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Characterization of the Gene Expression Patterns in the Murine Liver
Following Intramuscular Administration of Baculovirus
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Intramuscular administration of wild-type baculovirus is able to both protect against Plasmodium sporozoite
challenge and eliminate liver-stage parasites via a Toll-like receptor 9-independent pathway. To investigate its
effector mechanism(s), the gene expression profile in the liver of baculovirus-administered mice was charac-
terized by cDNA microarray analysis. The ingenuity pathway analysis gene ontology module revealed that the
major gene subsets induced by baculovirus were immune-related signaling, such as interferon signaling. A total
of 40 genes commonly upregulated in a Toll-like receptor 9-independent manner were included as possible
candidates for parasite elimination. This gene subset consisted of NTSC3, LOC105246895, BTC, APOL9a/b,
G3BP3, SLC6A6, USP25, TRIM 14, and PSMBS as the top 10 candidates according to the special unit. These
findings provide new insight into effector molecules responsible for liver-stage parasite killing and, possibly,
the development of a new baculovirus-mediated prophylactic and therapeutic biopharmaceutical for malaria.
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INTRODUCTION

Malaria is still a significant burden on human health,
causing an estimated 228 million cases and 405,000
deaths globally in 2018'. The Plasmodium parasites
invade hepatocytes during the pre-erythrocytic stage and
simultaneously stimulate host innate immune responses
including the induction of effector molecules. Regarding
parasite killing, the production of interferon-y (IFN-y),
a type II IFN, induced the intracellular generation of
nitric oxide, followed by killing of the liver-stage para-
sites”. Unmethylated CpG DNAs such as synthetic oli-
godeoxynucleotides (ODNs) are known to induce IFN-y
production via a Toll-like receptor (TLR) 9 signaling
pathway”, and stimulation with CpG ODNSs in mice pro-
vided complete protection from sporozoite infection in
an IFN-y-dependent manner’. Plasmodium liver-stage
infection induces the production of type I IFNs such as
IFN-0/f, which were totally independent from TLR sig-
naling’. However, this innate response does not elimi-
nate every parasite, which implies that the parasite has
evolved resistance strategies. This is an important con-
sideration in the development of new drugs and malaria
vaccines because the type I IFN response might reduce

the likelihood of transmission of drug-resistant parasites
or the escape of attenuated parasites used in vaccination’.
Liver-stage infection can also induce IFN-y via CD1d-
restricted natural killer (NK) T cells, which are critical
to reduce the parasite burden®. Thus, the details of host
responses that eliminate the liver-stage parasites in terms
of direct effector function are still largely unknown, and
thus identification of the mechanism remains a top prior-
ity to develop not only novel anti-liver-stage drugs but
also effective malaria vaccines.

Baculovirus vector (BV), an enveloped DNA virus
that infects insects, has been used as an expression vector
for protein purification, as well as a transgene expression
vector such as a vaccine vector’. BV uniquely induces
innate immune responses such as the induction of cytokine
secretion through TLR9-dependent and -independent
pathways when injected into nonhost mammals®. Recently,
we demonstrated that TLRO signaling by CpG ODN had
protective efficacy against sporozoite challenge, which
was consistent with a previous report*, but had no elimi-
nation effect on mature schizonts after liver invasion (the
liver-stage parasites). By contrast, BV-mediated induc-
tion of the innate immune response conferred both pro-
tection against sporozoites and elimination of liver-stage
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parasites’. Intramuscular administration of BV in mice
markedly induced both IFN-o and IFN-y in peripheral
blood, potentially acting as either direct effector mole-
cules to kill the liver-stage parasites or potent mediators
to induce gene expression changes related to the elimina-
tion’. However, the injection site of BV was distant from
the liver as the effector site, and thus the precise mecha-
nism for parasite elimination remains unclear.

