	 of	 the	
innate	 immune	 system	 to	 kill	 malaria	
parasites	would	provide	a	valuable	weapon	
against	the	parasite.	The	lipopeptide	S-
[2,3-bis(palmitoyloxy)propyl]	 cysteine	
(Pam2Cys),	is	a	potent	Toll-like	receptor	
2	 agonist	 that	 induces	 a	 strong	 innate	
immune	response.	
We	 hypothesized	 that	 Pam2Cys	 could	 work	
both	 to	 prevent	 the	 establishment	 of	
parasites	in	the	liver	and	the	removal	of	
parasites	after	they	infect	the	liver,	as	
well	 as	 affecting	 other	 stages	 of	 the	
parasite’s	life	cycle.		
During	 the	 course	 of	 this	 project,	 we	



investigated	the	following	topics:	
① The	 ability	 of	 Pam2Cys	 to	 prevent	

liver-stage	 malaria	 parasite	
infection	

② The	 ability	 of	 Pam2Cys	 to	 remove	
established	 liver-stage	 malaria	
parasites	

③ The	effect	of	Pam2Cys	on	erythrocytic	
parasites	

④ The	 effect	 of	 Pam2Cys	 on	 the	
progression	of	experimental	cerebral	
malaria	

⑤ The	effect	of	Pam2Cys	on	the	ability	
of	gametocytes	to	cause	infection	in	
mosquitoes	

⑥ The	 immunological	 mechanisms	
underlying	the	effect	of	Pam2Cys	

	
３．研究の方法	
(1)	Action	of	Pam2Cys	against	liver	stage	
parasites	
The	 rodent	malaria	 parasites	 Plasmodium	
yoelii	 yoelii	 (strain	 17X1.1pp)	 and	 P.	
berghei	 ANKA	 were	 used	 in	 these	
experiments.	 To	 measure	 the	 protective	
effect	 of	 Pam2Cys	 against	 liver	 stage	
parasites,	sporozoites	were	intravenously	
inoculated	 into	 mice	 which	 had	 been	
previously	treated	with	Pam2Cys.	Alternatively,	
sporozoite-inoculated	 mice	 were	 treated	
with	Pam2Cys	24	hours	following	challenge,	
in	 order	 to	 assess	 the	 effect	 of	 the	
compound	 to	 clear	 parasites	 from	 the	
liver.	Parasite	growth	in	the	liver	was	
measured	 by	 qPCR	 42	 hours	 after	
sporozoite	challenge.		
(2)	Action	of	Pam2Cys	against	transmission	
stages,	 erythrocytic	 stages	 and	 experimental	
cerebral	malaria	
Mice	 infected	 with	 P.	 yoelii	 parasites	
were	 treated	 with	 Pam2Cys	 or	 control	
saline,	 and	 24	 hours	 later,	 Anopheles	
stephensi	mosquitoes	were	allowed	to	feed	
on	 them.	 The	 development	 of	 oocysts	 on	
the	 midgut	 of	 these	 mosquitoes	 was	
quantified	10	days	later	by	microscopy.	
The	effect	of	Pam2Cys	on	the	development	
of	 erythrocytic	 stages	 was	 measured	 by	
the	inoculation	of	the	compound	into	mice	
prior	 to,	 or	 during	 a	 blood	 stage	
infection	 of	 P.	 yoelii.	 Similarly,	 the	
effect	of	Pam2Cys	on	the	progression	of	
experimental	 cerebral	 malaria	 was	
measured	in	mice	infected	with	P.	berghei	
ANAKA.		
(3)	The	immunological	mechanisms	underlying	the	
effect	of	Pam2Cys	
Blood	 cytokine	 levels	 (IFN-γ,	 TNF-α,	
IL-6	 or	 IL-10)	 were	 measured	 by	 ELISA,	
and	 NKT	 cell	 numbers	 in	 the	 liver	 were	

quantified	by	FACS	analyses.		
	
