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Preface

The present thesis embraces the data obtained during my Ph.D. research project
developed from November 2003 to June 2007.

The experimental work was supervised by Prof. Doutora Maria Manuel Mota and
was carried out at Instituto de Medicina Molecular, in Lisboa and Instituto
Gulbenkian de Ciéncia, in Oeiras, Portugal. The RNAi screens were performed at
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de Biologia Vegetal, Faculdade de Ciéncias, Universidade de Lisboa, Portugal.

The financial support was provided by the portuguese Fundacdo para a Ciéncia e
Tecnologia, through the Ph.D. fellowship grant SFRH/BD/14232/2003.

This thesis is structured in 5 chapters, which are preceded by a summary, both in
Portuguese and in English.

Chapter 1 comprises a general introduction to malaria and its current world situation,
followed by an overview on the Plasmodium life cycle, the state of the art on the liver
stage biology and the objectives of this thesis.

Chapters 2 to 4 consist of the results obtained throughout the research project, which
are presented in a publication format. Each results chapter includes an abstract, an
introduction, the results and discussion, as well as the methods, acknowledgments
and references.

Chapter 5 encloses a general discussion and the future perspectives of the work
develop.

In Appendix are supplied my Curriculum Vitae and the publications in which I have

participated until the date of printing this thesis.
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Abstract

Malaria remains the most important parasitic infection in humans and one of the most
prevalent infectious diseases worldwide. It is estimated that 350-500 million people
become infected and one million of children under the age of five years die every
year. This disease is caused by a protozoan parasite of the genus Plasmodium and is
transmitted by mosquitoes of the genus Anopheles. During a malaria infection, the
parasite undergoes intracellular development within two different host cells,
hepatocytes and erythrocytes. The first stage of a malaria infection, the liver stage, is
asymptomatic while the second phase, the blood stage, is responsible for all the
disease-associated symptoms. Although clinically silent, the liver stage is an
obligatory and extremely important step in Plasmodium life cycle. Therefore,
understanding the parasite’s requirements during this period is crucial for the
development of any form of early intervention. Despite this awareness, the strategies
developed by Plasmodium to allow its survival and development inside host liver cells
remain poorly understood. We have sought to disclose some of these strategies
through the identification of host factors which are important for hepatocyte infection
by Plasmodium. For this purpose, RNA interference (RNAi) was extensively applied to
an in vitro model of Plasmodium infection. The infection outcome of the rodent P.
berghei parasite was addressed in the context of individual gene loss of function of a
total of 830 different genes.

In chapter 2 of this thesis, it was studied the functional relevance of a selection of 50
genes differentially expressed by hepatocytes throughout Plasmodium infection,
revealed by a microarray approach. Two host transcription factors, the Activating
Transcription Factor 3 (Atf3) and the Myelocytomatosis oncogene (c-Myc), were
recognized as important for sporozoite infection. It was observed that their individual
silencing led, respectively, to an increase and to a decrease in P. berghei hepatocyte
infection levels. In addition, Atf3’s functional relevance was confirmed in vivo.

In chapter 3, the role of host kinases and kinase-interacting proteins was explored.
From the 727 genes investigated at least six host kinases, namely the Met proto-
oncogene (MET), Protein Kinase C iota (PKCu), Protein Kinase C zeta (PKCE), WNK
lysine deficient protein kinase 1 (PRKWNK1), Serum/Glucocorticoid Regulated
Kinase 2 (SGK2) and Serine/Threonine Kinase 35 (STK35) were identified as playing
important roles during Plasmodium sporozoite infection. Moreover, the importance of

one of these kinases, PKC(E, was further demonstrated for in vivo P. berghei infection,
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Abstract

and also for human primary hepatocytes infection by P. falciparum, the deadliest of the
human malaria parasites.

Finally, in chapter 4, the function of 53 host lipoprotein pathway genes was
investigated and the Scavenger Receptor Class B member 1 (SR-BI) was identified as
being crucially required for hepatocyte infection by P. berghei. In addition, SR-BI’s
importance in Plasmodium infection was also observed in vivo for P. berghei and ex vivo
for P. falciparum. Further detailed analyses revealed that SR-BI is required for both
sporozoite invasion and development within the hepatocyte.

Altogether, the work presented in this thesis reveals different host factors that play
important roles during hepatocyte infection by Plasmodium sporozoites and, therefore,

offers new insights into the processes underlying Plasmodium liver infection.

Keywords:

Malaria, Plasmodium, liver stage, host factors, RNA interference.
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Resumo

A maléria é uma das doengas infecciosas em humanos com maior prevaléncia em
todo o mundo, sendo a mais importante de todas as doencas parasitarias. Esta doenca
afecta cerca de 40% da populacao mundial e estima-se que, todos os anos, entre 250 a
500 milhdes de pessoas ficam infectadas e que morrem aproximadamente um milhdo
de criangas com menos de cinco anos. O parasita responsavel por esta doenca é um
protozodrio que pertence ao género Plasmodium e é transmitido por mosquitos do
género Anopheles. O parasita humano P. falciparum provoca as formas mais severas da
doenca e é responsavel pela maior parte das mortes por malaria.

O parasita Plasmodium, no estadio de esporozoito, apds ter sido transmitido ao
hospedeiro mamifero através da picada de um mosquito infectado, migra até ao
figado onde infecta hepatocitos. No interior dos hepatdcitos, cada parasita replica-se e
diferencia-se no estadio seguinte, em merozoitos. Estes sdao libertados na corrente
sanguinea e infectam eritrdcitos. Assim sendo, uma infeccao de maléria caracteriza-se
pelo desenvolvimento intracelular do parasita em dois tipos de células hospedeiras,
hepatdcitos e eritrécitos. A primeira fase de uma infeccgdo de maléria, a fase hepatica,
é assintomdtica, enquanto que a segunda, a fase sanguinea, é responsavel pelos
sintomas associados a doenca. Apesar do desenvolvimento de esporozoitos de
Plasmodium em hepatdcitos decorrer sem qualquer sintoma associado, a fase hepatica
é um passo importante devido a sua obrigatoriedade para o estabelecimento da
infeccdo. Como tal, a compreensdo das necessidades do parasita durante este periodo
é fundamental para o desenvolvimento de qualquer tipo de intervengao precoce.
Apesar disso, as estratégias que o parasita Plasmodium desenvolveu para conseguir
sobreviver e desenvolver-se no interior dos hepatdcitos sao ainda desconhecidas. O
presente trabalho teve como objectivo revelar algumas destas estratégias através da
identificacdo de factores do hospedeiro importantes para a infeccdo de hepatdcitos
pelo parasita Plasmodium. Para tal, recorreu-se a utilizagdo da técnica conhecida por
RNA de interferéncia (RNAi). Esta técnica baseia-se no mecanismo celular em que
moléculas de RNA na forma de dupla cadeia silenciam o gene alvo através da
degradacao especifica do seu RNA mensageiro. Deste modo, através da inser¢ao em
células de duplas cadeias de RNA é possivel induzir especificamente o silenciamento
do gene desejado e analisar o seu papel funcional ao nivel de um determinado
fendtipo. No presente trabalho aplicou-se a técnica RNAi a um modelo in vitro de

infeccdo com Plasmodium e avaliou-se qual o efeito do silenciamento de genes
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Resumo

especificos em termos de infeccdo do parasita de ratinhos, P. berghei. Ao todo foram
analisados 830 genes, de diferentes categorias, nomeadamente genes expressos ao
longo de uma infeccdo por Plasmodium, genes que codificam cinases e proteinas
associadas e ainda genes associados ao metabolismo de lipoproteinas. Estes estudos
sdo apresentados como parte integrante da presente tese em trés capitulos distintos de
resultados.

No capitulo 2, foi estudada a relevancia funcional de 50 genes que sdo expressos
diferencialmente por hepatdcitos ao longo de uma infeccao por Plasmodium, genes que
foram seleccionados a partir de um estudo anterior em que se utilizaram microarrays.
Através da utilizacdo de RNAi procedeu-se ao silenciamento individual de cada um
dos 50 genes seleccionados e, ap6s diferentes passos experimentais de confirmacao, os
factores de transcricdo, Activating Transcription Factor 3 (Atf3) e Muyelocytomatosis
oncogene (c-Myc), foram reconhecidos como sendo importantes para a infeccdo
hepética por esporozoitos, dado que quando silenciados, a infeccdo com P. berghei
aumenta e diminui, respectivamente. Adicionalmente, foi confirmada in vivo a
relevancia funcional para o factor de transcricdo Atf3. Em ratinhos da estirpe BALB/c
observou-se cinco horas depois da infeccdo com esporozoitos de P. berghei um
aumento na quantidade de RNA mensageiro do gene A#f3 ao nivel do figado. E
ratinhos Atf3 knock-out quando infectados com esporozoitos de P. berghei apresentam
um nivel de infeccdo mais elevado que ratinhos controlo, sem qualquer deficiéncia ao
nivel da expressdo do gene A#f3.

No capitulo 3, foi explorado o papel de um total de 727 cinases do hospedeiro ou
proteinas que interagem com cinases. A relevancia de cada gene foi estudada através
do seu silenciamento individual com trés small interfering RNAs (siRNAs), tendo sido
realizadas trés experiéncias de rastreio em que os genes candidatos foram
seleccionados progressivamente de acordo com os resultados obtidos. Na tltima
experiéncia, confirmou-se ainda o nivel de silenciamento atingido, através da
quantificacdo do nivel de RNA mensageiro especifico para uma das cinases
identificadas como sendo potencialmente importante(s) para a infeccdo da linha
celular de hepatdcitos humanos (Huh?) por esporozoitos de P. berghei. No final, foram
seis 0s genes de cinases para os quais se observou uma correlagdo entre o nivel de
silenciamento e um fenétipo em termos da infeccdo, mais especificamente Met proto-
oncogene (MET), Protein Kinase C iota (PKCt), Protein Kinase C zeta (PKCC), WNK lysine
deficient protein kinase 1 (PRKWNKT1), Serum/Glucocorticoid Regulated Kinase 2 (SGK2) e
Serine/Threonine Kinase 35 (STK35). Para as cinases MET, PKCC, SGK2, PRKWNK1 e

STK35 observou-se que o seu silenciamento estd associado a uma redugdo ao nivel de



células infectadas com P. berghei, enquanto que para a cinase PKCi observou-se que o
seu silenciamento leva a um aumento do nivel de células infectadas com P. berghei.

A importancia de uma destas cinases, PKCC, foi ainda explorada através da realizacdo
de experiéncias adicionais. O tratamento de células Huh? in vitro com um inibidor
para a cinase PKCC, que funciona como um pseudo-substracto, teve como resultado
uma reducao no nivel de infeccdo. Este resultado foi também observado ex vivo em
hepatdcitos primarios de ratinhos da estirpe C57BL/6 e em hepatdcitos primarios
humanos sujeitos ao tratamento com o inibidor da PKC(, e que foram posteriormente
infectados com esporozoitos do parasita P. berghei ou P. falciparum, respectivamente.
Através da realizacdo de RNAI in vivo para a cinase PKC(, em que se induziu uma
reducdo da expressao desta cinase ao nivel do figado, foi demonstrado que esta cinase
também desempenha um papel na infeccdo de maldria in vivo, ja que se observou uma
significativa diminuicdo no nivel de parasita no figado. Todos estes resultados
adicionais para a cinase PKCC apoiam de certo modo a validade dos genes candidatos
identificados através da utilizagdo de RNAi, e demonstram também que esta cinase
especifica é importante para a infeccao de Plasmodium.

Finalmente, no capitulo 4, foi investigada a funcdo de 53 genes associados a vias
metabdlicas que envolvem lipoproteinas, e o receptor Scavenger Receptor Class B
member 1 (SR-BI) foi identificado como sendo fundamental para a infeccdo de
hepatoécitos por P. berghei. A relevancia deste receptor para a infeccdo in vitro de P.
berghei foi demonstrada através da realizacdo de diferentes experiéncias em que se
recorreu ao tratamento da linha celular Huh7 com diversos reagentes que permitiram
silenciar o gene SR-BI ou bloquear a actividade do receptor SR-BI. O silenciamento do
gene SR-BI foi realizado através da utilizagcdo de trés siRNAs diferentes, e o nivel de
silenciamento obtido foi comprovado ao nivel de RNA mensageiro e também ao nivel
da quantidade de proteina. Para bloquear a actividade de SR-BI recorreu-se a um
anticorpo contra este receptor e a compostos que bloqueiam a actividade de
transporte de lipidos (BLTs de blocker lipid transport) pelo receptor SR-BI. Em todas as
experiéncias realizadas observou-se que o silenciamento ou bloqueio de SR-BI conduz
a uma redugdo ao nivel da infecgdo por P. berghei. O papel deste receptor na infecgao
de P. berghei foi confirmado em hepatoécitos primarios de ratinhos C57BL/ 6 sujeitos ao
silenciamento de SR-BI ou ao bloqueio da sua actividade através do tratamento com o
composto BLT-1 e ainda em experiéncias in vivo, em que ratinhos C57Bl/6 foram
tratados por RNAi para induzir o silenciamento do gene SR-BI. Em todas estas
experiéncias observou-se uma reducdo na infeccdo de P. berghei. A importancia de SR-
BI foi também observada em experiéncias ex vivo para o parasita P. falciparum. Uma

andlise extensiva revelou que o receptor SR-BI é necessario ndo s6 para a invasdo dos
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esporozoitos, mas também para o seu desenvolvimento no interior dos hepatécitos. O
papel exacto que cada um dos factores do hospedeiro identificados desempenha na
infeccao de hepatocitos por Plasmodium tem ainda de ser determinado.

O trabalho apresentado nesta tese identifica ja diferentes factores do hospedeiro que
desempenham papéis importantes durante a infeccao de hepatécitos por esporozoitos
de Plasmodium, oferecendo assim uma nova perspectiva acerca dos processos que

decorrem durante a fase hepatica de uma infeccdo de malaria.

Palavras Chave:

Maléria, Plasmodium, fase hepatica, factores do hospedeiro, RNA de interferéncia.
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Abbreviations

A13009K04RIK  RIKEN cDNA A13009K04 gene

acLDL acetylated low density lipoprotein
AMA-1 apical membrane antigen 1 protein
aPKCs atypical protein kinase C

ApoAl apolipoprotein A-I

ApoAl1BP apolipoprotein A-I binding protein
ApoE apolipoprotein E

Atf2 activating transcription factor 2

Atf3 activating transcription factor 3

BLTs blockers of lipid transport

Bstl bone marrow stromal cell antigen 1
cAMP cyclic adenosyl monophosphate

CD36 CD36 molecule

cDNA complementary deoxyribonucleic acid
Cebpb CCAAT/enhancer binding protein (C/EBP), beta
CelTOS cell traversal protein for ookinete and sporozoite
c-Jun Jun oncogene

c-Myc myelocytomatosis oncogene

CO2 carbon dioxide

CREB cAMP-response-element-binding protein
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General Introduction

1.1. Malaria: from ancient times to modern scientific discoveries

Malaria is one of the most important infectious diseases in the world, and its history
dates back to ancient times. The characteristic periodic fevers of malaria are recorded
from every civilized society from China in 2700 BC through the writings of Greek,
Roman, Assyrian, Indian, Arabic, and European physicians up to the 19th century
(Cox, 2002). The earliest detailed accounts are those of Hippocrates in his Book of
Epidemics in the 5% century BC, and thereafter there are increasing numbers of
references to the disease in Greece and Italy and throughout the Roman Empire
(Sherman, 1998). Over this period, it became clear that malaria was associated with
marshes, and there were many ingenious explanations to enlighten the disease in
terms of the miasmas rising from the swamps (Cox, 2002). In fact the disease was
initially called ague or marsh fever due to its association with swamps and only later,
in 1740, was the term malaria coined from the italian “mala aria” meaning "bad air"
(Bruce-Chuvatt, 1981).

Malaria scientific studies made their advance in the 19th century. The German
Heinrich Meckel, in 1847, noted the presence of a brown pigment in the organs of
people who died of fever and proposed that the pigment was the malaria cause
(Bruce-Chuvatt, 1981). However, in 1880, it was the French Charles Louis Alphonse
Laveran who associated malaria to a living organism when he observed the malaria
parasite in a fresh blood specimen from patients with fever episodes. Laveran named
these parasites Oscillaria malariae (Bruce-Chuvatt, 1981; Sherman, 1998). In 1907
Laveran was awarded the Nobel Prize for Physiology or Medicine for these
discoveries [see http://nobelprize.org/nobel_prizes/medicine/laureates/ and
(Nobel, 1967)]. In 1884, the Italians Ettore Marchiafava and Angelo Celli, with the help
of microscopes with oil immersion lenses, were also able to observe the parasite
development within the red blood cell, confirming Laveran's theory of a parasite.
However, since the parasite they observed had no resemblance to the one described
by Laveran, they named it as Plasmodium malariae (Sherman, 1998). The genus name
Plasmodium of Marchiafava and Celli became the one chosen for the malaria parasite.
The Italian Camillo Golgi, in 1886, established that there were at least two forms of the
disease, one with tertian periodicity (fever every other day) and one with quartan
periodicity (fever every third day). Golgi also noticed that the fever coincided with

the rupture and release of new parasites into the blood stream (Sherman, 1998).

The malaria transmission mystery was solved independently by the British Ronald
Ross and the Italians Giovanni Battista Grassi, Amico Bignami, and Giuseppe

Bastianelli. In 1897, when studying malaria in birds, Ronald Ross described oocysts of
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the malarial parasite in the walls of the stomach of an unclassified mosquito. Giovanni
Battista Grassi and colleagues confirmed experimentally that the human malaria
parasites go through the same stages as the bird parasites and are transmitted by
mosquito bite. However, by the time the Italians began working in human malaria
transmission, Ross’s proof was complete and parts had already been published
(Sherman, 1998; Capanna, 2006). Ross received the 1902 Nobel Prize in Medicine for
his achievements [see http://nobelprize.org/nobel_prizes/medicine/laureates/ and
(Nobel, 1967)]. For nearly 50 years, the life cycle in humans remained poorly
understood as it was not known where the parasites, which could not be seen in the
blood in the first days after infection, developed during this period. Finally, in 1947,
Henry Shortt and Cyril Garnham showed that a phase of division in the liver
preceded the development of parasites in the blood (Shortt and Garnham, 1948).

1.2. The malaria burden reality

The malaria burden is not evenly distributed since the global pattern of malarial
transmission suggests a disease centered in the tropics, but with a reach into
subtropical regions in five continents. As of 2004, 107 countries and territories were
reported as exposed to malaria transmission (Figure 1.1) with 40% of the world total
population at risk (WHO and UNICEEF, 2005). Current estimates are that around 350-
500 million clinical disease episodes occur annually, with about 90% of these
occurring in sub-Saharan Africa. This inequality is due to the fact that the majority of
infections in Africa are caused by Plasmodium falciparum, the most deadly of the
human malaria parasites, and also because the Anopheles gambiae mosquito, the most
effective malaria vector and difficult to control, is largely widespread in this
continent. Malaria is thought to kill between 1.1 and 2.7 million people worldwide
each year, about 1 million of which are children under the age of 5 years (WHO and
UNICEF, 2000). These estimates render malaria the most pre-eminent tropical
parasitic disease and one of the top three killers among communicable diseases.
Moreover, malaria has also a major economic and social burden in endemic areas.
Malaria endemic countries are not only poorer than non-malarious countries, but they
also have lower rates of economic growth (Sachs and Malaney, 2002). The malaria

burden falls disproportionately on poor and vulnerable individuals (Barat et al., 2004).
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B Areas where malaria
transmission occurs

L] Areas with limited
risk
[ ] No malaria

Figure 1.1 | Global distribution of malaria incidence in 2003.

Malaria is found in tropical regions throughout sub-Saharan Africa, Southeast Asia, the
Pacific Islands, India, and Central and South America [adapted from (Todryk and Hill, 2007),
with original data taken from World Malaria Report, WHO and UNICEF, 2005].

During the 20th century, the Global Malaria Eradication Programme attempted to
reduce the malaria spread through vector control combined with improved access to
treatment. The Programme’s effort was able to reduce or eliminate malaria
transmission but only in areas where transmission occurred at low intensity, such as
the Americas, Asia, Europe and Transcaucasia. Recent evidence shows that the
burden of malaria increased in several areas in terms of proportions of population at
risk, of the severity of infections and of the number of deaths. Factors contributing to
malaria increase consist of parasite resistance to the common used antimalarial drugs,
breakdown of control programmes, complex emergencies, collapse of local primary
health services and resistance of mosquito vectors to insecticides (WHO and UNICEEF,
2005).

As consequence of the present malaria reality, a wide-ranging coalition of interests
has been gathering to fight this disease, namely: the World Health Organization’s
“Roll Back Malaria” campaign, which aims at halving the burden of disease by 2010 in
the participating countries through interventions that are adapted to local needs and
by reinforcement of the health sector; pharmaceutical industry support; research
coordination, with the main funding agencies coming together in the Multilateral

Initiative on Malaria; and philanthropy, most notably the Malaria Vaccine Initiative
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supported by the Bill and Melinda Gates Foundation (Nabarro and Tayler, 1998;
WHO and UNICEEF, 2000; Remme et al., 2001; Carucci, 2004).

1.3. Overview of the Plasmodium life cycle

Plasmodium, the causative agent of malaria belongs to the Apicomplexa phylum. The
Apicomplexa are named after their distinctive organelle, the apical complex, which
plays a central role in cell invasion. Several other intracellular animal parasites belong
to this phylum, for example Cryptosporidium, Eimeria, Leishmania, Theileria, and

Toxoplasma.

The Plasmodium genus includes more than 100 species that infect a wide range of
vertebrate hosts such as reptiles, birds, rodents, non-human primates and humans.
Under natural conditions only four Plasmodium (P.) species can infect humans: P.
falciparum, P. vivax, P. ovale and P. malariae. The first two species are responsible for
most infections worldwide.

P. falciparum, most prevalent in Africa south of the Sahara and in certain areas of
South-East Asia and the Western Pacific, is the agent of severe, potentially fatal
malaria, causing around 1.1 - 2.7 million deaths annually, most of them in young
children in Africa. The second most common species, P. vivax, found in Asia, Latin
America and in some parts of Africa, can cause symptoms that are incapacitating and
only exceptionally leads to death (often due to rupture of an enlarged spleen). P. vivax
contributes substantially to malaria social and economic burden. P. ovale is found in
West Africa and the islands of the western Pacific. P. vivax and P. ovale form resting
stages in the liver, called "hypnozoites", which can reactivate leading to a clinical
relapse several months or years after the infecting mosquito bite. P. malariae, found
worldwide, produces long-lasting infections and if untreated can persist
asymptomatically in the human host for lifetime [reviewed in (Despommier et al.,
2000)].