The main aim of this study was to identify essen-
tial signaling pathways for BV-mediated elimination of
parasites using complementary DNA (cDNA) microar-
ray analysis. Previously, gene expression profiling by
microarray analysis was conducted for rat brains, human
astrocytes, and human neuronal cells in response to BV
stimulation, and the results indicated that host antiviral
responses were induced in all types of samples as a major
reaction'’. Subsequently, BV was administered into the
brain of cynomolgus macaques, nonhuman primates, and
the induced genes were mainly associated with innate
immunity, such as genes of the RIG-1-like receptor sig-
naling pathway, leading to IFN production''. Those stud-
ies focused on the gene expression changes in the brain as
the local reaction site that was directly injected with BV.
In this study, cDNA microarray analysis was conducted
for the liver of BV-administered mice, which was distant
from the site of injection, to characterize the gene expres-
sion patterns. Comprehensive analysis with wild-type
(WT) mice and TLR9™ mice that were administered BV
or the TLRY ligand CpG DNA resulted in identification
of a special gene subset that might eliminate the parasites
in a TLR9-independent manner.

MATERIALS AND METHODS
Mice and Virus

Female inbred BALB/c (H-2%) mice were obtained
from Japan SLC (Hamamatsu, Shizuoka, Japan) and were
used in the experiment at 7 weeks of age. TLR9-deficient
(TLR9™") mice with a BALB/c background were pro-
vided by S. Akira (University of Osaka, Suita, Japan).
All animal care and handling procedures were approved
by the Animal Care and Ethical Review Committee of
Kanazawa University (AP-163700). For animal experi-
ments, all efforts were made to minimize suffering in
the animals. Mice were anesthetized with ketamine (100
mg/kg; intramuscularly; Daiichi Sankyo, Tokyo, Japan)
and xylazine (10 mg/kg; intramuscularly; Bayer, Tokyo,
Japan) when necessary.

Preparation of BES-GL3, a recombinant BV-expressing

luciferase, has been described previously®'?.

Microarray Analysis
BALB/c (WT or TLR9™) mice were intramuscu-

larly injected with 10® pfu of BES-GL3 or 50 ug of CpG
ODN 1826. Six hours later, the livers of the treated mice
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were surgically removed. Total RNA was isolated from
the homogenates of the livers using an RNeasy Mini
kit (Qiagen) along with on-column DNase I treatment
(RNase-free DNase kit; Qiagen K.K.) as described previ-
ously’. The quality of the extracted RNA was analyzed
using a Bioanalyzer 2100 (Agilent Technologies Inc.), and
the RNA integrity number (https://www.chem-agilent.
com/pdf/5989-1165EN.pdf) values were all confirmed
to be above 9.0. RNA expression was profiled using
the Affymetrix GeneChip® Mouse Gene 2.0 ST Array.
cDNA synthesis of transcripts and biotin labeling of the
cDNA were performed using the WT Plus reagent kit
(Affymetrix, Santa Clara, CA, USA) in accordance with
the manufacturer’s protocol. The labeled and fragmented
DNA was hybridized onto the microarray for 16 h in the
GeneChip Hybridization oven 640 at 45°C while being
rotated at 60 rpm. The hybridized samples were washed
and stained using the Affymetrix fluidics station 450.
After staining, the microarrays were immediately scanned
using an Affymetrix GeneArray Scanner 3000 7G Plus.

GeneSpring and Ingenuity Pathway Analysis (IPA)

The obtained hybridization intensity data were
imported into the GeneSpring GX 14.9 software (Agilent
Technologies Inc.). The gene expression data were normal-
ized to the robust multiarray average (RMA), and expres-
sion ratios were compared between genes from treated
mice (BV or CpG administered) and control mice [phos-
phate-buffered saline (PBS) administered] for scatter plots,
Venn diagrams, and hierarchical clustering analysis.

Genes with expression fold changes of more than 2 or
less than 1/2 were considered significant, and they were
further analyzed using IPA software. Canonical pathways
and biological functions were automatically predicted
based on the IPA’s reference database and other ingenu-
ity-supported third-party databases restricted to mouse
tissues and cell lines. These sets of pathways allowed us
to establish connections among genes according to both
experimentally observed and predicted relationships with
high confidence.