４．研究成果	
Our	major	findings	may	be	summarised	as	
follows:	
(1)PEG-Pam2Cys	reduces	the	liver	parasite	
burden	 when	 administered	 prior	 to	
sporozoite	challenge	(Figure	1)	

Figure	1.	Liver	parasite	burden	of	mice	
inoculated	intravenously	(iv)	with	10,000	
sporozoites	of	Plasmodium	yoelii	17x1.1pp	
(Panel	A),	or	exposed	to	the	bites	of	5	
female	Anopheles	stephensi	mosquitoes	fed	
two	 weeks	 prior	 on	 mice	 infected	 with	
gametocytes	of	P.	yoelii	(Panel	C).	Livers	
were	 removed	 42	 hours	 post-inoculation,	
homogenised	in	Isogen	solution,	total	RNA	
extracted	 and	 converted	 to	 cDNA	 by	
reverse	transcriptase	PCR.		Groups	were	
treated	 6	 hours	 prior	 to	 sporozoite	
inoculation	with	10nM	inocula	of	Pam2Cys	
or	saline	control.	Parasite	liver	burden	
was	measured	by	qPCR	quantification	of	P.	
yoelii	 18s	 gene	 copy	 number	 with	
reference	 to	 the	 copy	 number	 of	 mouse	
g3pdh	gene	measured	in	the	same	sample.	
**	 P	 <	 0.001,	 Student’s	 two-tailed	 t-
test,	t	=	5.394,	df	=	8.	n	=	5	mice	per	
group	(Panel	A),	and	3	mice	in	the	Pam2Cys	
and	 4	 in	 the	 control	 group	 (Panel	 C).	
(Panel	B),	Parasitaemia	following	challenge	
with	 10,000	 sporozoites	 of	 P.	 yoelii	
17x1.1pp	 intravenously,	 following	
intravenous	 inoculation	 of	 10	 nM	 PEG-	
Pam2Cys	or	saline	control	6	hours	earlier.	
n	 =	 4	 mice	 per	 group.	 Two-way	 ANOVA	
repeated	 measures	 mixed	 effects	 model;	
PEG-Pam2Cys	 accounts	 for	 5.84%	 of	 the	
total	 variance	 (after	 adjusting	 for	
matching).	F	=	5.27.		DFn	=	1	DFd	=	6,	P	
=	 0.0615.	 If	 PEG-Pam2Cys	 has	 no	 effect	
overall,	 there	 is	 a	 6.2%	 chance	 of	
randomly	observing	an	effect	this	big	(or	
bigger)	 in	 an	 experiment	 of	 this	 size.	
The	 effect	 is	 therefore	 considered	 not	
quite	significant.	Data	is	representative	
of	two	repeat	experiments.	
	



(2)PEG-Pam2Cys	 reduces	 liver	 parasite	
burden	when	administered	after	sporozoite	
infection	(Figure	2).	

Figure	2.	Panel	A:	Liver	parasite	burden	
(LPB)	 of	 mice	 inoculated	 intravenously	
with	15,000	Plasmodium	yoelii	17X	1.1pp	
sporozoites	 42	 hours	 post-inoculation	
measured	from	genomic	DNA	extracted	from	
a	0.5cm3	piece	of	liver	tissue.		Mice	were	
inoculated	 with	 sporozoites	 24	 hours	
prior	 to	 intravenous	 administration	 of	
7.5nM	PEG-Pam2Cys	inoculation	or	with	PBS		
(control).	 LPB	 was	 measured	 by	
quantitative	 PCR	 of	 P.	 yoelii	 18s	 gene	
copy	 number	 with	 reference	 to	 the	 copy	
number	 of	 mouse	 g3pdh	 gene	 measured	 in	
the	same	sample.		Error	bars	indicate	the	
standard	error	of	the	mean	(SEM),	n	=	4	
mice	 per	 group.	 **	 P	 value	 <	 0.05,	
Student’s	two-tailed	t-test,	t	=	5.72,	
df	 =	 6.	 Panel	 B:	 Parasitaemia	 of	 mice	
first	 inoculated	intravenously	 with	 500	
sporozoites	 of	 P.	 yoelii	 17X1.1pp	
intravenously	then	inoculated	with	7.5nM	
PEG-Pam2Cys	24	hours	later	and	the	animals	
then	monitored	for	16	days.		From	Day	0	
to	 Day	 4	 no	 parasitaemia	 was	 observed.		
Error	bars	indicate	the	standard	error	of	
the	mean	(SEM),	n	=	5	mice	per	group.	On	
day	12	one	mouse	from	the	control	group	
died.	
(3)PEG-Pam2Cys	reduces	the	percentage	of	
mosquitoes	infected	with	malaria	parasites,	
and	the	oocyst	burden	of	those	infected,	
following	 mosquito	 feeding	 on	 infected	
mice	treated	24	hours	previously	(Figure	
3). 