The Plasmodium life cycle comprises two different hosts, a mammalian and a female
anopheline mosquito. The life cycle is rather complex and begins when a Plasmodium
infected mosquito probes for a blood source under the skin of the mammalian host.
During this process sporozoites, the parasite’s designation at this stage, are deposited
in the skin together with anticoagulant saliva that ensures an even flowing meal
(Ponnudurai et al., 1991; Matsuoka et al., 2002). These sporozoites reach the circulatory
system and are transported to the liver (Sidjanski and Vanderberg, 1997; Vanderberg
and Frevert, 2004; Amino et al., 2006). Once in the liver, sporozoites migrate through

several hepatocytes by breaching their plasma membranes until they infect a final one
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with the formation of a parasitophorous vacuole (PV) (Mota et al., 2001a; Frevert et al.,
2005). After several days of development inside a hepatocyte, between 2 and 16 days
depending on the Plasmodium species (spp.), 10000 to 30000 merozoites per invading
sporozoite are released via budding of parasite-filled vesicles (merosomes) into the
blood stream [reviewed in (Prudéncio et al., 2006)]. Each released merozoite invades
an erythrocyte, again with the formation of a PV, and undergoes a replication cycle
that ends with the release of new 16 to 32 merozoites from the mature infected
erythrocyte (schizont), which go on to infect other erythrocytes [reviewed in (Sturm
and Heussler, 2007)]. This cyclic blood stage infection occurs with a periodicity of 48
to 72 hours, depending on the Plasmodium spp.. Malaria associated symptoms only
occur during the blood stage of infection. Furthermore, some merozoites develop into
sexual parasite stages, the male and female gametocytes (micro- and macro-
gametocytes, respectively), which can be taken up when another female mosquito
feeds off an infected mammalian host. The Plasmodium life cycle continues in the
mosquito midgut, where the exflagellation of microgametocytes occurs and the
macrogametocytes are fertilized. The resulting ookinete migrates through the
mosquito midgut into the hemocele and develops into an oocyst, where sporozoites
are formed. When the oocyst is fully matured it bursts and the released sporozoites
migrate into the mosquito’s salivary glands, where they become more infective and,
therefore, ready for the next transmission step [reviewed in (Barillas-Mury and
Kumar, 2005; Matuschewski, 2006; Vlachou et al., 2006)] (Figure 1.2).
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Figure 1.2 | Plasmodium life cycle in the human and mosquito hosts.

(a.) The parasite's life cycle in the human host begins when sporozoites are inoculated into
the host's skin through the bite of an infected female Anopheles mosquito. The sporozoites are
rapidly transported to the liver as soon as they reach the blood stream. (b.) In the liver
sporozoites migrate through several hepatocytes before infection of a final host cell with the
formation of a parasitophorous vacuole. (c.) The liver schizonts, named exoerythrocytic
forms (EEFs), proliferate and differentiate into thousands of merozoites that will ultimately
be released through merosomes into the blood stream. (d.) Each merozoite will recognize,
bind to, and invade an erythrocyte, initiating a replication cycle that ends with the release of
new merozoites. (e.) Some merozoites develop sexual parasite morphologies (male and
female gametocytes), which can be ingested by a mosquito during a blood meal. (f.) Once in
the mosquito midgut, the parasite undergoes a series of transformations, culminating in the
development of new sporozoites that invade the salivary glands and (g.) consequently can be

inoculated into another host .

1.4. A glimpse at the malaria clinical features and pathogenesis

Malaria infection manifestations include a wide variety of symptoms, ranging from
absent or very mild symptoms to severe disease and even death. Symptoms and signs
of uncomplicated malaria comprise sensation of cold, shivering, fever, headaches,
vomiting, sweats and tiredness. Severe malaria manifestations include metabolic
acidosis which leads to respiratory distress, severe anemia, thrombocytopenia (blood
platelets decrease), organ failure, cerebral malaria (impairment of consciousness,

seizures, coma, or other neurological abnormalities) and placental malaria in pregnant
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women. Overall patterns of disease depend markedly on the age and the previous
immunological experience of the host [reviewed in (Greenwood et al., 2005; Schofield
and Grau, 2005)]. The multiplicity of severe malaria syndromes has confounded the
identification of unifying mechanisms of the disease. Research studies support the
idea that these several syndromes arise from the intersection of a few basic processes:
rapid expansion of infected erythrocytic mass; destruction of both infected and
uninfected erythrocytes; adhesion and sequestration of infected erythrocytes in the
vasculature; release of bioactive parasite products in host tissues molecules; local and
systemic production of cytokines and chemokines by the innate and adaptive immune
systems in response; and activation, recruitment and infiltration of inflammatory cells
(Table 1.1) [reviewed in (Malaguarnera and Musumeci, 2002; Clark and Cowden,
2003; Rasti et al., 2004; Hisaeda et al., 2005; Schofield and Grau, 2005; Boutlis et al.,
2006)]. Over the last few years, significant progress has been made towards the
identification of both parasite and host molecules that actively participate in these
processes. This is particularly important because understanding the biology
associated with the malaria disease is an essential key for the development of

successful tools for intervention.

Syndrome Clinical features Possible sequence or mechanism of disease
Cerzbral malaria Sustained impaired consciousness, coma, Cerebral parasite sequestration; bicactive GPI; pro-inflammatory
long-term neurclogical sequelas cytokine cascade; endothelial-cell activation; natural killer T-call

activation; T, 1/T_2-cell balance; chernokine production;
monocyte, macrophage and neutrophil recruitment; platelet

and fibrinogen deposition; CD4+, CO8* and 6 T-cell involvernent;
IFN-y production; neurclogical metabolic derangements; possioly

hiypoxia
Placental malaria Placental insufficiency, low birth weight, Plasmodium falciparum EMP1 -mediated binding to placental
premature delivery, loss of fetus endothelium and syncytiotrophoblast through chondroitin

sulphate A and hyaluronic acid; cytokine production; chemakine-
mediated recruitment and infiltration of monocytes; intravascular
macrophage differentiation

Severs malarial anasmia Pallor, lethargy, hasmaoglobin level of 4-6 g Erythropoietic suppression by toxins and cytokines; increased
per 10 ml REC destruction, owing to parasitzation, REC alterations,
complement and immune complex or antigen depasition,
enthrophagocytosis, splenic hyperphagism, CO4-T cells,
T, 1/T 2 cytokine balance (TNF and IFN-y versus IL-10)

Metabolic acidosis Respiratory distress, deep breathing Molecular mechanisms unknown. Possibly widespread parasite
(Kussmaul breathing), hypovolasmia sequestration; bicactive toxins; increased vascular permeability;
reduced tissue perfusion; anaemia; pulmonary airway obstruction;
hypoxia; increased host glycolysis; repressed gluconeogenesis.
Some overlap with shock-like syndrome

Shock-like syndrome Shock, haemodynamic changes, impaired Bioactive toxins; T 1 cytokines; acute-phase reactants
(systemic inflammatory- organ perfusion, disseminated intravascular
response-like syndrome) coagulation

EMP1, erythrocyte membrane protein 1; GPI, glycosylphosphatidylinositol; IFN-y, interferon-y; IL-10, interleukin-10; REC, red blood cell; T, T helper; TNF, tumour-
necrosis factor.

Table 1.1 | Severe malaria clinical features and underlying mechanisms.

Severe malaria comprises a variety of diverse syndromes that present singular and distinguishing
clinical features. The comprehension of the mechanisms that lead to the development of each
syndrome constitutes a leading area of malaria research. A remarkable knowledge has been achieved,

however there is still a great deal to be understood [adapted from (Schofield and Grau, 2005)].
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1.5. The fight against malaria: available tools

1.5.1. Anti-malarial tools: the present

Currently, the fight against malaria is focused on mosquito eradication, reduction of
human-vector contact and disease prevention and treatment using antimalarial
drugs. A viable vaccine is not yet available, despite the significant efforts that have

been made to develop one.

Mosquito eradication is mainly achieved through indoor residual spraying and
environmental management to eliminate breeding sites. Global control efforts from
the 1950s to the 1970s, mainly through the use of the insecticide Dichloro-Diphenyl-
Trichloroethane (DDT), virtually eliminated malaria transmission in the subtropics
(Greenwood et al., 2005). However, the programme was abandoned due to the
negative impact of the use of high concentrations of DDT, namely resistence
developed by mosquitoes and toxic effects to humans (Turusov et al., 2002). A deeper
reason for abandoning the campaign might have been geopolitical (Sachs, 2002).
Despite attempts to ban DDT completely, the use of small amounts of DDT (allowed
under the Stockholm Convention on persistent organic pollutants) still plays a major
role in malaria control (Schapira, 2004; Greenwood et al., 2005). A new and alternative
approach, the deployment of mosquito-killing fungi, has been recently shown as
possible (Blanford et al., 2005; Scholte et al., 2005) and has been extensively discussed
[see (Michalakis and Renaud, 2005; Kanzok and Jacobs-Lorena, 2006, Thomas and
Read, 2007)]. Although vector control strategy is very effective in reducing malaria in
some regions of Africa, it is also expensive, logistically demanding and has been
undermined by problems of insecticide resistance, environmental contamination and

risks to human health.

Reduction of human-vector contact is achieved through insecticide-treated bed nets
(ITNs) and is more appropriate for malaria control in Africa (Klausner and Alonso,
2004). Randomized trials of the ITNs in diverse settings have established their
effectiveness at cutting malaria-related morbidity and mortality (Lengeler, 2000).
Nonetheless, though ITNs are inexpensive and effective, fewer than 2% of Africans
sleep under them, which means that considerable campaigns to increase their use are
urgently required (Monasch et al., 2004). Furthermore, the regular ITN re-treatment
with insecticide has proved difficult to sustain on a large scale. However, this might
be overcome by the development of long lasting insecticidal ITNs and in fact different
prototypes are being produced and two have already been approved by the WHO
and are undergoing large-scale production (WHO and UNICEF, 2004).
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Antimalarial drugs have been quite essential in the combat against malaria, but
parasite resistance problems are arising. The used antimalarials are quinolines
(amodiaquine, piperaquine, primaquine, quinine, mefloquine and chloroquine),
antifolate drugs (pyrimethamine, chloroguanide, sulfadoxine, sulfalene and dapsone),
artemisinins and derivatives (artemether, arteether, artesunate  and
dihydroartemisinin), atoquavone, and antibiotics (such as, tetracycline, doxycycline,
and clindamycin) [reviewed in (Cunha-Rodrigues et al., 2006b; Schlitzer, 2007;
Vangapandu et al., 2007)]. The choice of the drug to use is usually driven by what
drugs the parasites in the area are resistant to, as well as their side-effects. To
counteract the rapid development of resistance some drugs are used in fixed
combinations [reviewed in (Fidock et al., 2004)].

The increasingly serious problem of malaria parasite resistance to the currently used
antimalarials discloses the urgent need to develop new and effective antimalarial
molecules. This goal can be achieved in two ways: either by focusing on validated
targets in order to generate new drug candidates or by identifying new potential

targets for malaria chemotherapy [see (Jana and Paliwal, 2007)].

1.5.2. Anti-malarial tools: the future

Sadly, the available tools against malaria mentioned above provide no strategy to
sustainably reduce or eliminate the burden of malarial disease. A vaccine against
malaria could lead the way given that this has been the most cost-effective health
intervention for a range of other infectious diseases. However, despite the extensive
research that is developed in this area, there is still no vaccine available. Malaria
vaccine research has focused on different approaches: an anti-infection vaccine aimed
at protecting malaria-naive travelers or residents of low endemic areas from becoming
infected; an anti-disease/anti-mortality vaccine aimed at children, pregnant women
and migrants living in endemic areas; and an anti-mosquito-stage vaccine aimed at
preventing the transmission of malaria from one person to another. Different pre-
erythrocytic, blood stage, and transmission-blocking vaccines are the focus of ongoing
research [reviewed in (Richie and Saul, 2002; Moorthy et al., 2004; Todryk and Hill,
2007)]. The currently most advanced malaria vaccine candidate in development is the
pre-erythrocytic RTS,S/AS02A [state of the art addressed in (Alonso, 2006; Hill,
2006)]. RTS,S/AS02A comprises a hybrid molecule in which the circumsporozoite
protein of P. falciparum is expressed with hepatitis B surface antigen in yeast (Stoute et
al., 1997). This is the only vaccine candidate shown in field trials to prevent malaria
and, in one instance, to limit disease severity. RTS,S/AS02A has provided substantial,

short-lived protection in volunteers, exposed experimentally to bites by infected
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mosquitoes (Kester et al., 2001), and substantial (71%) but only short-term protection
in naturally exposed, semi-immune adults from The Gambia (Bojang et al., 2001). In a
subsequent trial in Mozambican children, RTS,S/AS02A gave 30% protection against
the first clinical episode of malaria and 58% protection against severe malaria (Alonso
et al., 2004).

Another approach for malaria control focuses on the development of transgenic or
genetically modified genetic mosquitoes in order to convert them into inefficient
parasite vectors (Moreira et al., 2002; Marrelli et al., 2006; Marrelli et al., 2007).

In addition, the availability of genome sequences, such as the ones from the three
most relevant organisms to malaria, Homo sapiens (Nature, 2001; Science, 2001),
Anopheles gambiae (Holt et al., 2002) and Plasmodium falciparum (Gardner et al., 2002),
together with bioinformatics tools and high-throughput technologies (microarrays,
RNA interference, proteomics) will ultimately provide an integrated picture of the
parasite biology and malaria pathogenesis and hopefully facilitate the development of
the existing and new approaches [see (Hoffman et al., 2002; Ghosh et al., 2003; Carucci,
2004; Johnson et al., 2004)].

1.6. A close look at the pre-erythrocytic stage

Although the clinical symptoms only appear during the erythrocytic stage of
Plasmodium’s life cycle it should not be disregarded that the asymptomatically
pre-erythrocytic stage (also referred to as liver stage) is essential for the malaria
infection outcome. During this stage Plasmodium develops inside hepatocytes and
there is an amazing parasite multiplication. Still, relatively little knowledge exists on
Plasmodium-hepatocytes interactions, which is due to the fact that the blood stage,
being the pathogenic stage of the parasite’s life cycle, has soon attracted much more
attention than the asymptomatic liver stage. Also, large and detailed studies of liver
stage development are difficult because of the prerequisite of freshly extracted
infectious sporozoites (breeding of infectious mosquitoes is a necessity) and to the low
infection rates obtained in vitro (Prudéncio et al., 2007) and in vivo (Heussler et al.,
2006). Despite these restrictions, malaria researchers have been working towards an
understanding of the biology behind the malaria liver stage and, during this journey,

huge steps have been made to disclose the processes involved in this stage.

1.6.1. Plasmodium models for liver stage research

Liver stage research of human malaria is not feasible in vivo, therefore, several studies

have successfully accessed the complete development of hepatic stages of human
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Plasmodium sps. in human primary hepatocytes (Mazier et al., 1984; Smith et al., 1984;
Mazier et al., 1985; Mazier et al., 1987). Still, these are technically challenging because
they do not grow continuously in culture and, consequently, their availability is
dependent on often scarce and unpredictable material. Thus, several studies have
focused on the development of model systems using human hepatocyte cell lines (Uni
et al., 1985; Calvo-Calle et al., 1994; Karnasuta et al., 1995; Sattabongkot et al., 2006).
Initially, P. vivax and P. falciparum development in vitro was shown to be possible,
although in different cell lines. Complete liver stage development for P. vivax was
shown in HepG2-A16 cells (Uni et al., 1985) while P. falciparum liver stage growth was
achieved in Huh1 cells (Calvo-Calle et al., 1994) as well as HHS-102 cells (Karnasuta et
al., 1995). Only recently has a human hepatocyte cell line, HC-04, been shown to
support the complete liver stage development of both P. vivax and P. falciparum
(Sattabongkot et al., 2006). The main advantage of this cell line over the ones
previously mentioned is the fact that it allows the development of the two most
prevalent human malaria parasites with greatly improved infection rates. In addition,
mouse models with humanized livers have been shown to represent a promising new
tool for P. falciparum in vivo studies (Morosan et al., 2006; Sacci et al., 2006). These
recent developments are extremely important because they might finally bring new
avenues to human malaria liver stage research. Nevertheless, it should not be
disregarded that human malaria research also requires the production and handling
of human malaria parasite infectious mosquitoes, which involves very controlled

conditions.

As a result of the difficulties mentioned above, liver stage malaria research progress
has been achieved through the use of rodent Plasmodium spp., in particular P. berghei
and P. yoelii. These parasites are established as well-suited models for Plasmodium pre-
erythrocytic stage biology, immunology and vaccine development (Hafalla et al., 2006;
Prudéncio et al., 2006). P. berghei and P. yoelii share more than 90% genome identity
(Kooij et al., 2005). Although the P. yoelii model is generally thought to reflect human
malaria better than the P. berghei model (Calvo-Calle et al., 1994; Doolan and Hoffman,
2000; Mota et al., 2001b), the latter is the most widely used because the technologies to
enable its transfection were developed earlier (van Dijk et al., 1996) than for P. yoelii
(Mota et al., 2001b; Jongco et al., 2006). Moreover, green or red fluorescent protein-
tagged parasites have been developed first for P. berghei (Natarajan et al., 2001;
Franke-Fayard et al., 2004; Frevert et al.,, 2005) and these have already allowed
extensive in vivo studies focused in sporozoite transmission by mosquito bite
(Frischknecht et al., 2004), its subsequent journey from the skin to the liver
(Vanderberg and Frevert, 2004; Frevert et al., 2005; Amino et al., 2006) and liver stage
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development (Sturm et al., 2006). Only recently were GFP-tagged P. yoelii parasites
developed (Tarun et al., 2006; Ono et al., 2007) and used for in vivo liver stage studies
(Tarun et al., 2006).

Both P. berghei and P. yoelii are able to infect primary mouse hepatocytes (Meis et al.,
1984; Millet et al., 1985; Davies et al., 1989; Long et al., 1989) and these cells have often
been used in liver stage research. However, since primary cells have to be freshly
prepared and can only be maintained in culture for a short period of time, established
cell lines have been more widely used. Cell lines, easily maintained in culture through
several passages, constitute an extremely important tool that provides useful
information to be subsequently tested ex vivo and/or in vivo.

The hepatoma cell lines that present a relatively high level of infectivity for P. berghei
and P. yoelii and, therefore, are widely used in in vitro studies are the human
hepatoma cell lines, HepG2 and Huh?7 (Aikawa et al., 1984; Calvo-Calle et al., 1994)
and the murine hepatoma cell line, Hepal-6 (Mota and Rodriguez, 2000). P. berghei is
known to be more promiscuous than P. yoelii, since the former is able to efficiently
infect both the human and the murine hepatoma cell lines (Aikawa et al., 1984; Calvo-
Calle et al., 1994; Mota and Rodriguez, 2000) whereas the latter only infects the murine
Hepal-6 cells efficiently (Mota and Rodriguez, 2000). P. berghei sporozoite invasion
and exoerythrocytic forms (EEFs) development has also been observed in some non-
hepatic cell lines, namely the human lung cell line WI38 (Hollingdale et al., 1981;
Hollingdale et al., 1983) and the human epithelial cells HeLa (Calvo-Calle et al., 1994).
Additionally, it has been shown that P. berghei and P. yoelii sporozoites incubated,
without any host cells, at 37° C in the presence of serum develop into early EEFs
(Kaiser et al., 2003; Wang et al., 2004). Although at the morphological level axenically
cultured EEFs are indistinguishable from those that develop within hepatocytes,
intracellular residence is essential for parasite’s further growth.

P. berghei and P. yoelii display different infection efficiencies in vitro and in vivo. There
is an inverse relationship between the two species in their in vitro and in vivo infection
rates. P. yoelii infection rate is high in vivo but low in vitro, whereas P. berghei stands in
the opposite situation with the highest infection rate of malaria models in vitro, both
in primary hepatocytes and hepatoma cell lines, and comparatively low in vivo
success in mice (Khan and Vanderberg, 1991; Briones et al., 1996; Druilhe et al., 1998).
Moreover, P. berghei and P. yoelii infectivity differences in vivo not only depend on the
parasite but also on the clone and the genetic background of the rodent host (Jatfe et
al., 1990; Scheller et al., 1994; Belmonte et al., 2003). All these aspects should be
considered while extrapolating results obtained with the different experimental

models.
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1.6.2. Introducing the Plasmodium sporozoite

The invasive Plasmodium stage that is transmitted by mosquitoes and is responsible
for initiating the infection in the vertebrate host is called sporozoite and it is
distinguished by specific features. Sporozoites are small unicellular organisms, about
10 pm long and 1 pm wide. At the anterior cell pole, they possess the apical polar
ring, which serves as a microtubule-organizing center, and a unique set of secretory
organelles, termed micronemes and rhoptries, that belong to the apical complex.
Micronemes are small vesicles of varying electron density while rhoptries are large,
usually paired, pear-shaped organelles. Both these organelles discharge at the anterior
pole and their contents are involved in the three basic types of tissue interaction in the
mammalian host cell environment: gliding motility (a substrate-dependent form of
locomotion), migration through cells by membrane rupture wounding and invasion
of the host cell with the formation of a PV. The micronemes, rhoptries and also dense
granules (microspheres of approximately 200 nm in diameter) are characteristic
organelles of other invasive forms of apicomplexa parasites. Interestingly, dense
granules have not yet been observed for the sporozoite invasive form. Another unique
organelle of the sporozoite is the inner membrane complex, a flattened vesicle
underneath the cell membrane that is associated with a set of subpellicular
microtubules. An actin-myosin motor essential for sporozoite motility and invasion is
located in the narrow space between the plasma membrane and the outer membrane
of the inner membrane complex [reviewed in (Kappe et al., 2004)] (Figure 1.3). The
Plasmodium sporozoite’s features outlined above are essential for sporozoite

expedition to the liver’s host cell.
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Figure 1.3 | The Plasmodium sporozoite.

Schematic representation of a Plasmodium sporozoite, showing some of its organelles and
subcellular structures. At the anterior cell pole is positioned the apical complex which is
formed by the apical polar ring and the secretory organelles, micronemes and rhoptries.
Underneath the sporozoite’s cell membrane is the inner membrane complex with an actin-

myosin motor and associated to subpellicular microtubules [adapted from (Kappe et al.,
2004)].

1.6.3. The sporozoite journey from the skin to the liver

Malaria transmission takes place when an infected mosquito bites a mammalian host
while probing for a blood source under the skin (Matsuoka et al., 2002). During the
mosquito bite saliva containing sporozoites, vasodilators and anticoagulants is
released (Griffiths and Gordon, 1952). Although mosquitoes can harbor thousands of
sporozoites in their salivary glands, the number of sporozoites delivered in each bite
rarely exceeds 200 and most estimates from experimental infections record numbers
around 20 (Vanderberg, 1977; Rosenberg et al., 1990; Ponnudurai et al., 1991;
Rosenberg, 1992). Recently, 2 different studies (Frischknecht et al., 2004; Medica and
Sinnis, 2005) report higher numbers (sporozoite means 114 and 123, respectively).
Nevertheless, considering the total number of sporozoites present in the salivary

glands the number of sporozoites injected is quite low.
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Sporozoites are deposited into the skin (Sidjanski and Vanderberg, 1997; Amino et al.,
2006), where they migrate for at least 30 min (Vanderberg and Frevert, 2004; Amino et
al., 2006). Recently, a study using quantitative Real-Time Polimerase Chain Reaction
(QRT-PCR) has determined the kinetics with which P. yoelii sporozoites leave the
injection site and arrive in the liver and has shown that the majority of infective
sporozoites can remain in the skin for hours (Yamauchi et al., 2007). A sporozoite
surface phospholipase (PL) was shown to be required for host cell membrane
breaching during migration in the skin (Bhanot et al., 2005). Sporozoites migrate
extensively through the avascular dermis until they reach a vessel and enter the
circulatory system, which transports them into the liver. It has been proposed that
sporozoites may also travel using the lymphatic system (Vaughan et al., 1999; Krettli
and Dantas, 2000). Intravital microscopy observations have showed that within 1 hour
after P. berghei injection a proportion of sporozoites invades blood vessels and gets
carried away by the blood flow, whereas others actively enter lymph vessels or

remain in the skin after exhaustion of their motility (Amino et al., 2006) (Figure 1.4).

Figure 1.4 | Plasmodium sporozoites are deposited in the skin and enter the circulatory
and lymphatic systems.

Sporozoites (in green) are placed under the skin of the mammalian host while an infected
female Anopheles mosquito probes for a blood meal. Sporozoites migrate in the skin until they
come into contact with a blood vessel (in red) and enter the circulatory system, being then
transported into the liver. A small proportion of sporozoites can enter the lymphatic system

(in yellow). Adapted from the Plasmodium’s life cycle presented on Figure 1.2.

Most of the sporozoites that enter the lymphatic vessels do not reach the circulatory

system; instead, they are trapped in the lymph nodes. Some of these sporozoites
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partially develop into small-sized EEFs before eventually being degraded (Amino et
al., 2006). The relevance of presence of parasites in such an important organ of the
immune system has been under investigation by Chakravaraty and Zavala. It has
been observed a sporozoite-specific cytotoxic T-cell (CTL) response in the draining
lymph node just 2 days after intradermal immunization with irradiated sporozoites.
When the draining lymph node was surgically ablated to prevent early local priming,
the number of sporozoite-specific CTLs in the liver was significantly reduced,
highlighting the importance of skin-draining lymph nodes in the initiation of the
immune response to sporozoites during natural infection [Chakravaraty and Zavala,

unpublished data referenced in (Sinnis and Coppi, 2007)].

1.6.4. Sporozoite arrest in the liver

Once in the circulatory system, sporozoites are rapidly arrested in the liver.
Sporozoites are found in hepatocytes within 2 minutes after intravenous injection into
rats (Shin et al., 1982). The speed and selectivity of this process suggests specific
interactions between parasite surface protein(s) and host molecule(s).

The major surface protein of Plasmodium sporozoites, the circumsporozoite protein
(CSP), appears to have an essential role by interacting with the heparan sulphate
proteoglycans (HSPGs) of liver cells. It has been reported that recombinant CSP binds
specifically to HSPGs from the basolateral cell surface of hepatocytes in the Disse
space (region that separates the sinusoidal endothelium from hepatocytes) and that
this interaction occurs between the CSP’s conserved I and II-plus regions and heparin-
like oligosaccharides and/or heparan sulfate (Cerami et al., 1992; Pancake et al., 1992;
Frevert et al., 1993; Cerami et al., 1994; Sinnis et al., 1994; Rathore et al., 2002; Ancsin
and Kisilevsky, 2004). Although HSPGs are present in most tissues, liver HSPGs are
known to be more highly sulphated than those in other tissues (Lyon et al., 1994). This
feature has been proposed to be responsible for the selective recognition of
recombinant CSP and Plasmodium sporozoites in the liver (Ying et al., 1997; Pinzon-
Ortiz et al., 2001).

Between the blood and hepatocytes there is a layer of liver endothelial cells that have
open fenestrations which allow direct contact between the circulation and the space of
Disse (Wisse et al., 1985). Lipoproteins, because of their small size (90 nm of diameter),
are able to freely diffuse through the endothelial fenestrations and access directly the
space of Disse while sporozoites cannot due to their larger size (1um). It has been
proposed that hepatocyte HSPGs may extend through endothelial fenestrations to the
lumen of blood vessels where they would sequester sporozoites (Sinnis et al., 1996).

More recently, it has been shown that CSP and another parasite protein,
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thrombospondin-related anonymous protein (TRAP), recognize HSPGs, not only on
hepatocytes, but also on Kupffer cells (resident macrophages of the liver) and stellate
cells (highly branched fat-storing cells that embrace the sinusoids from within the
Disse space) (Pradel et al., 2002). Stellate cells synthesize eight times more sulphated
HSPGs than hepatocytes and incorporate twice the amount of sulphate into heparan
sulphate (Gressner and Schafer, 1989). Therefore, it has been suggested that
Plasmodium sporozoites initial arrest in the liver sinusoids (blood vessels in the
periphery of the liver lobules) is mediated by matrix HSPGs that are produced by
stellate cells and protrude through the endothelial fenestrations (Pradel et al., 2002, ,
2004) (Figure 1.5).

Hepatocyte :‘

Fenestration

O RNO|O|O| O

W . Y —_— —_— .

Figure 1.5 | Plasmodium sporozoite arrest in the liver.

Sporozoites (in green) reach the liver sinusoids, where they are arrested due to interactions
with heparan sulphate proteoglycans (HSPGs) from hepatocyte and stellate cells [adapted
from (Prudéncio et al., 2006)].

In addition, it has also been proposed that the highly selective sporozoite arrest in the
liver involves at least two different cell surface receptors, a highly sulfated HSPG that
associates with CSP region I-plus together with another receptor that would bound to
CSP region II-plus (Ancsin and Kisilevsky, 2004). A similar co-receptor strategy is
employed by the fibroblast growth factor (HSPG + tyrosine kinase receptor)
(Rapraeger et al., 1991; Yayon et al., 1991) and Apolipoprotein E (ApoE) containing
lipoproteins [HSPG + low density lipoprotein receptor (LDLR) or low density
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lipoprotein receptor-related protein (LRP)] (Willnow et al., 1994; Rohlmann et al.,
1998). In fact, malarial sporozoites may be using an existing host lipoprotein clearance
pathway since lipoproteins (such as chylomicrons, very low lipoprotein and low
density lipoprotein) are removed from circulation by binding to liver-specific HSPG
in the space of Disse (Herz et al., 1995; Ji et al., 1995) and recombinant P. falciparum
CSP can compete with lipoproteins for binding and clearance (Sinnis et al., 1996). High
affinity binding between CSP and LRP has been reported and shown to be inhibited
using a LRP specific blocker (Shakibaei and Frevert, 1996). However, when another
study demonstrated that LRP-deficient hepatocytes in vivo and LRP-null cells in vitro
showed an infection efficiency equal to controls (Marshall et al., 2000) it was
considered that LRP and HSPGs may not function in a coordinated fashion during
sporozoite entry, as in remnant lipoprotein metabolism, but instead may be used as
alternate binding sites during sporozoite passage to the liver.

The identity of the liver HSPG receptor remains elusive. Possible candidates are
members of the syndecan family, a major class of vertebrate membrane-bound
proteoglycans (Couchman, 2003). The multi-functional cell surface co-receptors
Syndecans-1, -2, -3 and -4 (Syn-1, -2, -3 and -4) are type 1 transmembrane proteins
expressed in a wide variety of tissues. Syn-1 and -2 are considered as possible
candidates for the HSPG receptor for Plasmodium sporozoites since they are expressed
in the liver (Bernfield et al., 1999). Syn-1 seems not an important sporozoite receptor
because P. yoelii infection in Syn-1 deficient mice showed that these mice are as
susceptible to sporozoite infection as the wild-type controls (Bhanot and
Nussenzweig, 2002). It is possible that Syn-1 function as a hepatic HSPG receptor for
Plasmodium is redundant, and that in its absence its role is fulfilled by another
molecule. Syn-2 is probably the CSP receptor since it is an unusual member of the
family of HSPGs, with a large proportion of heparin like, highly sulfated structures at
the distal end of the glycosaminoglycans chains (Lyon and Gallagher, 1991; Pierce et
al., 1992). Notably, among glycosaminoglycans, heparin is the most efficient inhibitor
of CSP binding to HepG2 cells. A well-defined decasaccharide isolated from heparin,
which has a structure commonly found in liver Syn-2, blocks the interaction between
CSP and HepG2 cells (Rathore et al., 2001). The same decasaccharide binds specifically
to apolipoprotein E (Dong et al., 2001), providing additional support for the view that
sporozoites and chylomicron remnants compete for the same liver sites. Syn-2’s role

in this process can be clarified when Syn-2 deficient mice become available.
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1.6.5. Hepatocyte infection

1.6.5.1. Reaching hepatocytes

After sporozoites are arrested in the liver sinusoid, they must reach and invade the
hepatocytes. The liver sinusoid is composed of a single cell layer of fenestrated
endothelial cells along with interspersed Kupffer cells, the liver resident
macrophages. Although liver endothelial cells have fenestrations, these are too small
(about one tenth of the diameter of a sporozoite) to allow sporozoite passage.
Research in this matter has provided strong evidence that sporozoites cross the
sinusoidal layer primarily through Kupffer cells [reviewed in (Frevert et al., 2006)]
(Figure 1.6).

Figure 1.6 | Plasmodium sporozoite’s arrival at hepatocytes through Kupffer cells.

Liver sinusoids (S) are lined by fenestrated endothelia (EC) and interspersed Kupffer cells
(KC). Stellate cells (SC) are located inside the narrow Disse space (D), which is formed by
sinusoidal cell layer and hepatocytes (H). Sporozoites (represented by the red dotted line) are
transported through liver sinusoids, until they encounter a Kupffer cell. Then, sporozoites

reach hepatocytes by traversing the Kupffer cell [adapted from (Baer et al., 2007)].

In vitro observations of the interaction between sporozoites and sinusoidal cells found
that sporozoites preferentially invaded Kupffer cells (Pradel and Frevert, 2001). More
recently, Baer et al. (2007) provided strong evidence that Kupffer cells represent the
sporozoite’s doorway to hepatocytes. In vivo, Plasmodium infection of homozygous

op/op mice, known to have fewer Kupffer cells than their wild-type counterparts
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[because they lack macrophage colony stimulating factor 1 due to a mutation in the
osteopetrosis (op) gene], led to the observation that infection in homozygous mice
was decreased by 84% when compared with their heterozygous siblings, which have
normal Kupffer cell numbers (Baer et al., 2007).

The Kupffer cell invasion process was observed to occur with the formation of a PV,
which allows sporozoites to go through Kupffer cells avoiding lysosomal fusion
(Pradel and Frevert, 2001). Intravital microscopy provided evidence that sporozoites
arrested in the liver sinusoids were found to move towards the hepatocytes through
Kupffer cells at a lower speed than the normal speed measured when sporozoites
traverse cells using plasma membrane disruption (Frevert et al., 2005). Furthermore, it
was shown that Plasmodium sporozoites are able to survive the Kupffer cell passage
unharmed through the suppression of the respiratory burst in these cells (Usynin et
al., 2007). Sporozoites exploit the overall macrophage deactivating and anti-
inflammatory properties of cyclic adenosyl monophosphate (cAMP) to suppress
reactive oxygen species production in Kupffer cells. cCAMP concentration in Kupffer
cells was previously shown to be increased by the high-affinity interaction between
CSP and the scavenger receptor LRP (Shakibaei and Frevert, 1996), which suggests
that HSPGs might also contribute to the induction of the signaling cascade by
facilitating CSP binding to LRP (Usynin et al., 2007).

Nevertheless, it has been also been suggested that crossing of the sinusoidal layer
might occur by the disruption of cell plasma membranes since P. berghei parasites
deficient in the SPECT1 (sporozoite microneme protein essential for cell traversal) and
SPECT2 (also called Plasmodium perforin-like protein 1, PPLP1) proteins, known to
confer a defect in the ability to traverse cells, have low infectivity in vivo (Ishino et al.,
2004; Ishino et al., 2005a). More studies are needed to reconcile these results with the

previously described ones.

1.6.5.2. Migration through hepatocytes

Sporozoites migrate through several hepatocytes before finally engaging the
mechanism to enter hepatocytes with formation of a PV. It has been shown both in
vitro and in vivo that during migration through cells, Plasmodium sporozoites breach
the plasma membranes of several hepatocytes and these can rapidly be repaired
(Mota et al., 2001a; Frevert et al., 2005) (Figure 1.7).
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Figure 1.7 | Plasmodium sporozoite migration through hepatocytes.
Sporozoites (in green) migrate through several hepatocytes until infection of a final one. The
migration process involves hepatocyte plasma membrane breaching while hepatocyte

infection occurs with the formation of a parasitophorous vacuole [adapted from (Prudéncio
et al., 2006)].

Migration through host cells induces exocytosis from sporozoite apical organelles and
parasite molecules, such as TRAP, are released (Mota et al., 2002). Sporozoites usually
present a faint TRAP surface staining pattern but, after incubation with host cells,
high concentrations of TRAP are observed forming an apical “cap” on the sporozoite
surface (Gantt et al., 2000). Elevated cytosolic concentrations of Ca2* in sporozoites
induce exocytosis (Gantt et al., 2000; Mota et al., 2002), which suggests that signaling
cascades might be activated in the parasite during migration through cells. In
addition, the host cell wounding by sporozoite migration was also shown to induce
the secretion of a host factor, hepatocyte growth factor (HGF), which renders
surrounding hepatocytes more susceptible to infection (Carrolo et al., 2003). By
activating its receptor, MET, HGF induces important rearrangements in host cell
cytoskeleton (Carrolo et al., 2003) and protects the host cell(s) from apoptosis (Leirido
et al., 2005a).

Although a full understanding of the molecular mechanisms associated with cell
migration is still far, four P. berghei proteins involved in this process have been
identified. These are SPECT1, SPECT2, PL and CelTOS (cell traversal protein for
ookinete and sporozoite) (Ishino et al., 2004; Bhanot et al., 2005; Ishino et al., 2005a;
Kariu et al., 2006). Sporozoites in which either one of the SPECT proteins or CelTOS
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were deleted show similar phenotypes: in vitro they lack the ability to traverse cells
but when placed directly on hepatocytes they invade and develop normally. In vivo it
was observed that these mutants lack infectivity for the mammalian host when
injected intravenously and this phenotype was inverted in mice whose liver Kupffer
cells were depleted because sporozoites access hepatocytes directly through gaps in
the sinusoidal barrier (Ishino et al., 2004; Ishino et al., 2005a; Kariu et al., 2006). These
proteins may also be required for sporozoite exit from the dermis and in fact this has
been demonstrated by intravital microscopy for the SPECT1 mutant [Amino and
Menard, unpublished data referenced in (Sinnis and Coppi, 2007)]. Altogether, the
SPECT and CelTOS mutant data suggest that, although migration through cells is
necessary to reach the hepatic parenchyma, migration through hepatocytes may not
be necessary for infection. This is in disagreement with the notion that migration is a
prerequisite to enable sporozoites to invade the appropriate host cell and therefore,
these different perceptions need further attention to be reconciled.

Mutant sporozoites in which PL is deleted or its catalytic site altered also show a
reduced cell traversal activity. Although, these mutants are impaired in reaching the
liver when injected intradermally, they present a normal infectivity when injected
intravenously (Bhanot et al., 2005). Therefore, PL appears to be required only for
crossing cell barriers in the skin suggesting that the migration mechanism in the skin

might differ from the one in the liver.

1.6.5.3. Hepatocyte invasion

Following migration through cells, Plasmodium sporozoites engage in a final invasion,
with the formation of a parasitophorous vacuole, which is essential for further
differentiation of the parasite. The parasite and host molecules involved in hepatocyte
invasion process have been under investigation. Several parasite proteins were shown
to be involved in this process and these are described below.

CSP has been extensively shown to be essential for sporozoite localization to the liver
but the role of CSP-hepatocyte interactions during the invasion process itself is still
under investigation. Recently, it was found that CSP is proteolytically cleaved by a
parasite cysteine protease upon contact with hepatocytes and this cleavage process
seems to be specifically associated with productive sporozoite invasion (Coppi et al.,
2005). In addition, CSP intracytoplasmic deposition was shown to take place during
sporozoite attachment to the host cell, reaching its peak 4 to 6 hours after invasion.
CSP interacts initially with cytosolic as well as endoplasmic reticulum-associated
ribosomes and throughout parasite development CSP binding becomes restricted to

ribosomes lining in the outer membrane of the host cell nuclear envelope (Hugel et al.,
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1996). Moreover, it was shown that CSP leads to the inhibition of protein synthesis in
host cells (Frevert et al., 1998).

TRAP, normally present in small amounts on the sporozoite surface, is released in
large amounts onto the sporozoite surface upon parasite contact with hepatocytes or
during the migration process (Gantt et al., 2000; Mota et al., 2002). TRAP is a
transmembrane protein whose extracellular portion has two cell-adhesive sequences,
an A-domain (or I-domain of integrins) and a type I thrombospondin motif (TSR)
[reviewed in (Menard, 2000)]. TRAP’s role in hepatocyte invasion has been elucidated
thanks to the generation TRAP mutants in these domains (Wengelnik et al., 1999;
Matuschewski et al., 2002). Mutations in only one of the adhesive domains were
shown to significantly decrease infectivity for hepatocytes while mutations in both

domains completely abolished infection.

The apical membrane antigen 1 protein (AMA-1), known to be involved in
Plasmodium merozoite invasion of erythrocytes, was also shown to be expressed in
sporozoites (Florens et al., 2002; Silvie et al., 2004) and to have a role in hepatocyte
invasion by P. falciparum parasites in vitro (Silvie et al., 2004). This protein is initially
found intracellularly and is secreted onto the sporozoite surface in the presence of

hepatocytes.

P. berghei P36p and Pb36 proteins, members of a small family of Plasmodium proteins
that have 6 conserved cysteine residues, were also shown to be important for

sporozoites to recognize hepatocytes and commit to infection (Ishino et al., 2005b).

The Py235 rhoptry protein, first described in P. yoelii but with clear homologues in
other rodent and human malaria species (Gruner et al., 2004), was also involved in

sporozoite invasion of hepatocytes (Preiser et al., 2002).

A role in hepatocyte invasion has been suggested for other proteins, namely the
secreted protein with altered thrombospondin repeat (SPATR) (Chattopadhyay et al.,
2003), the erythrocyte-binding antigen 175 (EBA 175) (Grumner et al., 2001b), the
sporozoite-threonine-asparagine-rich protein (STARP) (Pasquetto et al., 1997) and the
Plasmodium falciparum erythrocyte membrane protein 3 (PfEMP3) (Gruner et al.,
2001a), due either to their localization in the sporozoite or to the fact that antibodies

directed against them can decrease sporozoite infectivity.

More recently, a new parasite protein called thrombospondin related sporozoite
protein (TRSP) initially described in P. yoelii (Kaiser et al., 2004) was shown to
facilitate host cell entry (Labaied et al., 2007a).

Regarding the host cell molecules that the parasite exploits, so far only a few have

been described and these are presented below.
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The HSPGs already mentioned to be involved in sporozoite arrest in the liver may
also be involved in invasion [see (Sinnis and Coppi, 2007)]. More recently, an
interaction between fetuin-A glycoprotein on hepatocyte membranes and the
extracellular region of TRAP has been shown to enhance the parasite’s aptitude to
invade hepatocytes (Jethwaney et al., 2005).

Another host molecule identified as essential for sporozoites invasion is the
tetraspanin CD81 (Silvie et al., 2003). This membrane protein is expressed on the
surface of hepatocytes and has been previously shown to be a putative receptor for
hepatitis C virus (Pileri et al., 1998). CD81 appears to have an important role in the
invasion of mouse hepatocytes by P. yoelii and human hepatocytes by P. falciparum
(Silvie et al., 2003), which has been proposed to be linked with CD81 being localized in
tetraspanin-enriched microdomains (Silvie et al., 2006a). On the other hand, P. berghei
was shown to use both CD81-dependent and -independent pathways to enter the
hepatocyte (Silvie et al., 2006b; Silvie et al., 2007).

To date, the precise role of CD81 remains elusive, as attempts to identify a sporozoite
ligand for CD81 have not yet allowed the identification of a binding partner (Silvie et
al., 2003). Therefore CD81 may not function as a receptor but, instead, might regulate
the activity of another host molecule that has an essential role in sporozoite invasion.
This hypothesis is in agreement with the reported ability of tetraspanins to associate
with, and regulate the function of, molecular partners. Another possibility is that
CD81 functions during the early stages of PV formation, which is suggested by the
finding that the small proportion of P. yoelii sporozoites that invade CD81-negative
cells are found developing in the nucleus without a PV (Silvie et al., 2006b).

Research focused on the identification of host receptors essential for sporozoite
infection has also revealed host molecules that seem not to play a role in this process.
Plasmodium in vivo infection was accessed in mice deficient in molecules such as
ICAM-1 and ICAM-2 (intercellular adhesion molecule 1 and 2, respectively, expressed
in endothelial and epithelial cells) (Sultan et al., 1997), CD36 (scavenger receptor
found on many cells including Kupffer and endothelial cells) (Sinnis and Febbraio,
2002), Syn-1 (HSPG expressed by many cell types, including hepatocytes) (Bhanot and
Nussenzweig, 2002), SR-AI and SR-AII (scavenger receptors class A, member 1 and 2
expressed by Kupffer and liver endothelial cells) (Cunha-Rodrigues et al., 2006a). In
these studies it was observed that mice deficient in these proteins showed levels of
Plasmodium infection similar to those of wild-type mice. However, it is possible that
Plasmodium can invade host cells using multiple, alternative pathways, with
significant redundancy. Therefore, it remains to be elucidated whether any of the

receptors mentioned above plays (a) specific role(s) in malaria infection.
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As mentioned above, sporozoite hepatocyte invasion is characterized by the
formation of a PV. The processe(s) involved in PV formation is (are) unknown. Three
different models have been proposed to explain PV formation in apicomplexan
parasites: (i) de novo PV formation through the discharge of proteins and membranous
material from the parasite rhoptries; (ii) PV formation by direct invagination of the
host cell membrane and (iii) PV formation through the discharge of material from the
rhoptries along with cell membrane invagination [reviewed in (Mota and Rodriguez,
2002)]. If any of these model(s) applies to the PV formation at the time of hepatocyte

infection still has to be determined.

1.6.5.4. Development within the hepatocyte

After invasion, the sporozoite resides inside the PV and differentiates into an EEF,
which grows (trophozoite stage), multiplies (schizont stage) and, within a few days
(only 2 days for the murine Plasmodium models), generates thousands of erythrocyte-
infectious merozoites. The initial phase of sporozoite differentiation into an EEF
probably occurs without nutrient acquisition from the host cell but, afterwards, in
order to develop and multiply, the parasite must establish an extensive system to
remodel and exploit the host hepatocyte [reviewed in (Mikolajczak and Kappe, 2006)].
During EEF development within the hepatocyte the parasite notably outgrows the
normal host cell limits (Figure 1.8). During this phase there is certainly a huge
membrane and nucleic acid synthesis and an important question that remains
unanswered is how the parasite acquires the nutrients required for this process. The
hepatocytes” unique properties of metabolic “superachievers” (e.g. for major lipids
and purines) and “storehouses” (e.g. for glycogen) could be one reason why
mammalian species have acquired the ability to infect hepatocytes, whereas the
evolutionarily older avian and reptilian species develop in the sinusoidal cells
(Frevert, 2004; Bano et al., 2007). A recent study shows that, during its development,
the EEF is found in the juxtanuclear cell region where optimal replication occurs and
their PV is associated with the host endoplasmic reticulum. The PV membrane was
shown to be cholesterol-enriched and the lipids are likely to be derived from the host
plasma membrane. Moreover, Plasmodium transforms its vacuole into a highly
permeable compartment by creating channels within the PV membrane, which allow
the trafficking of a wide range of small metabolites from the host cytosol to the PV
(Bano et al., 2007).
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Figure 1.8 | Plasmodium development within the hepatocyte.

(a.) Plasmodium EEF development within the hepatocyte occurs indoors the parasitophorous
vacuole. (b.) Infected hepatocytes are enormously increased in cell volume when compared
to a non-infected cell [adapted from (Sturm et al., 2006)].

The molecular mechanisms that occur in the parasite or the hepatocyte to establish the

intrahepatocytic niche are still poorly understood.

To date only a few sporozoite proteins, namely UIS3, UIS4 and Pb36p (Mueller et al.,
2005a; Mueller et al., 2005b; van Dijk et al., 2005; Tarun et al., 2007), have been shown

to be essential for parasite development within the hepatocytes.

UIS3 and UIS4 (UIS for upregulated in infective sporozoites) knock-out (KO) P.
berghei and P. yoelii sporozoites were shown to successfully invade hepatocytes with

the formation of a PV and transform into EEFs but, subsequently, to present a severe
growth defect (Mueller et al., 2005a; Mueller et al., 2005b; Tarun et al., 2007).