Figure	3.	Percentage	of	Anopheles	stephensi	
mosquitoes	 with	 at	 least	 one	 oocyst	 (A	
and	C),	 and	 the	 mean	 number	 of	oocysts	
per	mosquito	(B	and	D)	for	mosquitoes	fed	
on	gametocytaemic	CBA/n	(n	=	5)	(A	and	B)	
or	BALB/c	(n	=	5)	(C	and	D)	mice.	Mice	
were	infected	with	1x106	Plasmodium	yoelii	
yoelii	 parasitized	 red	 blood	 cells	 and	
treated	with	10	nM	PEG-Pam2Cys	24	hours	
prior	to	mosquito	feeding,	which	occurred	
on	Day	3	post-parasite	challenge.	Groups	
of	20-30	mosquitoes	were	allowed	to	feed	
on	individual	mice.	Oocysts	were	counted	
on	 dissected	 mosquito	 midguts	 10	 days	
post	 mosquito	 feeding.	 Data	 are	
representative	 of	 two	 independent	
experiments	 for	 each	 mouse	 genotype.	
Panel	 E	 shows	 the	 oocyst	 burden	 of	
individual	mosquitoes	fed	on	mice	treated	
with	PEG-Pam2Cys	or	saline	solution	in	the	
two	 separate	 experiments	 represented	in	
panels	A-D	(total	of	261	mosquitoes	fed	
on	10	individual	mice).	A,	**	P	<	0.01,	
Student’s	one-tailed	t-test,	t	=	4.369,	
df	=	8	n	=	5	mice	per	group;	B,	*	P	<	
0.05,	Student’s	one-tailed	t-test,	t	=	
2.292,	df	=	8	n	=	5	mice	per	group;	C,	*	
P	<	0.05,	Student’s	one-tailed	t-test,	t	
=	2.440,	df	=	8	n	=	5	mice	per	group;	D,	
**	P	<	0.01,	Student’s	one-tailed	t-test,	
t	=	2.965,	df	=	8	n	=	5	mice	per	group;	
E,	***	P	<	0.0001,	Student’s	one-tailed	
t-test,	t	=	5.086,	df	=	259.	Error	bars	
indicate	the	standard	error	of	the	means.	 
(4)PEG-Pam2Cys	 inoculation	 during	 an	
ongoing	 blood	 stage	 malaria	 parasite	
infection	can	increase	parasitaemia,	and	
does	 not	 protect	 against	 experimental	
cerebral	malaria	
(5)PEG-Pam2Cys	 inoculation	 results	 in	
increased	blood	levels	of	IFN-γ,	TNF-α	
and	IL-6	but	not	IL-10	after	6	hours	
(6)PEG-Pam2Cys	inoculation	results	in	an	
increase	in	the	numbers	of	Natural	Killer	
(NK)	T-cells	in	the	livers	of	mice.		
IFN-γ	has	been	shown	to	be	involved	in	
innate	immune	system	mediated	killing	of	
liver	 stage	 parasites	 through	 the	
recruitment	and	activation	of	NKT	cells.	
We	investigated	whether	the	increase	in	
IFN-γ	observed	following	treatment	with	
PEG-Pam2Cys	is	associated	with	an	increase	
in	liver	NKT	cells.	Groups	of	CBA/n	mice	
(n	 =	 4)	 were	 inoculated	 with	 10nM	 PEG-
Pam2Cys	and	72	hours	later,	the	numbers	
of	 NKT	 cells	 in	 liver	 homogenates	 were	
quantified	by	flow	cytometry.	Our	results	
show	that	mice	inoculated	with	PEG-Pam2Cys	
exhibited	significantly	higher	numbers	of	
NKT	 cells	 in	 their	 livers	 than	 those	



inoculated	with	saline.	
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