For P. berghei P36p KO sporozoites, while one study shows that these invade
hepatocytes but are not able to maintain the PV and consequently their early
development is arrested (van Dijk ef al., 2005), a different study shows that P36p KO
sporozoites are able to infect cells with the formation of the PV, although with
reduced efficiency (Ishino et al., 2005b). In the latter study a significant increase in cell
traversal activity of KO parasites was also observed and it was proposed that these
fail to switch to the “infection mode” and keep on traversing host cells. A recent
study, shows that a P. yoelii P36p and P36 double mutant can enter and traverse host
cells normally (no increase in traversal activity was observed) but cannot establish a
PV early in hepatocyte infection (Labaied et al., 2007b). Thus, although P36p-deficient
sporozoites might be impaired in both invasion and intracellular development within
the host cells, it is likely that P36p plays a critical role in the pathway that leads to the

formation of the PV membrane.
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Even if the exact role of all of these proteins in EEF development remains to be
elucidated, a remarkable application of these genetically attenuated sporozoites (GAS)
is their use as live attenuated vaccines, similarly to radiation attenuated sporozoites
(RAS), which also present a deficient growth within hepatocytes (Sigler et al., 1984).
Immunization with RAS was shown to induce protection against challenge with
infectious sporozoites (Nussenzweig et al., 1967) and this model has allowed an
understanding of the basic immune mechanisms that mediate sterile protection
against infection (Doolan and Hoffman, 2000; Doolan and Martinez-Alier, 2006;
Hafalla et al., 2006). Immunization with GAS was also shown to confer full protection
against a subsequent challenge with fully infective sporozoites (Mueller et al., 2005a;
Mueller et al., 2005b; van Dijk et al., 2005; Douradinha et al., 2007; Labaied et al., 2007b;
Tarun et al., 2007), which has already been shown to occur through the induction of
protective immune responses for the UIS-deficient parasites (Jobe et al., 2007; Mueller
et al., 2007; Tarun et al., 2007).

Barely any host factors important for EEF development in the host cell are known. As
mentioned before, HGF is secreted by hepatocytes damaged during sporozoite
migration (Carrolo et al., 2003). Through HGF/MET signaling, this host factor induces
rearrangements of the host cell actin cytoskeleton that might play a role during the
early development of the parasites within the hepatocyte (Carrolo et al., 2003).
Moreover, it was also shown that HGF/MET activity on infection is also due to
apoptosis prevention in infected host cells, a crucial requirement for the full parasite
development (Leirido et al., 2005a).

Studies focused on the role of the UIS4 and UIS3 parasite proteins, essential for EEF
development, have revealed that they seem to interact with the host proteins ApoA1l
(apolipoprotein A-I) and L-FABP (liver-fatty acid binding protein), respectively.
ApoAl and UIS4 were observed to co-localize in the PV 24 hours after sporozoite
infection and ApoAl relevance in Plasmodium infection was confirmed in vitro and in
vivo [Mueller and Matuschewski, unpublished data referenced in (Prudéncio et al.,
2006)]. ApoAl is a major protein component of high density lipoprotein (HDL) and
therefore it is speculated that its role in Plasmodium intrahepatocytic development
might be related with the synthesis of large amounts of additional membrane
essential for the considerable PV expansion that must occur to allow intra-vacuolar
replication of malaria sporozoites [reviewed in (Prudéncio et al., 2006)].

UIS3 was shown to interact directly with L-FABP, using a two-hybrid system
(Mikolajczak et al., 2007). L-FABP expression down-regulation in hepatocytes severely
impairs parasite growth and L-FABP overexpression promotes growth. As the main

cytoplasmic carrier of fatty acids in hepatocytes, L-FABP acts as a shuttle of fatty acids
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for import, storage, export and delivery to intracellular destinations. Even though
whether a direct interaction of UIS3 and L-FABP takes place in infected hepatocytes
remains to be demonstrated, the authors suggest a major pathway for fatty acid
acquisition by Plasmodium from the host hepatocyte via docking of L-FABP to UIS3
(Mikolajczak et al., 2007). Further studies are needed to prove the speculated roles for
ApoAl and L-FABP.

During schizogony the parasite grows considerably in size and infected hepatocytes
become several times larger than non-infected ones. Although this enormous growth
is certainly an important stress factor for the host cell, and stress normally induces
apoptosis, infected cells surprisingly do not exhibit signs of cell death [reviewed in
(Sturm and Heussler, 2007)]. In fact there is accumulating evidence for parasite-
dependent survival of the host cell during liver stage development. A recent study
suggests that irradiated dying parasites induce apoptosis of the host cell confirming
that viable parasites are required to constantly stimulate host cell survival pathways
(Leirido et al., 2005b). Moreover, it was shown that dendritic cells (DCs) phagocytose
apoptotic cells containing the remains of intracellular parasites (Leirido et al., 2005b). It
is possible to extrapolate that apoptotic infected cells may play a role in the protective
immune response since it has previously been demonstrated that DCs mediate the
protective immune response induced by irradiated sporozoites (Hafalla et al., 2003).
Another piece of evidence that parasite death results in host cell apoptosis arises from
the observation that host cell apoptosis occurs upon parasite death (van de Sand et al.,
2005). Moreover, P. berghei infected hepatocyte analysis revealed that the presence of
the parasite protects the host cell from apoptosis induced in vitro by peroxide
treatment or serum deprivation and in vivo by TNF-a. This parasite-dependent
inhibition of apoptosis although more pronounced at 48 h post infection (p.i.) is
already detectable at 24 h p.i.

1.6.6. The parasite breaks away from the hepatocyte

Ultimately Plasmodium intrahepatocytic development comes to an end and the
thousands of newly formed merozoites must be released into the blood stream, where
they will invade erythrocytes, initiating the blood stage of malaria infection. These
merozoites must leave the PV membrane and the host cell membrane, cross the space
of Disse and penetrate endothelial cells to enter blood vessels and finally infect
erythrocytes. For many years it has been assumed that merozoites would be liberated
by rupture of the host cell membrane, but this does not explain how they can cross the
extracellular matrix-filled space and the endothelium of the blood vessels, being also

able to escape the host immune system. Recently, it was proposed that P. berghei liver
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stage parasite manipulates their host cells to guarantee the safe delivery of merozoites
into the blood stream (Sturm et al.,, 2006). Parasites induce the death and the
detachment of their host hepatocytes, followed by the budding of parasite-filled

vesicles, named merosomes (Figure 1.9).

Figure 1.9 | Plasmodium exit from the liver into the blood stream.
(a. and b.) Plasmodium merozoites are released from the liver via merosomes, merozoite-filled

vesicles, that bud off from infected hepatocytes into the sinusoidal lumen [adapted from
(Sturm et al., 2006)].

Merosomes, which can contain from just a few to several thousand merozoites, bulge
into liver sinusoids and appear to act as shuttles that ensure the release of living
merozoites directly into the circulation. Interestingly, although merosomes present
apoptotic features they are able to act as protective shields against phagocytosis due
to the lack of the phosphatidylserine signature of a dying cell. This mechanism of cell
death and cell movement of the host cell seems to be controlled by cysteine proteases
as well as factors that mediate Ca2* accumulation (Sturm et al., 2006). Merosome-like

structures have also been reported for P. yoelii (Tarun et al., 2006).
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1.7. Objectives

The biological events that take place throughout the liver stage of Plasmodium
infection are obligatory during the establishment of a natural malaria infection and
therefore constitute an ideal target for potential anti-malarial vaccines and
prophylactic drugs. Although there have been recent significant advances in our
understanding of the mechanisms by which Plasmodium sporozoites establish
infection in the mammalian host, there is still insufficient information on the host and
parasite molecules involved in Plasmodium invasion and development within

hepatocytes.

The overall goal of the research proposal that led to the work presented in this thesis
was to identify host factors playing a role on Plasmodium liver stage infection. To this
end, we sought to apply an RNA interference (RNAi) approach, which allows
selective down-regulation of gene expression. RNAIi is an evolutionarily conserved
mechanism by which double stranded RNA molecules (dsRNA) silence a target gene
through the specific destruction of its messenger RNA (mRNA) [reviewed in (Meister
and Tuschl, 2004)]. In mammalian cells small interfering RNA (siRNA) molecules
(with 21 to 23 nucleotides) are capable of specifically silence gene expression without
induction of the interferon response pathway [see (Echeverri and Perrimon, 2006)].
RNAI’s ability to induce the destruction of individual targeted mRNAs with high
efficacy and specificity enables the generation of direct relationships between a gene’s
expression level and its functional role in any biological process being studied (Sachse
et al., 2005). Basically, we used an in vitro assay in which Plasmodium infection was
accessed in host cells treated with siRNAs to specifically silence the genes under

investigation.

Initially, we tested the feasibility of a high throughput RNAi procedure in our in vitro
P. berghei infection system by performing a small screen in which a total of 96 genes
expressed in liver cells and involved in different processes (such as cytoskeleton,
signaling, apoptosis and others) were targeted. This initial screen allowed the
optimization and the standardization of all experimental conditions. More, regarding
the RNAIi screen system itself, it allow us to realize the crucial importance of: (i) use of
at least three different siRNAs to target each gene to avoid false-negative results; (ii)
confirmation rounds in order to achieve reproducible results for a specific gene with
at least two different siRNAs; and (iii) a final confirmation step in which the observed
phenotypic effect in infection is correlated with gene knock-down. Concerning the in
vitro Plasmodium infection system it was understood that the widely used human

HepG2 hepatoma cell line was not appropriate for the high-throughput type of
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reading used. HepG2 cells in culture show a high aggregation level, which makes the
automated acquisition of images at different focusing levels rather difficult. All these
conclusions allowed us to better plan the different steps of the RNAi screen(s).

Subsequently, three different sets of genes were screened:

(i) host hepatocyte genes differentially expressed throughout Plasmodium
infection, which were identified using microarray technology;

(ii) host genes encoding kinases and kinase-interacting proteins and

(iii) host lipoprotein pathway genes.
Why were these genes chosen? The explanation for the first screen involves previous
work performed in our laboratory, namely the identification of host genes that are
differentially expressed as a result of Plasmodium infection. Briefly, a microarray
approach was used to compare gene expression of infected cells to the one of non-
infected cells. Although this study has disclosed valuable information regarding the
host genes specifically modulated throughout Plasmodium infection, by itself it did not
supply evidence on their functional relevance. In order to achieve this some candidate

genes were selected from the microarray analysis and their function was further
studied by gene silencing using RNAi.

The second RNAI screen sought to determine host kinases and kinases-interacting
proteins role in Plasmodium infection. It is known that these proteins are important
intracellular signaling players and tightly control numerous cellular processes
(Manning et al., 2002). Therefore, it seemed likely that kinases and kinases-interacting
proteins modulate the cell’s behaviour during the infection process by an intracellular

pathogen.

Finally, in a follow-up work from previous reports, in which a link between host
lipoprotein clearance pathways and Plasmodium sporozoite infection of the liver was
suggested (Shakibaei and Frevert, 1996; Sinnis et al., 1996), we observed a lipoprotein-
mediated inhibition of Plasmodium hepatocyte invasion. To better understand this
observation the role of lipoprotein pathway genes in the liver stage of Plasmodium

infection was accessed by RNAI.

Data from these three studies has revealed several host factors that seem important
for the establishment and development of Plasmodium infection. Other approaches
have been employed to further validate their role. The choice of the different
approaches used was made according with the question to address and the tools
available such as antibodies, inhibitory compounds and transgenic mice among
others. The data obtained for the host factors studied provides strong evidence of

their role in liver stage Plasmodium infection.

33



Chapter 1

Plasmodium liver stage infection represents the most appealing stage for prophylaxis
and vaccine strategies and effective intervention will only become realistically
attainable by understanding the crucial host-parasite interactions. Therefore, the
knowledge of important host factors for liver stage Plasmodium infection might

provide new targets for drug and vaccine development.
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Results

After entering their mammalian host via the bite of an Anopheles mosquito,
Plasmodium sporozoites are arrested in the liver. There, they traverse several
hepatocytes before invading the one in which they develop and multiply into
thousands of merozoites (Mota et al., 2001). Plasmodium strategies that enable its
survival and development inside host liver cells remain a poorly understood, yet
essential step in malaria infection (Prudéncio et al., 2006). A molecular analysis of
this process was initiated using a post-genomics approach that comprises host cell
transcriptional profiling of P. berghei-infected hepatoma cells followed by
functional testing of identified genes using RNA interference (RNAi). The data
revealed differential expression patterns for 611 host genes, with the largest
proportion correlating specifically with the early stages of the infection process. Of
these genes, RNAi-induced loss of functions implicated two transcription factors,
Atf3 and c-Myc, whose silencing leads, respectively, to a significant increase and
decrease in Plasmodium hepatocyte infection levels. The in vitro result was
confirmed in vivo by our finding that Atf3-deficient mice have significantly higher

liver parasite loads than wild-type mice.
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The pre-eminent tropical malaria disease is one of the top three communicable
diseases in the world today. Forty percent of the world’s population is at risk of
infection, with 500 million clinical cases every year and up to three million deaths,
mostly of children, being attributable to this disease (Sachs and Malaney, 2002).
Malaria infection is initiated when Plasmodium sporozoites are injected into a
mammalian host during the bite of an infected female Anopheles mosquito while
probing for a blood meal. These sporozoites rapidly reach the liver, where inside
hepatocytes they develop into thousands of merozoites within 2 to 16 days,
depending on the Plasmodium species [reviewed in (Prudéncio et al., 2006)]. When
released into the blood stream each merozoite rapidly invades an erythrocyte, thus
initiating the erythrocytic stage of infection, responsible for all the malaria symptoms
and associated pathology. Although clinically silent, the pre-erythrocytic stage is
critical for malaria infection establishment and constitutes an ideal target for potential
anti-malarial vaccines or prophylactic treatments [reviewed in (Cunha-Rodrigues et
al., 2006)]. However, the host factors that constitute an adequate environment for
sporozoite development within hepatocytes remain largely unknown and
consequently their identification along with the underlying molecular mechanisms in
which they participate are extremely important. With the aim of identifying such
factors, we have used an established in vitro malaria model, infection of mouse
hepatoma Hepal-6 cells with P. berghei sporozoites (Mota and Rodriguez, 2000), to
identify host factors involved in Plasmodium-host cell interactions. Initially, a genome-
wide microarray technology was employed to define the temporal host cell
transcriptional response to Plasmodium sporozoite infection. The transcriptome of
infected cells was compared with that of non-infected cells using Affymetrix

oligonucleotide chips.

Plasmodium sporozoite infection in vitro is characterized by a very low efficiency, with
an average of only 2.7 + 0.7 % infected cells (n=8) in our chosen model. Therefore, P.
berghei sporozoites expressing Green Fluorescent Protein (GFP) (Franke-Fayard et al.,
2004) during all stages of parasite development (including the stages within
hepatocytes) were used in cell infection and the GFP-positive (GFP*) population, i.e.
Plasmodium infected cells, were isolated from the total cell population by Fluorescence
Activated Cell Sorting (FACS). In order to obtain an overview of the host cell response
to parasite development until it reaches a fully replicating schizont, infected samples
were collected at four different time points post-infection (p.i.), namely 6 h (early
infection), 12 h (intermediate development), 18 h (early parasite replication) and 24 h
(late parasite replication and differentiation). In vitro Hepal-6 infection with GFP-

expressing P. berghei always yielded infection levels lower than 4% and the proportion
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of infected cells decreased throughout the infection period (Figure 1a, b), which can
be explained by the fact that infected cells might not cope with parasite development
and/or by cell proliferation through time and, therefore, dilution of the infected cell
population. After selection by FACS, the infected cell population adhered
successfully, did not show any morphological defect and was able to support parasite
development (Figure 1c). In parallel, control non-infected samples were prepared by

incubating cells with salivary glands material obtained from uninfected mosquitoes.

For each selected time point, two replicate samples were analyzed in two independent
experiments. RNA obtained from an average of 7x10* cells per sample was processed
to obtain labeled cRNA, which was then hybridized to the oligonucleotide GeneChip®
Mouse Genome 430 2.0 Array (Affymetrix), which represents the whole mouse
transcriptome. Comparison between non-infected and infected samples was carried
out using a Fold Change (FC) ratio threshold of 1.4 (putative up-regulation or down-
regulation). To exclude false positives due to cross-hybridization of parasite RNA
with the mouse probes, P. berghei sporozoites were cultured axenically (without
intracellular residence in host hepatocytes) (Kaiser et al., 2003) and samples were
collected at the same time points as those used when the parasites were incubated
with cells. cRNA from axenic cultures of P. berghei sporozoites was pooled and
hybridized with the same GeneChip type used for the cell samples. No match was
found between the genes differentially expressed in the array incubated with P.
berghei infected cells and the genes expressed in the array incubated with parasite
cRNA, indicating that the parasite RNA did not interfere with the mouse expression

profiles obtained in the infected samples.

The comparison of the transcriptome of infected cells with that of non-infected cells at
the four time points post-infection assessed in this study, reveals a total of 611 genes
differentially expressed during infection of Hepal-6 cells by GFP-expressing P. berghei
sporozoites (Figure 2a and Supplementary Table 1la,b). A hierarchical clustering
analysis shows a clear segregation between non-infected (n=8) and infected cell
samples (n=8) (Figure 2a). These results suggest that Plasmodium parasites induce host
cell responses during their development within the host cell. Interestingly, we find
that the number of differentially expressed host genes decreases, from 330 at 6h to 115
at 24 hours post-infection (Figure 2b). This suggests that the initial invasion of
hepatocytes by Plasmodium leads to more profound changes in the host cell gene
expression than the subsequent intracellular parasite development occurring within
the study’s timeframe. Indeed, these early effects may reflect host cell responses to the

known traversal of sporozoites through several hepatocytes, which precedes the final
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productive infection event (Mota et al., 2001; Frevert et al., 2005) and leads to changes

at the microenvironment level (Carrolo et al., 2003).

In order to determine which of these host cell changes modulate the infection process,
we sought to manipulate the expression levels of a selection of these genes prior to
and during infection. To this end, we used RNA interference (RNAi) to silence the
expression of 50 genes deemed of highest priority based on our transcriptional
profiling results. Of these, 46 genes were among those differentially expressed during
infection (a FC ratio threshold of 1.2 was applied) (Figure 2c and Supplementary
Table 2). Moreover, 4 additional genes were chosen based on gene network analysis
with the Ingenuity Pathway Software (Ingenuity Systems, USA; www.ingenuity.com).
This software was used to perform a dynamic computational analyses of the
microarray results in terms of gene networks formed by the genes differentially
expressed throughout infection and also other associated genes, for which molecular
interaction information was obtained from the Ingenuity Pathway Knowledge Base.
The biological networks included information such as the gene molecular interactions,
functions and pathways and revealed recurrent genes that, although not differentially
expressed during infection, are tightly associated to the later (Supplementary Figure
la-d and Supplementary Table 3). These genes, referred to as “central genes”, are
mostly kinases or transcription factors, which are regulated at the phosphorilation

level and therefore did not appear as modulated at the transcriptional level.

Each of the 50 selected genes was targeted with three different small interfering RNAs
(siRNAs) individually and in triplicate samples, following the experimental workflow
summarized in Figure 3a. Briefly, each siRNA was transfected into Hepal-6 cells
which were seeded 24 hours earlier in 96-well plates. Forty-eight hours later cells
were infected with P. berghei sporozoites freshly extracted from the salivary glands of
Anopheles stephensi mosquitoes. Infected samples were fixed 24 hours after sporozoite
addition, immuno-stained for nuclear DNA, host cell actin and Plasmodium EEF-
specific antigen. Infection rates were then quantified with fluorescence microscopy
and automated image analysis. Basically, the number of stained EEFs that developed
inside Hepal-6 cells was determined and normalized to the cell confluency,
quantified through the host cell actin staining, to account for potential differences in
the total cell surface available for infection in each well. As controls, untransfected
samples and cells transfected with a negative control siRNA not targeting any
annotated genes in the mouse genome were used. In order to compare the data
between the different experimental plates the infection rate in each experimental well
was calculated as a percentage of the negative control infection rate, which was

considered as 100%. To account for cell proliferation or toxicity effects, the infection
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data obtained through the described analysis was plotted against the number of cell
nuclei in the same experimental well, calculated as a percentage of the average

number of nuclei within each experimental plate.

The first screening pass includes data from two independent runs for all the tested
siRNAs. The genes for which treatment with at least one siRNA yielded a statistically
significant infection rate increase or decrease greater or smaller than one standard
deviation (s.d.) of the average of all the experimental sample data were selected to
undergo a second confirmation pass (Figure 3b). A total of 11 out of the 50 initial
genes, corresponding to 22% of the screened genes, were chosen for the second
screening pass (Figure 3b and Supplementary Table 4 and 7). From these 11 genes
there are: (i) two genes, Fos and c-Myc, for which two distinct siRNAs lead to an
increase and decrease in infection, respectively; (ii) six genes, Atf3, Bstl, Cebpb, Kif5c,
Slc7all and Zbtb20, for which one siRNAs leads to an increase and (iii) three genes,
A130090K04RIK, Ldlr and Src, for which one siRNA leads to a decrease in infection
rate (see Supplementary Table 4 and 7). In this confirmation round each gene was re-
assayed with a set of three independent siRNAs, i.e., the siRNAs from the first
screening pass were re-assayed and one or two additional siRNAs, depending on the
gene, were designed and included in the experiment (Figure 3c). The experimental
procedure and data analysis performed in the second screening pass was the same as
the one used in the first screening pass, already described above. To ensure that the
observed infection phenotype is due to the siRNA specific-gene silencing and not to
siRNA sequence-dependent off-target effects [see (Echeverri and Perrimon, 2006)] in
this second pass only the genes for which at least two distinct siRNAs reproducibly
yield the same Plasmodium infection outcome were considered as candidate genes.
Two genes, Atf3 and c-Myc yielded a statistically significant (P < 0.05) infection
phenotype with two distinct siRNAs (Figure 3c and Supplementary Table 5 and 7).
These genes underwent a final confirmation pass in which the levels of specific-gene
silencing were determined in parallel with the infection phenotype. Briefly, as
described previously, siRNAs were transfected individually into Hepal-6 cells and,
48h later, cells were either infected with P. berghei sporozoites or lysed for quantitative
RT-PCR (qRT-PCR) analysis of the target mRNA remaining level at the time of
sporozoite addition. Analysis of the infection phenotype plotted against cell nuclei
revealed an effect on the infection outcome greater or smaller than 1 s.d. of the
untreated and negative control samples for both genes with at least two distinct
siRNAs (Figure 4a). Actually, Atf3 silencing with all the six siRNAs tested led to a
statistically significant (P < 0,05) increase in infection which correlated well with Atf3

mRNA remaining levels (Figure 4b and Supplementary Table 6 and 7). On the other
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hand, c-Myc silencing effect at the time of infection was only statistically significant
with two out of the four independent siRNAs tested (Figure 4b and Supplementary
Table 6 and 7).

The combination of the microarray and RNAi approaches allowed the identification
of two host genes Atf3 and c-Myc, which likely play a role during infection of host
hepatocytes by Plasmodium. Nevertheless, it should not be disregarded that from all
the genes differentially expressed throughout infection only about of 8% were
selected to undergo a functional confirmation by RNAi and, moreover, the present
RNAIi screen data does not completely rule out the possible involvement of other
genes among those tested since negative results in RNAi screens are generally
inconclusive [see (Echeverri et al., 2006)]. Therefore, future follow-up studies will be
extremely valuable to elucidate the potential participation of other host genes and
also to characterize the function(s) of the two genes already implicated in Plasmodium
infection in the present study.

The c-Myc protein, encoded by the myelocytomatosis oncogene, is a basic region
helix-loop-helix leucine zipper transcription factor and is involved in the regulation
of cellular proliferation, apoptosis and cell growth [reviewed in (Dang, 1999; Levens,
2002)]. In particular, c-Myc was shown to regulate the size and ploidy of hepatocytes,
being involved in liver regeneration (Baena et al., 2005). c-Myc expression promotes
the transition from GO/G1 to S phase of the cell cycle in multiple cell types, including
hepatocytes, by regulating cyclin/cyclin-dependent kinase complexes (Obaya et al.,
1999) while the absence of sufficient c-Myc turns hepatocytes susceptible to TNEF-
induced apoptosis and necrosis (Liu et al., 2000).

In the present work we observed that, although not differentially expressed
throughout Plasmodium infection, this gene appeared as a central gene in the
microarray analysis and, moreover, when silenced by RNAi a decrease in infection
was observed. Therefore, c-Myc seems to play a role in Plasmodium infection which
might be associated with c-Myc regulation of apoptosis since it has been showed that
an active inhibition of apoptosis in host cell during infection by Plasmodium is
required for a successful infection (Leirido et al., 2005; van de Sand et al., 2005). In
addition, since c-Myc is a transcription factor, it is possible that this modulates
other(s) target and/or modulator gene(s) that mediate(s) the host cell response to
Plasmodium infection. In fact, recently several studies have revealed that candidate c-
Myc target genes fall into a broad spectrum of diverse functional categories, ranging
from metabolic enzymes, biosynthesis of macromolecules such as RNA, protein and
DNA, transcription, and cell signaling (Menssen and Hermeking, 2002; O'Connell et
al., 2003; Remondini et al., 2005). Therefore, it is possible that c-Myc role in Plasmodium
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infection is related with the latter pathways, a possibility that remains to be
elucidated.

The activating transcription factor 3 gene (A#f3) encodes a member of the ATF/CREB
(cAMP-response-element-binding protein) family of basic region leucine zipper
transcription factors. Atf3 can act as a transcriptional repressor or activator depending
on whether it forms homodimers with Atf3 or heterodimers with other proteins, such
as c-Jun, Atf2, JunB, and gadd153/CHOP10 [reviewed in (Hai and Hartman, 2001)].
Atf3 is a stress-inducible transcription factor, expressed at low levels in quiescent cells
and rapidly and highly induced in different cell types by multiple and diverse
extracellular signals, such as mitogens (serum, epidermal growth factor and
hepatocyte growth factor) (Weir et al., 1994; Allan et al., 2001), cytokines (interferon-y
and interleukin-4) (Drysdale et al., 1996) and genotoxic agents (ionizing radiation and
UV light) [reviewed in (Hai et al., 1999)].

The early stress response, important for the maintenance of cell homoeostasis under
adverse conditions, activates cascades of phosphorylation events. These, in many
cases, increase the expression of the immediate early genes that encode transcription
factors, which regulate downstream genes and initiate a network of transcriptional
regulation. Atf3 has already been involved in diverse cellular functions, i.e., stress
response, regulation of the cell cycle and apoptosis (Hartman et al., 2004; Yan et al.,
2005; Lu et al., 2006; Lu et al., 2007). Moreover, Atf3 has been shown to be regulated
upon diverse microbe infections [reviewed in (Jenner and Young, 2005)]. In fact an
Atf3 increase was observed in response to bacteria and viral infections, such as spiral
Helicobacter pylori (Liu et al., 2006), hepatitis B virus (Tarn et al., 1999) and adenovirus
(Zhao et al., 2003; Granberg et al., 2006).

The microarray data presented here (see Figure 2c and Supplementary Table 2) also
shows an increase in Atf3 in response to hepatocyte infection by Plasmodium.
Moreover, although Atf3 increase is observed throughout all the infection time points
accessed, the highest expression level occurs in the earliest infection time point
assessed, namely at 6h post-infection. This is in agreement with the kinetics of Atf3
induction being immediate and transient [reviewed in (Hai and Hartman, 2001)]. The
early and transient nature of Atf3 induction suggests the existence of a mechanism
that turns off A#f3 gene expression after its induction, and in fact, Atf3 itself can
repress the activity of its own promoter (Wolfgang et al., 2000).

The functional genomics data from the RNAIi screen reveals atf3 as a promising gene
candidate to have a role in Plasmodium infection since a statistically significant
increase on infection was observed with treatment with 6 distinct siRNAs in the third

confirmation pass. In order to determine the physiological relevance of the in vitro
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results for Atf3, BALB/c mice were infected with different amounts of Plasmodium
sporozoites (2x10* or 10x10%) and the Atf3 mRNA levels, quantified by qRT-PCR at
different time points post-infection, were compared to the levels present in non-
infected mice (Figure 4c and Supplementary Figure 2). Atf3 mRNA level was found to
be upregulated 5 h after sporozoite infection, which is in agreement with the
microarray data since it was in the 6 h time point post-infection that Atf3 was found

to be more up-regulated (see Supplementary Table 2).

Furthermore, Plasmodium in vivo infection was accessed in Atf3 deficient mice.
Basically, Atf3 deficient mice were infected with 2x104 P. berghei sporozoites and the
liver infection load was compared with that of wild-type littermate mice (Figure 4d).
Forty-hours post-infection, i.e., immediately prior to parasite passage into the blood
stream, livers were dissected and the infection load was determined by qRT-PCR. The
results show that infection is higher in Atf3 deficient mice and are in agreement with
those of the RNAi functional screen whilst lending further support to the notion that
the absence of Atf3 leads to a significant increase of liver infection by P. berghei. All
the data taken together suggest that hepatocytes may respond to P. berghei infection
by increasing expression of Atf3, which, in turn, plays a role in countering infection.
Therefore, the results yielded by the in vitro approach employed in this study are of

significance to Plasmodium berghei in vivo infection.

In conclusion, the genomics approach employed to identify host molecules that may
play relevant roles during the liver stage of malaria unequivocally showed that at
least 2 host cell factors, c-Myc and Atf3, play a relevant role during Plasmodium
infection of hepatocytes, which can readily be rendered rate-limiting even with partial
RNAi-induced gene expression silencing. The fact that the two host cell factors
identified in the present study are transcription factors is consistent with the notion
that the primary response to the stress induced by the intracellular parasite must
include the activation of transcription factors which will subsequently control the
second wave of the host cell response. Moreover, several microarray studies
demonstrate that the genes regulated by diverse microbe infections converge towards
a common set of alert genes, from which A#f3 identified here as important for
Plasmodium liver stage infection belongs to [reviewed in (Jenner and Young, 2005)].
The study of the mechanism(s) by which these host molecules, c-Myc and Atf3,
modulate Plasmodium infection of hepatocytes will be of considerable interest since
this knowledge might shed light into the host cell response not only to Plasmodium

but also other microorganisms infections.

Previous genomic studies on malaria pre-erythrocytic stage have focused exclusively
on the parasite (Kappe et al., 2001; Le Roch et al., 2003; Kaiser et al., 2004; Le Roch et al.,
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2004; Wang et al., 2004; Sacci et al., 2005). The present study constitutes, to our
knowledge, the first genomic study aimed at identifying the host liver molecules that
influence infection by Plasmodium through the use of microarray and/or RNAi
technologies. Moreover, the success of this initial targeted application of RNAi
technology suggests that larger scale and more systematic approaches hold an

enormous potential for further advances in the malaria liver stage field.
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Methods

Cells and parasites

Hepal-6 (murine hepatoma cell line) cells were cultured in Dulbecco’s MEM medium
(DMEM) supplemented with 10% fetal calf serum (FCS, Gibco/Invitrogen), 1%
penicillin/streptomycin (pen/strep, Gibco/Invitrogen) and 1 mM glutamine
(Gibco/Invitrogen) and maintained at 37 °C with 5% COs. Cells were routinely
screened and found to be negative for mycoplasma.

Green fluorescent protein (GFP) expressing Plasmodium berghei (parasite line 259cl2)
sporozoites (Franke-Fayard et al.,, 2004) were obtained from dissection of infected

female Anopheles stephensi mosquito salivary glands.

Sample preparation and collection for microarrays

Hepal-6 cells were seeded (2x10° cells per well) in 24-well plates twenty-four hours
before infection. At the infection time the cell confluency was approximately of 80%
and 2x10> GFP-expressing P. berghei sporozoites were added per well (referred to as
infected samples). Salivary glands from non-infected mosquitoes were extracted and
the same volume of the extraction solution was added to control samples (referred to
as non-infected samples). All plates were then spun down at 1800xg for 7 min and
incubated at 37°C with 5% COa.

Infected samples were collected at 6, 12, 18 and 24 hours after sporozoite addition and
fluorescence activated cell-sorting (FACS) was used to select and collect infected cells
among the total cell population within each well. Briefly, cells were collected using
Trypsin (Gibco), washed with 10% FCS in PBS and resuspended in 2% FCS in PBS.
Infected hepatocytes were separated from non-infected cells using the high speed cell
sorter Dako-Cytomation (Mo-Flo MLS, 1999). Only infected samples with
approximately 90% purity (confirmed in the FACSCalibur 4 Color Analyser; Becton
Dickinson, FACSCalibur, 1998) were selected. Two replicates from independent
experiments were prepared and for further processing, only replicates with similar
infection and parasite development rates were used. In parallel non-infected samples
were collected at the same time points and passed through the cell sorter.

Sorted cells were collected in cell lysis buffer (RLT, Qiagen) and total RNA was
extracted with the Rneasy Micro Kit (Qiagen), according to the manufacturer’s
instructions. RNA concentration and quality of all replicates was evaluated with the
NanoDrop ND-1000 UV-Vis Spectrophotometer (NanoDrop Technologies) and
Bioanalyser 2100 (Agilent). The extracted RNA was used as template to synthesize
double-stranded cDNA and processed for usage on Affymetrix GeneChip® Mouse
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Genome 430 2.0 Array, according to the manufacturer’s small sample labeling
protocol version II. Data were filtered to include only those spots for which the ratio
of Fold Change (FC) was > 1.4 (putative up-regulation or down-regulation) in at least
one time point post-infection but in both replicates for each time point. For P. berghei
cross-hybridization RNA control experiments, P. berghei sporozoites were cultivated
as previously described (Kaiser et al., 2003), and collected 6, 12, 18 and 24 hours post-
incubation. Total parasite RNA was pooled and further sample processing was

performed as described above.

Microarray replicates infection quantification

Replicate infection and parasite development data were obtained at the same time
points by processing parallel infected samples for immunofluorescence. Briefly, cells
were washed with PBS, fixed with 4% paraformaldehyde (PFA) and permeabilized
with 0.1% saponin in blocking solution (3% bovine serum albumin, 100mM glycine
and 10% FCS). Exoerythrocytic forms (EEFs) were detected using the mouse
monoclonal antibody 2E6 against the parasite heat shock protein 70 (Hsp70) (Tsuji et
al.,, 1994) and an AlexaFluor555 labeled goat anti-mouse secondary antibody
(Molecular Probes/Invitrogen). Cell nuclei were stained with 4'6-diamidino-2-
phenylindole (DAPI, Sigma) and host cell actin with AlexaFluor488 Phalloidin
(Molecular Probes/Invitrogen). Infection was assessed by manual quantification of

the number of EEFs per sample.

Microarrays accession codes

The array data files are available online on http://www.ebi.ac.uk/arrayexpress/
under the accession number E-MEXP-667.

siRNA design, siRNA library and screening controls

All siRNAs were purchased from Ambion’s Silencer genome wide library
(Ambion/Applied Biosystems, Austin USA). The siRNA library screened included a
total of 50 genes selected from the microarray study analysis. Each gene was initially
targeted with 3 distinct siRNAs used individually in all cases and in the following
confirmation steps more siRNAs per gene were tested. Each siRNA was transfected in
triplicate. Negative control samples included untransfected cells and cells transfected
with a negative control siRNA not targeting any annotated genes in the human
genome. A full list of gene names and siRNA ID numbers are shown in

Supplementary Table 7.

63



Chapter 2

High-throughput siRNA screening of Plasmodium infection

Hepal-6 cells (4,5x10° per well) were seeded in 100 pl of complete DMEM medium in
optical 96-well plates (Costar) and incubated at 37°C and 5% CO.. Twenty-four hours
later, growth medium in each well was replaced by 80 pl of serum-free medium and
cells were transfected with 1 pl of 10 pM siRNA diluted in 16 pl of Opti-Mem
(Invitrogen) complexed with 0.4 pl Oligofectamine (Invitrogen) diluted in 2.6 pl
OptiMem. Transfection was performed following the recommended manufacturer
instructions. Four hours after cell transfection, 50 pl of fresh DMEM medium
supplemented with 30% FCS, 3% pen/strep and 3% glutamine were added to the
cells. Two days later, cells were infected with 20x105 P. berghei sporozoites per well.
Twenty-four hours after infection, cells were fixed with 4% PFA in PBS and
permeabilized with 0.2% saponin in PBS. Cell nuclei and actin were stained with
Hoeschst-33342 (Molecular Probes/Invitrogen) and Phalloidin AlexaFluor 488
(Molecular Probes/Invitrogen), respectively. EEFs were detected with the mouse
monoclonal 2E6 antibody (Tsuji et al., 1994) and an AlexaFluor555 goat anti-mouse

secondary antibody (Molecular Probes/Invitrogen).

Automated image acquisition and analysis

Images were acquired with a Discoveryl automated fluorescence microscope
(Molecular Devices Corporation, CA, USA) using a 10x lens. In each well, cell nuclei,
actin and EEFs were imaged in 9 fields covering a total area of 2.7 x 2.0 mm. Image
data was analyzed using a custom MetaMorph (Molecular Devices Corporation, CA,
USA) based algorithm extracting the following values for each imaged field: cell
proliferation as measured by the number of nuclei per imaged field (Hoechst
staining), cell confluency as measured by the percentage of the imaged field covered
by actin staining and number of EEFs as number of compact, high contrast objects in a
size range from 16 to 150 pixels. Within each field, the number of EEFs was
normalized to the cell confluency. Normalized EEF numbers and number of nuclei
were averaged between the 9 imaged fields within each well. Mean and standard
deviations were calculated for each experimental triplicate. Final readouts included
number of EEFs shown as a percentage of the negative control and number of nuclei

as a percentage of the plate mean.

Gene-specific expression and infection quantification by qRT-PCR

For gene-specific expression in vitro, total RNA was isolated from Hepal-6 cells 48 h

after cell transfection (Invitek Invisorb 96-well plate kit) and converted into cDNA
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(ABI's HighCapacity cDNA reagents) with random hexamers, following the
manufacturer recommendations. qRT-PCR used the SybrGreen method with
Quantace qPCR mastermix at 11 pl total reaction volume, containing 500 nM of the
target-specific primers, and primers that were designed to specifically target the
selected genes. Real-time PCR reactions were performed on an ABI Prism 7900HT
system. Relative amounts of remaining mRNA levels of RNAi targets were calculated
against the level of the housekeeping gene 18S rRNA. Remaining mRNA levels of
RNAi-treated samples were compared with those of samples transfected with
Negative siRNA, which were considered as 100% expression of the specific gene
under study. 18S rRNA-specific primer sequences were: 5- CGG CTT AAT TTG ACT
CAA CACG-3" and 5'- TTA GCA TGC CAG AGT CTC GTT C-3".

The determination of liver parasite load in vivo, was performed according to the
method developed for P. yoelii infections (Bruna-Romero et al., 2001). Livers were
collected and homogenized in denaturing solution (4 M guanidine thiocyanate; 25
mM sodium citrate pH 7, 0.5 % sarcosyl and 0.7 % B-Mercaptoethanol in DEPC-
treated water), at different time points after sporozoite injection depending on the
experiment. Total RNA was extracted using Qiagen’s RNeasy Mini kit, following the
manufacturer’s instructions. RNA for infection measurements was converted into
cDNA using Roche’s Transcriptor First Strand cDNA Synthesis kit, according to the
manufacturer’s protocol. The qRT-PCR reactions used Applied Biosystems” Power
SYBR Green PCR Master Mix and were performed according to the maunufacturer’s
instructions on an ABI Prism 7000 system (Applied Biosystems). Amplification
reactions were carried out in a total reaction volume of 25 ul, containing 0,8
pmoles/pul or 0,16 pmoles/ul of the At#f3-, PbA- or housekeeping gene-specific
primers, respectively. Relative amounts of A#3 and PbA mRNA were calculated
against the Hypoxanthine Guanine Phosphoribosyltransferase (HPRT) housekeeping
gene. Atf3-specific primer sequences were 5- CCA GGT CTC TGC CTC AGA AG -3’
and 5’- TCC AGG GGT CTG TTG TTG AC -3. For PbA 18S the primers used were 5'-
AAG CAT TAA ATA AAG CGA ATA CAT CCT TAC -3 and 5'- GGA GAT TGG TTT
TGA CGT TTA TGT G -3'. For HPRT the specific primer sequences were 5- TGC TCG
AGA TGT GAT GAA GG -3” and 5- TCC CCT GIT GAC TGG TCA TT -3,

respectively.
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Plasmodium berghei in vivo infection

BALB/c mice were bred and housed in the pathogen-free facilities of the Instituto
Gulbenkian de Ciéncia and Instituto de Medicina Molecular, respectively. All

protocols were approved by the Animal Care Committee of both Institutes.

BALB/c mice (male, 6-8 weeks) were infected with 2 or 10 x 10* P. berghei sporozoites
by intra-venous (i.v.) injection. At different time points post-infection, namely 5, 10, 20
and 40 h after sporozoite injection, the Atf3 mRNA level (determined by qRT-PCR)

was compared to the level in non-infected mice (considered as 100%).

Atf3 knock-out mice and wild-type littermates (male, 6-8 weeks) were infected i.v.
with 2 x 104 P. berghei sporozoites and PbA infection level, determined 40 h after
sporozoite injection by qRT-PCR, was compared between the two experimental

groups.

Statistical analysis

Statistical analysis was performed using unpaired Student t or ANOVA parametric

tests. P < 0.05 was considered significant.
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Figure 1 | Isolation of GFP-expressing P. berghei infected cells using FACS at
different time points post-infection (p.i.).

(a) Pre-sorting fluorescence images of infected cell populations (top panels, bar = 60
um) or isolated infected cells (bottom panels, bar = 10 pm) at the 6, 12, 18 and 24 h
pi.. Nuclei labeled by DAPI (in blue), host cell actin by Phalloidin (in red) and P.
berghei EEFs by anti-PbHSP70 antibody (in green). (b) FACS plot of sorting
experiments performed at the respective time point’s p.i. with the selected infected-
population and their correspondent infection level (GFP* population gated and
highlighted in green). Infection level for each time point was determined as the
average * s.d. from 3 or more independent samples. (c) Post-sorting imaging of
infected cells at the different time points p.i.. Infected cells are shown with green
EEFs inside (transmitted light and fluorescence pictures merged, bar = 60 um).
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Figure 2 | Microarray analysis identifies host genes differentially expressed
throughout P. berghei infection of Hepal-6 cells.
(a) Heat map and cluster analysis of genes differentially expressed in P. berghei
infected Hepal-6 cells at different time points p.i. (6, 12, 18 and 24h p.i.) compared to
non-infected samples. Gene and sample clustering branches are represented on the
left and top of the map, respectively. Gene expression values vary within the [-3 to 3]
scale with -3 corresponding to the brighter green (lower expression level), zero to
black (median expression level) and 3 to the brighter red (higher expression level).
(b) Venn diagram representing the distribution of host differential gene expression
between and at distinct time points post-infection. Each area is proportional to the
number of genes represented and the darker areas represent the common genes
between the respective time points. (¢) Expression profile of the selected 46 genes
differentially expressed in P. berghei infected Hepal-6 cells when compared to non-
infected cells at the different p.i. time points. Gene expression values above or below
a Fold Change of 1.2 are represented by the [-3 to 10] scale with -3 corresponding to
the brighter green (lower expression level), zero to black (median expression level)
and 10 to the brighter red (higher expression level).
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Figure 3 | RNAIi screens validate the functional relevance of host genes that
influence P. berghei sporozoite infection of Hepal-6 cells.

(@) Schematic representation of the RNAIi screen experimental workflow used to
identify host factors that influence P. berghei sporozoite infection of Hepal-6 cells
among those selected from the microarray study. Each siRNA was used to transfect
Hepal-6 cells seeded 24 h earlier in 96-well plates. Fourty-eight h after transfection,
cells were infected with 2x10* P. berghei sporozoites and 24 h p.i. the number of
Plasmodium EEFs, cell nuclei and confluency were determined. The candidate genes
underwent three screening passes. (b) Plot of two independent runs of the first pass
of the RNAIi screen representing the effect of 150 siRNAs targeting 50 mouse genes
on Hepal-6 cell infection by P. berghei sporozoites and cell nuclei count. Infection
rates for each experimental condition were normalized against cell confluency and
calculated as a percentage of the infection rate of the negative control. The horizontal
lines represent 100% =+ 1.0 s.d. of the average of all data in the assay. Each circle
represents one siRNA (mean of triplicate values). Negative controls appear as blue
and green circles, corresponding to untreated cells and cells transfected with a non-
specific control siRNA, respectively. Red circles highlight the siRNAs targeting the
11 candidate genes selected to undergo a second screening pass. (c) Plot of two
independent runs of the second pass of the RNAi screen representing the effect of 33
siRNAs targeting a total of 11 genes on Hepal-6 cells infection by P. berghei
sporozoites and cell nuclei count. Experimental conditions, normalization criteria as
well as colour attributions are the same as in panel (b), with red circles representing
the siRNAs targeting the 2 genes selected to undergo a third screening pass. The
horizontal lines represent 100% = 1.0 s.d. of the average of the average of all data in
the assay.
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Figure 4 | Atf3 and c-Myc host genes influence P. berghei sporozoite infection.

(a) Plot of the third pass of the RNAIi screen representing the effect of 10 siRNAs
targeting 2 mouse genes on Hepal-6 cell infection by P. berghei sporozoites and cell
nuclei count. The horizontal lines represent 100% = 1.0 s.d. of the average of all the
negative controls in the assay. Each circle represents one siRNA (mean of triplicate
values). Untreated controls appear as blue circles and negative controls as green
circles. Atf3 silencing leads to an increase in infection with all the 6 distinct siRNAs
tested (in red) while for c-Myc (4 siRNAs used, all in grey) a decrease in infection is
only observed with 2 siRNAs (in darker grey). (b) Effect of each siRNA on infection
rate versus the remaining mRNA level for the specific gene determined in the third
pass RNAI screen. Colour attributions are the same as in (a). Each circle represents
one siRNA (mean of triplicate values). (c) Atf3 mRNA level in P. berghei in vivo
infections. BALB/c mice were infected with 2x10* P. berghei sporozoites and the Atf3
mRNA level was determined by qRT-PCR at different time points, namely 5, 10, 20
and 40h p.i. (3 mice per experimental group). An increase on the Atf3 mRNA level is
observed 5h after sporozoite injection when comparing to non-infected control mice
(NI). (d) P. berghei in vivo infection in Atf3 knock-out (Atf37/- or KO) and wild-type
(WT) mice. Liver infection load in the two experimental groups (each with 5 mice)
was determined 40 h after sporozoite i.v. injection (2x10) by qRT-PCR. Atf3 KO mice
showed an increase in P. berghei infection when compared to that of WT mice.
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Supplementary Figure 1 | Microarray data analysis with Ingenuity Pathway
Software revealed recurrent genes that were included in the RNAi screen.

(a-d) Microarray analysis of the genes differentially expressed throughout
Plasmodium-hepatocyte infection (6, 12, 18 and 24 h p.i.) in terms of gene networks
with the Ingenuity Pathway Software. Representative gene networks for the
recurrent genes, that although not modulated during infection, were selected to be
studied in the RNAIi screen due to their frequent appearance in gene networks
constituted by the genes differentially expressed. The latter are represented by
symbols filled in red/pink if up-regulated, green in down-regulated and in yellow if
modulated in more than one infection time point whereas the recurrent genes, i.e.,
Fos, c-Myc, Tnf and Src are respectively highlighted by orange, red, blue and green
boxes.
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Supplementary Figure 2 | Atf3 mRNA level is up-regulated 5 h after Plasmodium
berghei sporozoite infection in vivo.

BALB/c mice were infected with 10x10* P. berghei sporozoites and the Atf3 mRNA
level was determined by qRT-PCR at different time points, namely 5, 10, 20 and 40h
pi. (3 mice per experimental group). An increase on the Atf3 mRNA level is
observed 5h after sporozoite injection when comparing to non-infected control mice
(NI).
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Albuquerque et al., Supplementary Table 1a

Gene information

Microarray Fold Change ratio at
different time points

post-infection

Gene Official Full Name Gene Official Symbol NCBI Gene Accession 6h 12h 18h 24h
Number

chemokine (C-X-C motif) ligand 2 Cxcl2 20310 10,35 3,2 2,06 1,08
ChaC, cation transport regulator-like 1 (E. coli) Chac 1/ 1810008K03Rik 69065 8,88 4,44 2,32 2,27
chemokine (C-X-C motif) ligand 1 Cxcll 14825 6,33 2,51 1,49 0,88
nuclear protein 1 Nuprl 56312 6,21 3,91 2,56 2,08
tribbles homolog 3 (Drosophila) Trib3 / Ifld2 228775 4,79 3,71 2,79 2,54
DNA-damage inducible transcript 3 Ddit3 13198 4,65 3,23 1,41 1,48
chemokine (C-C motif) ligand 2 Ccl2 20296 4,61 1,55 1,22 1,08
chemokine (C-X-C motif) ligand 5 Cxcl5 20311 3,93 1,72 -0,79 -0,96
1200016E24Rik RIKEN cDNA 1200016E24 gene 1200016E24Rik 319202 3,26 1,01 0,77 -0,6
solute carrier family 7 (cationic amino acid transporter, y+ system), member 2 Slc7a2 11988 3,24 1,87 0,92 0,79
solute carrier family 7 (cationic amino acid transporter, y+ system), member 2 Slc7a2 11988 3,17 1,77 0,69 0,87
growth arrest and DNA-damage-inducible 45 beta Gadd45b 17873 315 264 171 1,35
CCAAT/enhancer binding protein (C/EBP), delta Cebpd 12609 3,08 1,07 0,88 0,85
activating transcription factor 3 Atf3 11910 2,99 1,82 1,48 1,58
G protein-coupled receptor 137B Gprl37b 83924 2,99 3,76 3,19 1,73
vascular cell adhesion molecule 1 Vcam1 22329 2,93 -1,19 -0,99 -1,05
solute carrier family 7 (cationic amino acid transporter, y+ system), member 11 Slc7all 26570 2,9 2,01 2,12 1,46
Tnf receptor-associated factor 1 Trafl 22029 2,88 0,85 0,88 0,96
interleukin 1 receptor antagonist II1rn 16181 2,87 3,2 1,66 0,96
chloride channel calcium activated 1 Clcal 12722 2,81 0,94 -0,67 -0,83
tumor necrosis factor, alpha-induced protein 2 Tnfaip2 21928 2,7 1,08 -0,79 -0,92
expressed sequence Al84561Y Al84561Y 103846 2,66 1,83 1,37 1,28
carbonic anhydrase 2 Car2 12349 2,62 2,32 1,35 0,86
chloride channel calcium activated 1 /// Clca2 chloride channel calcium activated 2 Clcal /// Clca2 12722 /// 80797 2,59 0,83 042  -1,01
neuropilin 2 Nrp2 18187 2,55 2,2 1,43 1,31
ankyrin repeat and BTB (POZ) domain containing 2 Abtb2 99382 243 1,37 11 1
chemokine (C-X-C motif) ligand 16 Cxcll6 66102 2,39 1,6 1,01 1,37
myeloid differentiation primary response gene 116 Myd116 17872 2,3 3,46 1,71 1,52
caspase 4, apoptosis-related cysteine peptidase Casp4 12363 224 115 -1,03 0,87
G protein-coupled receptor, family C, group 5, member B Gprc5b 64297 2,24 0,6 -0,43 0,81
3110004L20Rik RIKEN cDNA 3110004120 gene 3110004L.20Rik 73102 2,21 1,33 1,2 0,98
macrophage activation 2 like [ Mpa2l 100702 2,17 -1,2 -0,88 -0,89
growth differentiation factor 15 Gdf15 23886 2,15 2,07 1,32 1,29
chemokine (C-X-C motif) ligand 10 Cxcl10 15945 2,14 -0,85 1,03 0,9
#probe design_01 2,09 1,44 1,41 1,16
a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 1 Adamtsl 11504 2,08 1,55 0,86 1,09
interferon-related developmental regulator 1 Ifrdl 15982 2,05 1,46 0,93 1,02
BCL2-like 11 (apoptosis facilitator) Bcel2111 12125 2,04 1,41 1,14 1,12
serine (or cysteine) peptidase inhibitor, clade B, member 2 Serpinb2 18788 2,03 1,16 0,64 -0,9
Nuclear receptor subfamily 4, group A, member 2 Nr4a2 18227 2,01 1,34 1,64 0,97



https://www.affymetrix.com/LinkServlet?array=Mouse430_2&probeset=1455034_at�

Gene information

Microarray Fold Change ratio at
different time points
post-infection’

Gene Official Full Name Gene Official Symbol | NCBIGene Accession | 5o | qgh | 24n
Number

chemokine (C-C motif) ligand 20 Ccl20 20297 2 0,88 -0,86 -1,09
#probe design_02 1,97 2,59 1,37 0,46
nuclear factor of kappa light chain gene enhancer in B-cells inhibitor, beta Nfkbib 18036 1,97 1,41 1,06 1,11
solute carrier family 30 (zinc transporter), member 1 Slc30al 22782 1,97 1,58 1,1 0,85
solute carrier family 7 (cationic amino acid transporter, y+ system), member 11 Slc7all 26570 1,97 2,37 1,7 1,27
2310005L22Rik RIKEN cDNA 2310005122 gene 2310005L22Rik 69471 1,95 1,7 1,27 0,93
5430416N02Rik RIKEN cDNA 5430416N02 gene 5430416N02Rik 71426 1,95 1,92 1,02 0,84
methylenetetrahydrofolate dehydrogenase (NAD+ dependent), methenyltetrahydrofolate cyclohydrolase Mthfd2 17768 1,94 1,57 1,37 1,1
#probe design_03 1,93 1,9 1,01 1
syndecan binding protein (syntenin) 2 Sdcbp2 228765 1,93 1,95 1,48 1,17
homocysteine-inducible, endoplasmic reticulum stress-inducible, ubiquitin-like domain member 1 Herpudl 64209 1,91 1,16 -0,82 0,73
growth arrest and DNA-damage-inducible 45 gamma Gadd45g 23882 1,9 1,9 1,46 1,02
solute carrier family 20, member 1 Slc20al 20515 1,9 1,72 1,09 1,37
integrin beta 6 Itgb6 16420 1,86 1,18 0,91 0,88
tumor necrosis factor, alpha-induced protein 3 Tnfaip3 21929 1,86 1,09 0,95 0,91
small nucleolar RNA, C/D box 22 Snord22 83673 1,83 1,73 0,87 1,11
solute carrier family 11 (proton-coupled divalent metal ion transporters), member 2 Slc1la2 18174 1,83 -092 -085 0,71
a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 4 Adamts4 240913 18 1,09 -09 0,86
Aars alanyl-tRNA synthetase Aars 234734 18 1,67 1,58 1,43
zinc finger, AN1-type domain 2A Zfand2a 100494 1,78 1,72 1,16 1,04
mannosidase 1, alpha Manla 17155 1,77 1,2 -0,87 -0,87
metallothionein 2 Mt2 17750 1,77 2,95 1,31 1,15
apolipoprotein B editing complex 1 Apobecl 11810 1,74 1,28 1,04 -0,96
chloride channel calcium activated 4 Clca4 229927 1,74 1,61 -0,57 -0,54
A kinase (PRKA) anchor protein 2 Akap2 11641 1,73 1,2 1,22 1,12
activating transcription factor 4 Atf4 11911 1,73 1,78 1,23 0,92
B-cell leukemia/lymphoma 6 Bcl6 12053 1,71 1,12 1,02 0,88
SKl-like Skil 20482 1,71 1,62 1,05 0,93
solute carrier family 7 (cationic amino acid transporter, y+ system), member 5 Slc7a5 20539 1,71 1,21 1,27 0,95
leukemia inhibitory factor Lif 16878 1,7 1,25 1,01 0,88
aldehyde dehydrogenase 18 family, member A1l Aldh18a1l 56454 1,7 1,53 1,28 1,02
activating transcription factor 5 Atf5 107503 1,69 1,39 1,63 1,45
proviral integration site 1 Pim1 18712 1,69 1,13 1,28 0,79
activating transcription factor 2 Atf2 11909 1,68 1,06 -0,94 -0,83
#probe design_04 1,68 1,16 -0,53 0,94
RIKEN cDNA 2410187C16 gene 2410187C16Rik 76773 1,68 1,1 0,82 -09%4
transformed mouse 3T3 cell double minute 2 Mdm?2 17246 1,67 1,59 1,28 0,93
solute carrier family 1 (glutamate/neutral amino acid transporter), member 4 Slcla4 55963 1,66 1,01 1,27 0,96
RIKEN cDNA 2610034E01 gene 2610034E01Rik 69236 1,65 1,08 1,01 0,7
solute carrier family 3 (activators of dibasic and neutral amino acid transport), member 2 Slc3a2 17254 1,65 1,82 1,17 1,28
fos-like antigen 1 Fosl1 14283 1,64 1,44 1,66 0,89

#probe design_05

1,64 0,72 0,96 0,99




Gene information

Microarray Fold Change ratio at

post-infection’

different time points

Gene Official Full Name Gene Official Symbol | NCBIGene Accession | 5o | qgh | 24n
Number

expressed sequence AI597479 AI597479 98404 1,63 1,27 1,19 1,05
torsin family 3, member A Tor3a 30935 1,63 1,21 -0,88 1,02
#probe design_06 1,62 -0,93 -0,94 -1,07
F-box only protein 33 Fbxo033 70611 1,61 15 1,15 1,17
colony stimulating factor 1 (macrophage) Csfl 12977 1,61 1,03 1,35 0,84
6-phosphofructo-2-kinase/ fructose-2,6-biphosphatase 3 Pfkfb3 170768 1,6 1,13 1,16 0,91
inhibitor of kappaB kinase epsilon Ikbke 56489 1,6 -0,87 -0,6 0,97
syntaxin 11 Stx11 74732 1,6 -0,86 -1,06 -1,11
v-maf musculoaponeurotic fibrosarcoma oncogene family, protein K (avian) Mafk 17135 1,6 1,25 1,39 1,28
arrestin domain containing 4 Arrdcd 66412 1,59 1,29 1,22 1,01
CDC42 effector protein (Rho GTPase binding) 3 Cdc42ep3 260409 1,59 1,25 1,21 1,01
sequestosome 1 Sgstm1 18412 1,59 1,71 1,46 1,09
*cDNA sequence_01 1,58 1,54 1,05 -0,88
keratin associated protein 6-1 Krtap6-1 16700 1,58 -0,82 -1,07 -0,97
serine (or cysteine) peptidase inhibitor, clade B, member 9g Serpinb9g 93806 1,57 16 2,13 0,76
LON peptidase N-terminal domain and ring finger 1 similar to CG32369-PB, isoform B LOC631639 631639 1,57 1,45 1,1 1,19
purine rich element binding protein B Purb 19291 1,57 1,15 1,13 -0,82
schlafen 2 Slfn2 20556 1,57 0,95 1,09 0,94
transformation related protein 53 inducible nuclear protein 1 Trp53inpl 60599 1,57 1,35 1,69 0,93
#probe design_07 1,56 -0,86 -0,76 -1,12
Sequestosome 1 Sgstm1 18412 1,56 1,65 -0,7 1,24
RIKEN cDNA 2410018MO08 gene 2410018 MO08Rik 71970 1,56 0,92 1,31 1,14
zinc fingers and homeoboxes protein 2 Zhx2 387609 1,56 0,89 0,91 1,1
phorbol-12-myristate-13-acetate-induced protein 1 Pmaipl 58801 1,55 1,31 1,45 0,56
zinc finger protein 423 zfp423 94187 1,55 1,47 1,39 0,83
poly (ADP-ribose) polymerase family, member 8 Parp8 52552 1,54 2,04 0,25 1,94
Rho family GTPase 1 Rnd1 223881 1,54 -1,01 0,91 0,78
melanoregulin Mreg 381269 1,54 1,37 1,26 0,68
leucine-rich repeat-containing 5 Lrrc8d 231549 1,53 1,24 1,22 1,04
solute carrier family 7 (cationic amino acid transporter, y+ system), member 1 Slc7al 11987 1,53 1,34 1,02 0,89
RIKEN cDNA 2700007P21 gene 2700007P21Rik 212772 1,52 1,24 1,15 0,94
TruB pseudouridine (psi) synthase homolog 2 (E. coli) Trub2 227682 1,52 1,09 1,14 0,99
zinc finger CCCH type containing 8 Zc3h8 57432 1,52 1,16 1,2 0,89
ADP-ribosylation factor related protein 1 Arfrpl 76688 1,51 1,11 1,24 0,99
colony stimulating factor 1 (macrophage) Csfl 12977 1,51 1,31 0,84 0,73
CCAAT/enhancer binding protein (C/EBP), beta Cebpb 12608 1,51 1,42 1,49 1,25
immediate early response 5 Ter5 15939 1,51 1,37 1,28 1,06
repetin Rptn 20129 151 -08 -0,69 -0,72
B-cell linker Blnk 17060 15 1,84 1,81 1,45
cDNA sequence BC010981 BC010981 407830 1,5 1,17 1,09 0,68
gene model 129, (NCBI) Gm129 229599 1,5 1,1 0,95 1
leucine-rich repeats and immunoglobulin-like domains 1 Lrigl 16206 15 0,91 -1 -1,02
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Gene Official Full Name Gene Official Symbol | NPT Gene Accession | - yop | g8 | 24m
Number

RIKEN cDNA A830080D01 gene A830080D01Rik 382252 15 1,24 0,97 0,9
trinucleotide repeat containing 15 Tnrcl5 227331 1,5 1,09 0,7 1
RIKEN cDNA 6720458F09 gene 6720458F09Rik 328162 149 1,35 1,53 0,98
HECT, UBA and WWE domain containing 1 Huwel 59026 1,49 0,93 0,85 -0,96
aldehyde dehydrogenase 1 family, member 1.2 AldhlI2 216188 1,49 1,55 1,33 1,02
RIKEN cDNA D730035F11 gene D730035F11Rik 320010 149 1,22 092 -0,78
serine/ threonine kinase 17b (apoptosis-inducing) Stk17b 98267 1,49 129 1,11 1,13
*cDNA sequence_02 1,48 1,17 1,02 0,94
nuclear receptor subfamily 4, group A, member 2 Nr4a2 18227 1,48 1,22 1,11 0,76
protein tyrosine phosphatase, non-receptor type 14 Ptpnl4 19250 148 1,51 1,25 1,13
centrosome and spindle pole associated protein 1 Csppl 211660 1,48 0,8 1,06 -0,56
cysteine rich protein 61 Cyr61 16007 1,47 0,62 0 1,32
dipeptidylpeptidase 7 Dpp7 83768 147 1,53 1,39 1,83
intercellular adhesion molecule Icam1 15894 1,47 -0,96 -1,05 -0,92
sema domain, immunoglobulin domain (Ig), and GPI membrane anchor, (semaphorin) 7A Sema7a 20361 1,47 09  -1,06 -093
TAP binding protein-like Tapbpl 213233 1,47 0,98 -1,04 -1,03
ornithine decarboxylase, structural 1 Odcl 18263 146 115 -094 092
STE20-like kinase (yeast) Slk 20874 146 1,26 0,79 0,98
zinc finger protein 346 Zfp346 26919 1,46 1,25 1,02 0,87
BH3 interacting domain death agonist Bid 12122 1,45 1,3 1,28 1,2
vacuolar protein sorting 37B (yeast) Vps37b 330192 145 1,31 1 0,94
dual specificity phosphatase 4 Dusp4 319520 1,45 1,68 0,96 0,97
lymphotoxin B Ltb 16994 1,45 0,86 -1,46 -1,38
protein phosphatase 1 (formerly 2C)-like Ppm1l 242083 145 1,07 1,2 0,88
RIKEN cDNA 1110054005 gene 1110054005Rik 66209 145 1,31 1,46 1,04
oxidative stress induced growth inhibitor 1 Osginl 71839 1,45 1,13 0,97 0,82
RIKEN cDNA 2610207105 gene 2610207105Rik 233789 145 1,26 0,87 0,82
choline kinase alpha Chka 12660 1,44 1,45 -0,63 0,94
cryptochrome 1 (photolyase-like) Cryl 12952 144 121 0,96 1,12
RAB32, member RAS oncogene family Rab32 67844 1,44 0,94 0,9 0,89
neuron-glia-CAM-related cell adhesion molecule Nrcam 319504 144 1,35 0,8 -0,9
WD repeat domain 37 Wdr37 207615 144 094 098  -0,86
apoptosis inhibitor 5 Api5 11800 1,43 1,1 1,21 1,04
Kruppel-like factor 4 (gut) Kif4 16600 1,43 1,35 1,26 1,57
ESF1, nucleolar pre-rRNA processing protein, homolog (S. cerevisiae) Esf1l 66580 143 1,21 1,04 0,73
CD83 antigen Cds3 12522 142 -102 -093 -1,03
interferon stimulated exonuclease gene 20-like 1 Isg2011 68048 142 1,14 13 0,91
sestrin 2 Sesn2 230784 142 1,59 1,52 1,18
zinc finger protein 296 Zfp296 63872 1,42 1,35 1,49 1,3
zinc finger protein 566 Zfp566 72556 142 141 1,15 0,92
c¢DNA sequence BC022687 BC022687 217887 141 1,22 1,27 1,18

Growth factor receptor bound protein 2-associated protein 2 Gab2 14389 1,41 1,5 1,18 0,66
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Microarray Fold Change ratio at

different time points
post-infection’
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Number

#probe design_08 1,41 1,4 1,18 1,05
expressed sequence AW112010 AW112010 107350 1,41 1,06 -1,01 -0,93
gephyrin Gphn 268566 141 -091 0,96 0,81
meningioma expressed antigen 5 (hyaluronidase) Mgeab 76055 1,41 1,06 0,96 0,84
prostaglandin-endoperoxide synthase 1 Ptgsl 19224 1,41 0,69 1 0,58
SFT2 domain containing 2 Sft2d2 108735 1,41 1,35 1,03 1,13
trans-golgi network protein Tgoln1 22134 1,41 1,24 0,86 1,2
translocase of inner mitochondrial membrane 10 homolog (yeast) Timm10 30059 141 1,41 1,32 1,24
Nfkbiz nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, zeta Nfkbiz 80859 14 0,94 -0,79 0,85
#probe design_09 1,4 0,77 0,75 -1,02
RIKEN cDNA 5031425E22 gene 5031425E22Rik 75977 14 1,24 1,07 1,07
cytochrome b5 reductase 1 Cybbr1 72017 1,39 1,78 1,36 1,36
cache domain containing 1 Cachd1 320508 1,39 1,74 1,32 1,2
small proline-rich protein 1B Sprrlb 20754 1,39 2,21 2,27 2,31
spermidine/spermine N1-acetyl transferase 1 Satl 20229 1,39 14 1,12 1,07
fibronectin leucine rich transmembrane protein 3 Flrt3 71436 1,37 1,44 1,25 1,37
ATPase, Na+/K+ transporting, beta 1 polypeptide Atplbl 11931 1,35 1,49 1 0,83
#probe design_10 134 153 177 182
RIKEN cDNA 3110023B02 gene 3110023B02Rik 67291 1,33 1,41 1,25 09
expressed sequence AI117581 AI117581 103629 1,32 14 0,79 0,93
RIKEN cDNA 2610200G18 gene 2610200G18Rik 67149 1,32 1,42 1,1 1,02
TATA box binding protein (Tbp)-associated factor, RNA polymerase I, A Tafla 21339 1,32 1,45 1,09 0,84
heme oxygenase (decycling) 1 Hmox1 15368 1,31 0,54 1,84 1,16
acyl-CoA thioesterase 2 Acot2 171210 1,31 1,66 1,47 0,98
solute carrier family 25, member 33 Slc25a33 70556 1,31 1,5 1,15 1,16
ataxin 2 binding protein 1 A2bpl 268859 1,3 -1,12 0,99 -1,42
phosphoserine phosphatase Psph 100678 1,3 18 1,36 1,1
pyrroline-5-carboxylate reductase 1 Pycrl 209027 13 1,61 1,37 0,98
ribonuclease P 40 subunit (human) Rpp40 208366 1,29 1,28 1,47 1,14
ATPase, H+ transporting, lysosomal V0 subunit B Atp6v0b 114143 1,28 1,36 1,34 1,45
thioredoxin reductase 1 Txnrd1 50493 1,28 0,33 1,5 1,19
#probe design_11 1,27 1,41 0,96 0,99
Serine hydroxymethyltransferase 2 (mitochondrial) Shmt2 108037 1,25 1,48 1,16 1,35
ectonucleotide pyrophosphatase/phosphodiesterase 2 Enpp2 18606 1,24 107 -142 -144
DEP domain containing 7 Depdc7 211896 1,24 1,22 1,49 1,24
metallothionein 1 Mtl 17748 1,24 1,92 0,88 0,85
ceroid lipofuscinosis, neuronal 3, juvenile (Batten, Spielmeyer-Vogt disease) CIn3 12752 1,23 1,21 1,33 14
DPH2 homolog (S. cerevisiae) Dph2 67728 1,23 1,26 1,44 1,32
Nur77 downstream gene 2 Ndg2 103172 1,23 1,97 2,67 2,39
4-hydroxyphenylpyruvate dioxygenase-like Hpdl 242642 1,22 1,16 1,67 1,31
receptor accessory protein 6 Reep6 70335 1,22 1,55 1,79 1,49
Esterase D /formylglutathione hydrolase Esd 13885 1,2 1,75 0,86 0,89
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phosphomannomutase 1 Pmm1l 29858 1,19 1,66 1,63 1,3
serine (or cysteine) proteinase inhibitor, clade E, member 2 Serpine2 20720 1,19 1,62 1,09 0,6
zinc finger protein 142 Zfp142 77264 1,17 1,42 1,02 0,86
C-type lectin domain family 4, member d Clec4d 17474 1,16 2,26 1,42 0,91
nucleolar and coiled-body phosphoprotein 1 Nolcl 70769 1,15 0,71 0,97 1,42
ribosomal protein S15a Rpsl5a 267019 1,15 1,46 0,58 0,9
transmembrane and tetratricopeptide repeat containing 2 Tmtc2 278279 1,15 -086 -1,54 -1,42
Capping protein (actin filament), gelsolin-like Capg 12332 1,14 149 1,02 0,75
psoriasis susceptibility 1 candidate 2 (human) Psors1c2 57390 1,14 -1 -1,37  -1,78
calcium/calmodulin-dependent protein kinase kinase 2, beta Camkk?2 207565 1,13 0,95 1,44 0,84
#probe design_12 1,12 1,71 0,8 1,13
laminin, gamma 2 Lamc2 16782 1,12 1,51 1,69 1,32
RIKEN cDNA A830021K08 gene A830021K08Rik 320427 1,1 15 1,17 1,12
target of myb1 homolog (chicken) Tom1 21968 1,1 1,44 1,21 1,19
*cDNA sequence_03 1,08 1,13 1,43 1,04
serine (or cysteine) proteinase inhibitor, clade B, member 9b Serpinb9b 20706 1,08 1,41 1,21 1,23
glycoprotein (transmembrane) nmb Gpnmb 93695 1,07 1,27 1,52 1,35
heat shock protein 1A Hspala 193740 1,06 1,77 -0,8 0,66
RIKEN cDNA 4932425124 gene 4932425124Rik 320214 1,06 0,93 1,42 1,09
arginase type Il Arg2 11847 1,05 0,82 -1,44 -0,81
#probe design_13 1,05 -1,46 -1,28 1,22
RIKEN cDNA 2700078E11 gene 2700078E11Rik 78832 1,05 1,01 1,42 1,12
RIKEN cDNA 2310047B19 gene 2310047B19Rik 66962 1,04 1 0,98 1,48
claudin 4 Cldn4 12740 1,03 1,23 1,21 1,45
glucosamine-6-phosphate deaminase 1 Gnpdal 26384 1,03 1,01 1,6 1,21
DNA segment, Chr 5, ERATO Doi 593, expressed D5Ertd593e 52331 1,01 1,4 0,94 1,01
spermatogenesis associated 17 Spatal? 74717 1,01 1,69 -0,71 -0,74
*probe design_14 1,00 1,07 072 185
RIKEN cDNA C230093N12 gene C230093N12Rik 98952 1,01 11 14 0,98
cDNA sequence AY036118 AY036118 170798 1 0,88 0,97 1,52
*probe design_15 1 158 085 1,29
#probe design_16 1 0,8 1,45 1,16
protocadherin 9 Pcdh9 211712 1 1,43 -0,9 -1,12
carboxypeptidase M Cpm 70574 1 -1,23 1,07 -1,48
glycoprotein (transmembrane) nmb Gpnmb 93695 0,99 1,61 1,37 1,34
monoamine oxidase A Maoa 17161 0,99 1,33 1,44 1,09
Apolipoprotein H Apoh 11818 1,47 -077 067
heat shock protein 1B Hspalb 15511 0,97 2,63 1,09 0,93
epiplakin 1 Eppkl 223650 0,95 0,98 1,62 0,99
nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, epsilon Nfkbie 18037 095 -142 -0,9 -1
gelsolin Gsn 227753 0,94 1,29 2,12 1,69
kit ligand Kitl 17311 0,94 1,57 1,61 1
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stannin Snn 20621 0,94 1,23 1,44 0,98
basic helix-loop-helix domain containing, class BS Bhlhb5 59058 0,93 -1,26 -1,34 -1,56
heat shock protein 1A /// heat shock protein 1B Hspala /// Hspalb 193740 /// 15511 0,93 2,68 1,21 0,54
RIKEN cDNA 2610528E23 gene 2610528E23Rik 66497 0,93 1,22 1,53 1,19
abhydrolase domain containing 5 Abhd5 67469 0,92 1,04 1,39 141
cytoplasmic polyadenylation element binding protein 2 Cpeb2 231207 091 -053 1,75 0,59
Cathepsin A Ctsa 19025 0,91 1,13 0,85 1,46
nucleotide binding protein 2 Nubp2 26426 0,91 0,99 1,44 1,26
transmembrane protein 69 Tmem69 230657 0,91 -0,93 1,47 1,09
ets homologous factor Ehf 13661 0,9 -1,18 -0,99 -1,53
pappalysin 2 Pappa2 23850 09 1,51 1,26 1,45
vomeronasal 1 receptor, C6 Vlrc6 113863 0,9 1,53 -0,78 -0,64
*cDNA sequence_04 0,89 -1,01 -1,3 -1,4
insulin induced gene 1 Insigl 231070 0,89 -1,5 -0,95 -1,06
peroxisome proliferative activated receptor, gamma, coactivator 1 alpha Ppargcla 19017 0,88 0,99 1,34 1,47
adenosine deaminase Ada 11486 0,87 1,08 1,46 0,9
protein tyrosine phosphatase, receptor type, E Ptpre 19267 087 -106 -135 -143
gene model 440, (NCBI) Gm440 242819 08 -113 -129 -143
methionine adenosyltransferase II, alpha Mat2a 232087 0,85 -1,48 0,92 0,76
chromodomain helicase DNA binding protein 9 Chd9 109151 0,84 -0,96 -1,4 -0,99
coagulation factor II (thrombin) receptor F2r 14062 0,84 1,47 0,85 0,8
tubulin, beta 2c Tubb2c 227613 084 -146 -0,69 0,69
#probe design_17 0,83 1,41 -0,89 0,83
RIKEN cDNA 1700034123 gene 1700034I123Rik 73297 0,82 0,96 0,48 2,06
inhibitor of kappaB kinase gamma Ikbkg 16151 0,8 1,19 1,56 1,22
centaurin, delta 1 Centd1 212285 0,79 -0,83 1,43 0,84
Sorbin and SH3 domain containing 1 Sorbs1 20411 0,79 -1,5 -0,72 -0,7
alcohol dehydrogenase 7 (class IV), mu or sigma polypeptide Adh7 11529 078 1,77 15 1,24
*cDNA sequence_05 0,77 -0,99 -1,07 -1,57
Peroxisome proliferative activated receptor, gamma, coactivator 1 alpha Ppargcla 19017 0,73 096 1,52 1,05
Baculoviral IAP repeat-containing 4 Birc4 11798 0,66 -1,42 -0,81 0,55
Ataxia telangiectasia and Rad3 related Atr 245000 066 -142 -082 -0,85
*cDNA sequence_06 0,65 -1,34 -1,03 -1,56
ubiquitin specific protease 15 Uspl5 14479 057 -1,57 1,26 0,84
Membrane associated guanylate kinase, WW and PDZ domain containing 1 Magil 14924 0,53 -1,54 -0,39 -0,8
Myeloid ecotropic viral integration site-related gene 1 Mrgl 17536 052 -1,56 -0,5 -1,04
Rho-associated coiled-coil containing protein kinase 1 Rock1 19877 0,51 -1,49 -0,26 0,77
glutathione S-transferase, alpha 3 Gsta3 14859 051 1,31 228 1,39
*cDNA sequence_07 0,49 -1,61 -0,58 -0,88
RIKEN cDNA 3110047M12 gene 3110047M12Rik 73184 049 -1,68 -0,3 -0,66
Annexin A4 Anxa4 11746 047 -155 -0,21 -0,99

Nuclear factor of activated T-cells 5 Nfat5 54446 0,45 -1,47 -0,62 -1,04
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RIKEN cDNA 5230400M03 gene 5230400M03Rik 329406 045 -144 -049 -096
DENN/MADD domain containing 1B Denndlb 329260 044 -144 -0,75 -0,88
*cDNA sequence_08 042 -141 -0,69 -1,13
*cDNA sequence_09 0,41 -1,53 -0,44 -1,09
RIKEN cDNA 5930427102 gene 5930427L.02Rik 402754 04 -1,52 -0,76 0,83
ADP-ribosylation factor guanine nucleotide-exchange factor 1(brefeldin A-inhibited) Arfgefl 211673 0,38 -1,43 -0,29 -0,88
DNA segment, Chr 3, ERATO Doi 452, expressed D3Ertd452e 51898 037 -145 -0,9 -1,34
Nipped-B homolog (Drosophila) Nipbl 71175 0,35 14 031 -0,8
*cDNA sequence_10 0,34 -1,5 -0,64 -0,71
RIKEN cDNA 9630019E01 gene 9630019E01Rik 319967 033 -133 -0,37 -142
*cDNA sequence_11 0,32 -1,49 -0,65 -0,91
*cDNA sequence_12 0,19 -1,57 -0,1 -0,66
Ubiquitin-conjugating enzyme E2H Ube2h 22214 0,17 -1,42 -0,86 -0,53
*cDNA sequence_13 0 -2,08 -0,16 -0,9
solute carrier family 12, member 2 Slc12a2 20496 0 1,42 -0,54 0,41
RAS, guanyl releasing protein 2 Rasgrp2 19395 -032 07 -144 -076
RIKEN cDNA 2610024D14 gene 2610024D14Rik 70410 -051 -142 0,97 0,59
cysteine-rich secretory protein 1 Crispl 11571 -0,57 -0,98 -1,59 -0,93
chemokine (C-C motif) ligand 28 Ccl28 56838 -0,59 0,74 -0,8 1,58
histone cluster 1, H2bc Hist1lh2bc 68024 -0,59 0,86 1,48 -0,67
collectin sub-family member 11 Colecll 71693 -069 0,68 1,19 1,52
PDZ and LIM domain 5 Pdlim5 56376 0,69 -142 -1,2 -1,32
#probe design_18 -0,7 -1,43 -1,31 0,62
LUC7-like 2 (S. cerevisiae) Luc712 192196 -0,72 -1,23 -0,93 -1,44
UDP-glucose ceramide glucosyltransferase Ugcg 22234 -073  -162 -023 0,86
Praja 2, RING-H2 motif containing Pja2 224938 -0,74 -0,63 -1,9 -0,1
preimplantation protein 4 Prei4 74182 -0,77 -1,45 -0,73 -0,99
zinc finger and BTB domain containing 20 Zbtb20 56490 -0,79 -1,54 -0,85 -0,75
transmembrane protein 16A Tmem1l6a 101772 -0,81 1,14 1,51 1,37
#probe design_19 -083 -1,14 -1,5 -1,36
Interferon gamma receptor 1 Ifngrl 15979 -0,84 -1 -1,56 -1,1
CTD (carboxy-terminal domain, RNA polymerase II, polypeptide A) small phosphatase like 2 Ctdspl2 329506 -086 -149 -091 -0,86
interleukin 13 receptor, alpha 1 1113ral 16164 -08 -135 -1,71 -1,22
ubiquitin specific protease 53 Usp53 99526 -0,86 -1,68 -0,69 -1,52
ATPase, aminophospholipid transporter (APLT), class I, type 8A, member 1 Atp8al 11980 -087 -1,28 -1,6 -1,5
latent transforming growth factor beta binding protein 3 Ltbp3 16998 -087 -105 -1,21 -1,42
transcription factor 7-like 2, T-cell specific, HMG-box Tcf712 21416 0,87 -1,44 -0,84 -0,95
leucine rich repeat containing 28 Lrrc28 67867 -0,88 -0,83 1,49 1,07
*cDNA sequence_14 0,89 -147 -0,8 -0,65
Sterol-C4-methyl oxidase-like Sc4mol 66234 0,89 -1,32 -1,53 -1,01
activated leukocyte cell adhesion molecule Alcam 11658 -0,9 1,12 142 1,13
RIKEN cDNA D230012E17 gene D230012E17Rik 241062 -09 -101 -138 -152
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adaptor protein, phosphotyrosine interaction, PH domain and leucine zipper containing 2 Appl2 216190 -092 -097 -166 -1,24
Wilms tumor homolog Witl 22431 -0,92 -1,27 -1,26 -1,41
sema domain, immunoglobulin domain (Ig), short basic domain, secreted, (semaphorin) 3G Sema3g 218877 -093 -095 -1,74 -1,51
dedicator of cytokinesis 4 Dock4 238130 -093 -1,17 -1,38 -1,41
glutamate-cysteine ligase , moditier subunit Gelm 1463V VY5  Lba 1,66 1,46
zinc finger protein 654 Zfp654 72020 -093 -1,43 -1,21 -1,17
serum response factor Srf 20807 -0,93 1,44 1,09 0,92
bromodomain and WD repeat domain containing 3 Brwd3 382236 -094 -0,98 -1 -1,66
#probe design_20 -094 -1,58 -0,78 -1,34
potassium channel tetramerisation domain containing 12 Kctd12 239217 0,94 -141 -1,71 -1,54
cyclin T2 Cent2 72949 -095 -1,16  -1,49 -1,3
fibrinogen, B beta polypeptide Fgb 110135 -09 -1,17 -1,68 -1,18
mitogen activated protein kinase kinase kinase 12 Map3k12 26404 -095 -1,48 -0,86 0,87
forkhead-associated (FHA) phosphopeptide binding domain 1 Fhad1 329977 095 -1,16 -149 -1,19
bone marrow stromal cell antigen 1 Bstl 12182 -096 -1,42 -1,9 -0,79
ATPase, aminophospholipid transporter (APLT), class I, type 8A, member 1 Atp8al 11980 -09 -088 -162 -179
3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 Hmgcesl 208715 -097  -1,64 -2,4 -1,31
complement component factor i Cfi 12630 -097 -1,07 -1,02 -1,41
fibrinogen-like protein 1 Fgll 234199 -097 -1,13 -1,24 -1,41
#probe design_21 -0,97 1,51 1,25 0,96
ERO1-like (S. cerevisiae) Eroll 50527 -098 -1,01 -1,53 -1,4
apolipoprotein C-IV Apoc4 11425 -099 -1,15 -1,58 -1,07
hepatic nuclear factor 4, alpha Hnf4a 15378 -0,99 -1,43 -0,93 -0,84
coiled-coil-helix-coiled-coil-helix domain containing 6 Chchd6 66098 -0,99 1,03 1,15 1,44
SLIT and NTRK-like family, member 6 Slitrk6 239250 -099 -129 -149 -1,27
carbonic anhydrase 8 Car8 12319 -1 -1,02 -1,49 -1,34
RIKEN cDNA 4930431B09 gene 4930431B09Rik 74645 -1 -1,44 -1,4 -1,4
histocompatibility 2, Q region locus 1 H2-Q1 15006 -1 -2,14 -0,53 -1,7
protein kinase, cGMP-dependent, type II Prkg2 19092 -1 -1,07  -1,43 1,39
cingulin-like 1 Cgnll 68178 -1 1,26 -1,41 -1,43
asparagine-linked glycosylation 6 homolog (yeast, alpha-1,3,-glucosyltransferase) Algb 320438 -1,00 -1,38 -142 -1,01
RIKEN cDNA 0610037L13 gene 0610037L13Rik 74098 -1,00 1,22 -1,83 -1,13
vesicle-associated membrane protein 4 Vamp4 53330 -1,01 -1,07 -1,41 -1,21
isopentenyl-diphosphate delta isomerase Idil 319554 -1,02 1,42 -1,45 -0,91
solute carrier family 36 (proton/amino acid symporter), member 4 Slc36a4 234967 1,03 -1,11 -1,27  -1,52
myeloid/lymphoid or mixed lineage-leukemia translocation to 3 homolog (Drosophila) MIIt3 70122 -1,04 -147 -08 -0,76
phosphomevalonate kinase Pmvk 68603 1,04 -1,39 -1,45 -1,09
DEAD (Asp-Glu-Ala-Asp) box polypeptide 58 Ddx58 230073 -1,05  -1,32 -14 -1,45
glutathione S-transferase, alpha 4 Gsta4d 14860 -1,056 1,33 1,61 1,37
mal, T-cell differentiation protein 2 Mal2 105853 -1,056  -1,45 -1,21 -1,19
fatty acid desaturase 2 Fads2 56473 -1,06  -1,65 -1,39 -1
hydroxyacid oxidase 1, liver Haol 15112 -1,06  -1,01 -1,18 -1,45
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6h 12h 18h 24h

RIKEN cDNA 5730469M10 gene

butyrylcholinesterase

DNA segment, Chr 11, ERATO Doi 461, expressed
solute carrier organic anion transporter family, member 2al

cytochrome P450, 51

nudix (nucleoside diphosphate linked moiety X)-type motif 13
transcription elongation factor A (SII)-like 6

WD repeat domain 26
annexin A4

RIKEN cDNA 1810023F06 gene

cDNA sequence BC011467

Calcium/ calmodulin-dependent protein kinase II, beta
glutamine fructose-6-phosphate transaminase 2

#probe design_22

phosphofructokinase, liver, B-type

procollagen, type VIII, alpha 1

phosphodiesterase 4D interacting protein (myomegalin)
heparan sulfate (glucosamine) 3-O-sulfotransferase 1
dedicator of cytokinesis 9

protein phosphatase 1, regulatory (inhibitor) subunit 9A
24-dehydrocholesterol reductase

caspase 12

zinc finger, MIZ-type containing 1

fibroblast growth factor receptor 4

inter-alpha (globulin) inhibitor H5

V-set and immunoglobulin domain containing 1
sialyltransferase 4A (beta-galactoside alpha-2,3-sialytransferase)
stearoyl-Coenzyme A desaturase 1

cAMP responsive element binding protein 3-like 2

DNA segment, Chr 7, ERATO Doi 413, expressed
muscleblind-like 3 (Drosophila)

myosin, light polypeptide kinase

phospholipase C, beta 1

proline-rich coiled-coil 1

sestrin 3

insulin-like growth factor binding protein 3
guanine nucleotide binding protein (G protein), gamma 2 subunit

SH3-domain GRB2-like (endophilin) interacting protein 1

wingless-related MMTYV integration site 5A

protein kinase, cGMP-dependent, type II

ATP/GTP binding protein-like 3

serine (or cysteine) proteinase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 10

5730469M10Rik
Bche
Ccdc69
Slco2al
Cyp51
Nudt13
Tceal6
Wdr26
Anxa4
1810023F06Rik
Spns2
Camk2b
Gfpt2

Pfkl
Col8al
Pde4dip
Hs3stl
Dock9
Ppplr9a
Dhcr24
Caspl2
Zmizl
Fgfrd
Itih5
Vsigl
St3gall
Scd1
Creb312
D7Ertd413e
Mbnl3
Mylk
Plcbl
Prrcl
Sesn3
Igfbp3
Gng2
Sgipl
Wnt5a
Prkg2
Agbl3
Serpinal0

70564
12038
52570
24059
13121
67725
66104
226757
11746
217845
216892
12323
14584

18641
12837
83679
15476
105445
243725
74754
12364
328365
14186
209378
78789
20442
20249
208647
52325
171170
107589
18795
73137
75747

16009
14702

73094
22418
19092
76223
217847

-1,06  -141 -1,32  -1,17
-1,07 146 -1,56 0,91
-1,07  -1,42  -0,82 0,96
-1,07  -1,71 1,13 -1,19
-1,08 1,37 -1,62 -1
-1,08  -095 -1,12  -1,42
-1,08  -1,6 -0,7 -0,88
-1,08 094  -1,05 -1,6
-1,09 -1,17  -1,05 -143
-1,09 1,22 144 -1,27
1,1 -1,32 141 -1,67
-1,1 -1,3 -1,62  -1,52
-1,1 -1,3 143 -1,23
1,11 1,39 -143 -1,6
1,11 142 1,01 0,89
1,11 1,31 -1,5 -1,45
1,11 1,11 1,38 1,41
1,13 -1,08  -1,43 -1,24
1,14 1,12 1,18 -1,43
1,14 -1,21 -1,5 -1,24
1,15 141 -074 -0,67
1,15 1,38 -1,45 -1,36
1,15 1,28 -1,35 -1,45
1,15 143 -1,23 -1,2
1,15 1,34 -1,51 -1,16
1,15 141 -1,24 1,04
1,15 09 -145 -1,03
1,16 144  -1,24 1,01
1,17 142 -1,22 1,42
1,17 16 -095  -0,53
1,17 14 -092 0,79
1,17 1,32 -145 148
1,17 1,39 -1,28 -1,5
-1,17 -1,08  -1,06 -1,4
-1,17 -1,23 -1,2 -1,47
-1,18  -1,3 -1,61  -145
1,19  -0,8 -1,47  -1,33
1,19 156 -1,51  -1,41
1,19 -154 -1,03 0,96
1,20 -1,32 -1,49  -147
1,2 -1,47 1,17 -1,02
-1,2 -1,54  -135  -1,07
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Gene information

Microarray Fold Change ratio at
different time points

post-infection’

Gene Official Full Name Gene Official Symbol | NCBIGene Accession | 5oy | qgh | 24n
Number

myeloid/lymphoid or mixed lineage-leukemia translocation to 3 homolog (Drosophila) MiIlt3 70122 1,21 142 -083  -0,93
RIKEN cDNA C030045D06 gene C030045D06Rik 109294 -1,21 1,28 -1,69  -1,39
ATP-binding cassette, sub-family A (ABC1), member 5 Abcab 217265 1,22 -1,37 -1,45 -1,51
BCL2/adenovirus E1B 19kDa-interacting protein 3-like Bnip3l 12177 1,22 -1,45 -1,22 -1,13
solute carrier family 2 (facilitated glucose transporter), member 1 Slc2al 20525 -1,22 -1,09  -1,51 -1
mitogen activated protein kinase kinase kinase 1 Map3Kk1 26401 1,23 -1,56 -1,23 -0,97
3-hydroxybutyrate dehydrogenase (heart, mitochondrial) Bdhl 71911 124 -15 1,32 09
chemokine (C-X-C motif) ligand 15 Cxcl15 20309 1,24 -1,62 -1,15 -1,15
Janus kinase 2 Jak2 16452 -1,24 -1,4 -1,44 -1,19
low density lipoprotein receptor Ldlr 16835 1,24  -1,35 -1,69 -1,12
platelet-derived growth factor, C polypeptide Pdgfc 54635 -1,24 0,89 1,41 1,27
early growth response 2 Egr2 13654 1,25 -1,81 -2,44 -2,54
T-cell leukemia translocation altered gene Tcta 102791 -1,25  -1,41  -1,08 -1,1
*cDNA sequence_15 -1,26 -1,13 -1 -1,45
smoothelin-like 2 Smtnl2 276829 -1,26  -0,95 -14 -1,2
aquaporin 11 Aqgpll 66333 1,27 -1,22 -1,41 -1,25
*cDNA sequence_16 -1,27 243 -1,84 -1,47
insulin-like growth factor binding protein 1 Igfbpl 16006 -1,27 13 -1,45  -1,06
killer cell lectin-like receptor, subfamily A, member 2 Klra2 16633 -1,27  -1,29 -14 -1,18
phosphofructokinase, platelet Ptkp 56421 1,27 -1,29 -1,47 -1,05
phosphoglucomutase 2 Pgm2 72157 -1,27 -1,4 -1,15 -0,92
potassium channel, subfamily K, member 2 Kenk2 16526 1,27 -1,19 -1,42 -1,5
ATPase, class V, type 10A Atpl0a 11982 -1,28 -1,4 -1,34 -1,14
butyrylcholinesterase Bche 12038 -1,28 -1,45 -1,61 -1,21
Inositol polyphosphate-4-phosphatase, type II Inpp4b 234515 13 -121 075 -143
StAR-related lipid transfer (START) domain containing 4 Stard4 170459 -1,3 -1,77 -1,48 -1,21
chemokine (C-X-C motif) ligand 15 Cxcl15 20309 1,32 -1,92  -1,33 -1,46
TBC1 domain family, member 8B Tbc1d8b 245638 -1,32 -1,39 -1,56 -1,63
ankyrin repeat and sterile alpha motif domain containing 1B Ankslb 77531 -1,32 -1,21 -1,43 -1,2
RIKEN cDNA D630039A03 gene D630039A03Rik 242484 1,32 144 -114 -1,18
histone 2, H2bb Hist2h2bb 319189 1,33 1,21 1,34 -145
calcium/calmodulin-dependent protein kinase II inhibitor 1 Camk2n1 66259 -1,33  -1,38 -1,18 -1,41
farnesyl diphosphate synthetase Fdps 110196 -1,34  -1,42 -1,24 -0,7
spastic paraplegia 3A homolog (human) Spg3a 73991 -1,35  -1,15  -1,51  -1,16
DNA segment, Chr 7, ERATO Doi 743, expressed Tmem41b 233724 -1,37  -1,28 -1,44 -1,06
erythrocyte protein band 4.1-like 2 Epb4.112 13822 -1,38  -1,57 -1,28 -1,08
platelet derived growth factor receptor, alpha polypeptide Pdgfra 18595 -1,38  -094 -166 -1,39
protein C Proc 19123 -1,38  -1,52 -1,35 -1,52
protein phosphatase 1K (PP2C domain containing) Ppm1lk 243382 -1,38  -1,06 -1,54 -1,42
coatomer protein complex, subunit zeta 2 Copz2 56358 -1,39 -1,46 -1,28 -1,2
general transcription factor II E, polypeptide 2 (beta subunit) Gtf2e2 68153 14 -1,09  -116 -1,2
interferon activated gene 203 1£fi203 15950 -1,4 -1,53 -1,04 -0,92
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Gene information

Microarray Fold Change ratio at
different time points

post-infection’

Gene Official Full Name Gene Official Symbol | NCBIGene Accession | 5oy | qgh | 24n
Number

glutathione S-transferase, mu 7 Gstm7 68312 -14 -1,31 -1,02 -1,25
arylsulfatase G Arsg 74008 -1,4 -1,63 -1,49 -1,58
t-complex 11 (mouse) like 2 Tep1112 216198 14 -0,78 -1,2 -1,26
ubiquitin specific protease 18 Uspl8 24110 -1,4 -0,92 0,93 0,95
amylo-1,6-glucosidase, 4-alpha-glucanotransferase Agl 77559 1,41 1,14 -1,07 -1,46
fibroblast growth factor 1 Fgfl 14164 1,41 -1,22 -1,14 -0,79
KH domain containing, RNA binding, signal transduction associated 3 Khdrbs3 13992 -1,41  -1,35 -0,95 -1,17
peptidyl arginine deiminase, type Il Padi3 18601 -141  -1,13  -0,58 -0,7
PX domain containing serine/threonine kinase Pxk 218699 -1,41 -1,09 -1,05 -1,01
2,3-bisphosphoglycerate mutase Bpgm 12183 -142 09 0,89 0,88
calponin 2 Cnn2 12798 -1,42 -1,04 -0,92 0,94
integrin alpha FG-GAP repeat containing 1 Itfgl 71927 -142 128 -1,06 -1,05
GH regulated TBC protein 1 Grtpl 66790 -1,42 -1,59 -1,1 -0,88
membrane bound O-acyltransferase domain containing 5 Mboat5 14792 1,42 -1,39 -1,22 -1,11
kinesin family member 5C Kif5¢ 16574 1,42  -1,48 -1,46 -1,37
mitochondrial tumor suppressor 1 Mtus1l 102103 1,42 -1,13 -1,56 -1,35
protein kinase C, alpha Prkca 18750 -1,42  -1,03 -1,01 -1,74
RIKEN cDNA 1200009F10 gene 1200009F10Rik 67454 -1,42  -1,15  -1,38  -1,25
MON2 homolog (yeast) Mon2 67074 142 0,87 1,1 -1,2
RIKEN c¢DNA 6720489N17 gene 6720489N17Rik 211378 142 -116 -0,82 -1,01
sphingomyelin phosphodiesterase 1, acid lysosomal Smpd1 20597 1,42 1,02  -1,08 -0,92
CD38 antigen Cd38 12494 -143  -1,15  -1,17 -1,29
lanosterol synthase Lss 16987 -143 -1,63 -1,54 -1,11
thyroid hormone receptor interactor 12 Trip12 14897 1,43 1,17 -1,26 -1,32
proline rich 16 Prrl6 71373 143 -1,27 -1,19 -1,13
centaurin, beta 2 Centb2 78618 1,43 1,21 -0,99 -1,13
HEAT repeat containing 5B Heatr5b 320473 1,43 -1,01 -1,04 -1,15
stromal antigen 2 Stag2 20843 1,43 -1,15 -1,1 -1,16
abhydrolase domain containing 3 Abhd3 106861 -1,44  -0,89 -091 -0,81
estrogen receptor 1 (alpha) Esrl 13982 1,44 -1,22 -0,98 -1,03
FK506 binding protein 14 Fkbp14 231997 -1,44 -1,3 -1,75 -1,23
glycerol-3-phosphate acyltransferase, mitochondrial Gpam 14732 -144 142 141  -116
interferon consensus sequence binding protein 1 Irf8 15900 -1,44 -1,6 -1,09 -0,92
RIKEN ¢DNA 2510009E(07 gene 2510009E07Rik 72190 144 123 -092 -1,31
solute carrier family 40 (iron-regulated transporter), member 1 Slc40al 53945 -1,44 076  -1,03  -0,99
tripartite motif protein 2 Trim2 80890 -1,44  -1,09 0,79 -1,21
villin 1 Vill 22349 -1,44 -1,19 -1,22 -1,04
C-terminal binding protein 2 Ctbp2 13017 -145 -1,43 0,83 -0,99
exocyst complex component 7 Exoc7 53413 -1,45 -1,08 -0,87 -0,89
F-box only protein 6b Fbxo6 50762 1,45 1,21 -1,01 -0,76
microtubule-associated protein, RP/EB family, member 2 Mapre2 212307 145  -1,19 0,76 0,8
odd-skipped related 1 (Drosophila) Osrl 23967 -145 092  -0,83 0,94




Gene information

Microarray Fold Change ratio at
different time points
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Number

palmdelphin Palmd 114301 145 -1,23  -1,25 -1,14
arginine/serine-rich coiled-coil 1 Rsrcl 66880 -1,45 -1 0,85 -0,81
serine (or cysteine) proteinase inhibitor, clade B, member 7 Serpinb7 116872 1,45  -1,32 -0,88 -0,83
ATP-binding cassette, sub-family A (ABC1), member 6 Abcab 76184 1,46 -1,36 -0,94 -0,66
B lymphoma Mo-MLYV insertion region 1 Bmil 12151 1,46 -1,21 -0,98 -1,02
NIMA (never in mitosis gene a)-related expressed kinase 1 Nek1 18004 1,46 -1,16 -1,01 -1,03
phosphofructokinase, muscle Pfkm 18642 -1,46 -1,4 -1,21 -1,13
RAS p21 protein activator 3 Rasa3 19414 1,46 -1,19 -1,07 -1,01
retinitis pigmentosa 2 homolog (human) Rp2h 19889 146 -1,11 -0,8 -0,9
acid phosphatase-like 2 Acpl2 235534 1,46  -1,02 -1,03 -0,98
dystrophin, muscular dystrophy Dmd 13405 -1,47  -1,37  -1,18 -1,22
sphingomyelin synthase 1 Sgms1 208449 147  -1,23  -1,36  -1,34
peptidylglycine alpha-amidating monooxygenase COOH-terminal interactor Pamci 237504 147  -1,24 107 -1,21
purinergic receptor P2Y, G-protein coupled, 14 P2ry14 140795 1,47 -1,27 -1,43 -1,01
RAS, guanyl releasing protein 3 Rasgrp3 240168 -1,47  -16 -1 -1,09
RIKEN cDNA 4631426]J05 gene 4631426]05Rik 77590 -1,47 1,04 -1,14 -1,08
ferrochelatase Fech 14151 148 -1,07 -1,21 -1,03
Endothelial PAS domain protein 1 Epasl 13819 -1,48 -1,78 -1,58 -1,66
growth factor receptor bound protein 14 Grb14 50915 -1,48 -1,33 -1,2 -0,95
MAD homolog 6 (Drosophila) Smad6 17130 -1,48 -1,07 -0,9 -0,59
methylcrotonoyl-Coenzyme A carboxylase 1 (alpha) Mccecl 72039 1,48 -1,31 -1,56 -1,21
potassium channel tetramerisation domain containing 11 Kctd11 216858 -1,48 -1,49 -1,11 -1,2
RIKEN cDNA C730027H18 gene C730027H18Rik 319572 -148 1,44 -1,19 -1,37
7-dehydrocholesterol reductase Dhcr7 13360 -1,49 -1,37 -1,4 -0,78
potassium inwardly-rectifying channel, subfamily J, member 8 Kcnj8 16523 -1,49  -1,05 -1,04 -1,13
RIKEN cDNA 2610027C15 gene 2610027C15Rik 230752 1,49 -1,33  -1,23 -0,97
RIKEN cDNA 5730494M16 gene 5730494M16Rik 66648 -1,49  -098 -091 -0,78
bicaudal C homolog 1 (Drosophila) Biccl 83675 -1,5 -1,24 -1,11 -1,01
centrosomal protein 290 Cep290 216274 -1,5 -1,54 -1,1 -0,87
grancalcin Gcea 227960 -1,5 -1,49 -1,07 -0,95
zinc finger protein 467 Zfp467 68910 -1,5 -1,15 -1,17 -0,96
UDP glucuronosyltransferase 2 family, polypeptide B34 Ugt2b34 100727 -1,51 -1,38  -1,03  -1,08
kinesin family member 16B Kifl6b 16558 1,51  -0,96 0,96 -0,99
RIKEN cDNA 1700011H14 gene 1700011H14Rik 67082 -1,51 1,24 -0,8 -0,79
RIKEN cDNA 2900024C23 gene 2900024C23Rik 67266 1,51 -1,08 -1,09 -1,07
RIKEN cDNA 9230111E07 gene 9230111E07Rik 77748 1,52 1,11 -094 -0,94
hypothetical protein 4832420M10 Kif26b 269152 -1,52  -1,28 -086 -1,36
flavin containing monooxygenase 2 Fmo?2 55990 1,53 -1,53 -1,29 -1,15
sulfide quinone reductase-like (yeast) Sqrdl 59010 -1,53  -1,17  -086  -1,03
ankyrin repeat and SOCS box-containing protein 1 Asbl 65247 1,54 -1,16 -1,13 -1,11
cysteinyl leukotriene receptor 1 Cysltrl 58861 1,54 1,09 -0,81 -0,98
methionine sulfoxide reductase B Msrb2 76467 1,54 1,11 -1,08 -1,25
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nebulin-related anchoring protein Nrap 18175 1,54 -1,13 -1,1 -1,08
olfactomedin-like 2B Olfml2b 320078 -1,54 -1 -0,99 0,82
tetratricopeptide repeat domain 8 Ttc8 76260 1,54 -1,21 -1,2 -1,1

acetyl-Coenzyme A synthetase 2 (ADP forming) Acss2 60525 -1,55 -1,55 -1,3 -1,18
N-glycanase 1 Nglyl 59007 -1,55  -1,01 -1,2 -1,16
PDZ and LIM domain 5 Pdlim5 56376 -1,55 0,94 0,85 -0,7

RIKEN cDNA 1810074P20 gene 1810074P20Rik 67490 -1,55 1,17 -1,27  -1,09
protein tyrosine phosphatase-like A domain containing 2 Ptplad2 66775 -5 -1,17 -1,23  -1,13
tribbles homolog 2 (Drosophila) Trib2 217410 -1,55 -1,3 1,1 -1,18
SUMO1/ sentrin specific peptidase 7 Senp7 66315 1,56  -1,07 -1,15 -1,16
sphingomyelin synthase 1 Sgms1 208449 -1,56  -1,09 -1,16 -0,93
erythrocyte protein band 4.1-like 4b Epb4.114b 54357 -1,57  -1,65 -0,93 -1,14
thymidine kinase 1 Tk1 21877 -1,58 -1,25 -0,99 0,97
arginine vasopressin receptor 1A Avprla 54140 1,59  -1,37 -1,12 -1,23
neuritin 1 Nrnl 68404 1,59 -1,22 -1,47 -1,16
RADS50 homolog (S. cerevisiae) Rad50 19360 -1,6 1,11 -0,72 -0,71
RIKEN cDNA 9130213B05 gene 9130213B05Rik 231440 1,6 -1,02 1,27 -1,23
solute carrier family 16 (monocarboxylic acid transporters), member 4 Slcl16a4 229699 -1,6 -1,43 -1,46 -1,27
troponin T2, cardiac Tnnt2 21956 -1,6 -1,44 -1,23 -1,36
protein kinase, cAMP dependent regulatory, type I beta Prkarlb 19085 -1,61  -1,05 -1,01 -1,05
RIKEN cDNA 1190002N15 gene 1190002N15Rik 68861 1,61 -125  -1,89 -143
RIKEN cDNA 1110020G09 gene 1110020G09Rik 68646 -1,62 143  -1,43  -1,15
RIKEN cDNA 9130005N14 gene 9130005N14Rik 68303 -1,62 142  -1,28 -1,18
gene model 640, (NCBI) Gm640 270174 -1,63 1,33 -1,21 -1,18
*cDNA sequence_17 1,63 -1,53 -1,12 -0,79
expressed sequence AL024069 5033414K04Rik 98496 -1,64  -2,03 -1,29 -1,2

naked cuticle 1 homolog (Drosophila) Nkd1 93960 -1,64 -1,6 -1,21 -1,3

methionine sulfoxide reductase B3 Msrb3 320183 1,64 -1,33 -1,17 -1,18
thiamin pyrophosphokinase Tpkl 29807 1,64 1,25 -097  -0,89
immunity-related GTPase family, M Irgm 15944 1,66 -1,12 -0,79 -1,12
selenium binding protein 1 Selenbpl 20341 -1,66  -1,63 -1,9 -1,29
secernin 3 Scrn3 74616 -1,68 -0,93 -0,88 -0,99
aldolase 3, C isoform Aldoc 11676 -1,69 -1,82 -1,9 -1,28
G protein-coupled receptor 155 Gprl155 68526 -1,69 -1,46 -1,54 -1,51
solute carrier family 38, member 4 Slc38a4 69354 -1,69 -1,35 -1,3 -1,02
UDP-glucose pyrophosphorylase 2 Ugp2 216558 1,7 -137  -1,22  -1,03
acyl-CoA synthetase long-chain family member 1 Acsll 14081 -,71 141 13 -1,22
UDP glucuronosyltransferase 2 family, polypeptide B35 Ugt2b35 243085 1,720 1,39 115 -1,21
ATP-binding cassette, sub-family A (ABC1), member 8b Abca8b 27404 -1,73 -1,5 -1,53 -1,24
Aquaporin 11 Aqpll 66333 -1,73 1,51 -1,45 -1,1

mannan-binding lectin serine protease 1 Maspl 17174 1,73 -1,32 -0,91 -1,15
odd Oz/ten-m homolog 4 (Drosophila) Odz4 23966 -1,73 1,24  -0,86 -0,76
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solute carrier family 39 (metal ion transporter), member 8 Slc39a8 67547 -1,74 1,34 -1,3 -1,34
cortactin binding protein 2 Cttnbp2 30785 1,76 2,22 -1,68 -1,04
pleckstrin homology domain containing, family C (with FERM domain) member 1 Plekhcl 218952 -1,76 -1,1 -1,2 -0,93
RasGEF domain family, member 1B Rasgeflb 320292 1,76 -1,62 -1,21 -1,11
DEP domain containing 6 Depdc6 97998 -1,77  -1,87 -1,29 -1,38
dopa decarboxylase Ddc 13195 -1,8 -1,27 0,82 -0,72
cytochrome P450, family 2, subfamily s, polypeptide 1 Cyp2sl 74134 -1,85 144  -1,32 -1,17
neuronal pentraxin 1 Nptx1 18164 1,89 -1,41 -0,86 -0,94
Lrp2 binding protein Lrp2bp 67620 -1,9 -1,94 -1,35 -1,12
*probe design_23 1,95 -1,83  -144 -1,16
purinergic receptor P2Y, G-protein coupled 12 P2ry12 70839 1,9 -153 -1,11  -1,52
UDP-glucose pyrophosphorylase 2 Ugp2 216558 1,97 156 -1,16  -1,07
transmembrane protein 71 Tmem?71 213068 -1,99  -1,55 -1,45 -1,36
cytochrome P450, family 1, subfamily a, polypeptide 1 Cyplal 13076 2,03 -093 -0,86 -0,64
hydroxyprostaglandin dehydrogenase 15 (NAD) Hpgd 15446 -204 -075 1,15 0,9
sorbin and SH3 domain containing 2 Sorbs2 234214 2,11 -1,52 -1,11 -0,82
angiopoietin 1 Angptl 11600 213 -1,77  -1,62 -1,01
avian musculoaponeurotic fibrosarcoma (v-maf) AS42 oncogene homolog Maf 17132 216 -1,79  -1,56 -1,72
DNA segment, human D45114 DOH4S114 27528 216  -1,16 09 0,82
avian musculoaponeurotic fibrosarcoma (v-maf) AS42 oncogene homolog Maf 17132 -2,18 -1,7 -1,31 -1,56
avian musculoaponeurotic fibrosarcoma (v-maf) AS42 oncogene homolog Maf 17132 223 -1,38 -1,18 -1
RIKEN cDNA 1110059G02 gene 1110059G02Rik 68786 2,27 1,67 -072  -1,13
stearoyl-Coenzyme A desaturase 2 Scd2 20250 -251 -1,88 -1,67 -1,22
RIKEN cDNA A130090K04 gene A130090K04Rik 320495 255 233 -155 -1,76
ATP-binding cassette, sub-family D (ALD), member 2 Abcd2 26874 2,73 243  -2,59 24

Notes:

"Microarray Fold Change ratio at different time points post-infection: positive and negative values represent genes up- and down-regulated, respectively.

*probe design_numbered: Affymetrix probe design information/ target description (see Supp. Table 1b); *cDNA sequence_numbered: gene transcript description (see Supp. Table 1b).



https://www.affymetrix.com/LinkServlet?array=Mouse430_2&probeset=1435828_at�




Albuquerque et al., Supplementary Table 1b

Gene information

#probe
design

Affymetrix probe design information/ target description

[

gb:AW741388 /DB_XREF=gi:7653171 /DB_XREF=ur54c07.x1 / CLONE=IMAGE:3154092 /FEA=EST /CNT=6 / TID=Mm.148901.1 / TIER=ConsEnd /STK=2 /UG=Mm.148901 /UG_TITLE=ESTs

2 gb:BQ176966 / DB_XREF=gi:20352458 /DB_XREF=UI-M-DJ2-bwa-0-19-0-ULs1 / CLONE=UI-M-D]2-bwa-0-19-0-UI /FEA=EST /CNT=3 /TID=Mm.117588.1 / TIER=ConsEnd /STK=2 /UG=Mm.117588 /UG_TITLE=ESTs
3 gb:BB748708 /DB_XREF=gi:16152944 /DB_XREF=BB748708 / CLONE=G030001K12 /FEA=EST /CNT=3 /TID=Mm.215937.1 /TIER=ConsEnd /STK=2 /UG=Mm.215937 /UG_TITLE=ESTs
4 gb:AW552076 /DB_XREF=gi:7197499 /DB_XREF=L0208A04-3 / CLONE=L0208A04 /FEA=EST /CNT=5 /TID=Mm.182691.1 / TIER=ConsEnd /STK=4 /UG=Mm.182691 /UG_TITLE=ESTs
5 gb:BE631223 /DB_XREF=gi:9913911 /DB_XREF=uu05g03.x1 / CLONE=IMAGE:3371092 /FEA=EST /CNT=24 /TID=Mm.2322.3 /TIER=Stack /STK=12 /UG=Mm.2322 /LL=18712 /UG_GENE=Pim1 /UG_TITLE=proviral integration site 1
6 gb:AI451554 /DB_XREF=gi:4304812 /DB_XREF=mu47b11.x1 /CLONE=IMAGE:642525 /FEA=EST /CNT=2 /TID=Mm.32490.1 / TIER=ConsEnd /STK=2 /UG=Mm.32490 /UG_TITLE=ESTs
7 gb:BB560961 / DB_XREF=gi:9647327 /DB_XREF=BB560961 / CLONE=E530118N19 /FEA=EST /CNT=7 /TID=Mm.86981.1 / TIER=ConsEnd /STK=5 /UG=Mm.86981 /UG_TITLE=ESTs
8 gb:BB447409 /DB_XREF=gi:16425180 / DB_XREF=BB447409 / CLONE=D030060G22 /FEA=EST /CNT=16 /TID=Mm.6358.1 / TIER=Stack /STK=9 /UG=Mm.6358 /UG_TITLE=ESTs
9 gb:BQ032894 /DB_XREF=gi:19768173 /DB_XREF=UI-1-CF0-axl-e-01-0-ULs1 / CLONE=UI-1-CF0-axl-e-01-0-UI /FEA=EST /CNT=2 /TID=Mm.117583.1 / TIER=ConsEnd /STK=2 /UG=Mm.117583 /UG_TITLE=ESTs
10 gb:AW489857 /DB_XREF=gi:7060127 /DB_XREF=UI-M-BH3-aso0-c-06-0-ULs1 / CLONE=UI-M-BH3-aso0-c-06-0-UI /FEA=EST /CNT=5 /TID=Mm.57956.1 / TIER=ConsEnd /STK=4 /UG=Mm.57956 /UG_TITLE=ESTs
11 gb:BE627361 /DB_XREF=gi:9907781 /DB_XREF=ut87f07.x1 / CLONE=IMAGE:3369445 /FEA=EST /CNT=30 /TID=Mm.10336.1 / TIER=Stack /STK=28 /UG=Mm.10336 /UG_TITLE=ESTs
12 gb:BB710847 /DB_XREF=gi:16064016 /DB_XREF=BB710847 / CLONE=B020018M09 /FEA=EST /CNT=3 /TID=Mm.212452.1 /TIER=ConsEnd /STK=3 /UG=Mm.212452 /UG_TITLE=ESTs
13 gb:BG069809 / DB_XREF=gi:12552378 /DB_XREF=H3080D04-3 / CLONE=H3080D04 /FEA=EST /CNT=14 /TID=Mm.24295.1 / TIER=Stack /STK=9 /UG=Mm.24295 /UG_TITLE=ESTs
14 gb:BB324785 /DB_XREF=gi:16403528 /DB_XREF=BB324785 /CLONE=B430111L14 /FEA=EST /CNT=4 /TID=Mm.210179.1 /TIER=ConsEnd /STK=2 /UG=Mm.210179 /UG_TITLE=ESTs
15 gb:AI464196 /DB_XREF=gi:4318226 /DB_XREF=vc88h09.x1 / CLONE=IMAGE:790145 /FEA=EST /CNT=2 /TID=Mm.220190.1 / TIER=ConsEnd /STK=2 /UG=Mm.220190 /LL=99653 / UG_GENE=AI464196 /UG_TITLE=expressed sequence Al464196
16 gb:BB048406 /DB_XREF=gi:8455554 /DB_XREF=BB048406 / CLONE=6430584]18 /FEA=EST /CNT=2 /TID=Mm.161167.2 /TIER=ConsEnd /STK=2 /UG=Mm.161167 /UG_TITLE=ESTs
17 gb:BG074824 /DB_XREF=gi:12557393 /DB_XREF=H3139G06-3 / CLONE=H3139G06 /FEA=EST /CNT=2 /TID=Mm.182743.1 /TIER=ConsEnd /STK=2 /UG=Mm.182743 /UG_TITLE=ESTs
18 gb:AI662750 /DB_XREF=gi:4766333 /DB_XREF=vb21d10.x1 / CLONE=IMAGE:749587 /FEA=EST /CNT=2 /TID=Mm.150125.1 /TIER=ConsEnd /STK=2 /UG=Mm.150125 /UG_TITLE=ESTs
19 gb:BB471757 /DB_XREF=gi:16427963 / DB_XREF=BB471757 / CLONE=D230040H21 /FEA=EST /CNT=2 /TID=Mm.209394.1 /TIER=ConsEnd /STK=2 /UG=Mm.209394 /UG_TITLE=ESTs
20 gb:BE949437