RESULTS

Profiling of Gene Expression Patterns in Murine Livers
After Intramuscular Administration of BV in a
TLR9-Independent Manner

Our previous study clearly demonstrated that BV-
mediated elimination of liver-stage parasites was highly
dependent on type I IFN signaling rather than TLR9 sig-
naling’. However, type I IFN signaling induces more than
300 IFN-stimulated genes”, which made it difficult to
identify essential genes for parasite elimination. Therefore,
we performed experiments to identify TLR9-dependent
gene expression changes and then excluded them from
the whole gene subset induced by BV. To achieve this,
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BV was intramuscularly administered to both WT and
TLR9™ knockout (KO) BALB/c mice. CpG ODN 1826
(CpG), a murine TLRY ligand, and PBS were also admin-
istered to WT mice as controls. After 6 h, the whole livers
were dissected from four groups of mice (n = 2) includ-
ing WT mice with BV (WT-BV), TLR9™" mice with BV
(KO-BV), WT mice with CpG (WT-CpG), and PBS-
administered control mice. The gene expression patterns
were examined using an Affimetrix GeneChip Mouse
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Gene 2.0 ST Array that covered a total of 35,240 RefSeq
transcripts. The resulting microarray indicates that a total
of 812, 690, and 1,204 gene probes in WT-BV, KO-BV,
and WT-CpG, respectively, showed a >2-fold difference
compared with mock samples. Among the three groups,
the numbers of upregulated genes were 562, 372, and 842
in WT-BV, KO-BV, and WT-CpG, respectively, and the
numbers of downregulated genes were 250, 318, and 362,
respectively, compared with the mock samples.
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Figure 1. Microarray analysis of gene expression patterns in the liver after intramuscular administration of baculovirus vector (BV).
Upregulated genes of wild-type (WT)-BV, knockout (KO)-BV, and WT-CpG when compared with the mock control (fold changes >
2) were analyzed by ingenuity pathway analysis to identify their involvement in ingenuity canonical pathways (A) and their biological

functions (B). In (A), only z-score-positive pathways are shown.
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Table 1. Immune-Related Gene Expression in WT-BV Liver Samples According to Ingenuity Canonical Pathway Analysis in

Comparison With KO-BV and WT-CpG Samples (Fold Changes?®)

WT-BV ~ KO-BV ~ WT-CpG

Interferon signaling

BAK

ISG15 (GIP2)

IFI35

IRF1

IRF9

JAK1

OASI

PSMBS

RELA

SOCS1

STAT1

STAT2

TAPI
Activation of IRF by cytosolic pattern recognition receptors

ADARI1

c-JUN (AP-1)

DAI

IRF7

LGP2

MDAS

p300/CBP

RIG-1

RIPK1

TBK1 (NAK)

Other genes duplicated above: IRF9, ISG15, RELA, STAT1, STAT2
Acute-phase response

FN1

GP130

IL-1

IL-6R

IL-1R/TLR

LBP

MEK1

MEKK1

MyD88

OSMR

SAA

SERPINA3

SERPINE1

SOCS3

STAT3

TNFR

Other genes duplicated above: c-JUN, RELA, RIPK1
Role of RIG1-like receptors in antiviral innate immunity

Caspase 8/10

TRIM25

Other genes duplicated above: IRF7, LGP2, MDAS, RELA, RIG-1, RIPK1, TBK1

iNOS signaling
CD14

Other genes duplicated above: c-JUN, IRF1, JAK1, LBP, MyDS88, p300/CBP, RELA, STAT1

2.01
9.98
4.24
2.80
3.47
2.05
8.28
2.16
2.55
2.92
11.05
3.65
8.74

4.54
5.40
16.85
9.13
10.85
7.81
2.09
5.70
2.44
3.27

2.03
2.34
3.33
2.34
7.55
452
2.87
2.07
4.85
8.60
61.64
3.09
6.11
4.73
3.33
2.70

2.61
2.49

4.55

1.87
17.79
4.01
1.80
2.45
1.25
0.86
3.75
2.46
2.17
10.17
2.19
8.21

2.79
4.06
12.12
10.74
7.59
5.57
0.79
2.71
1.30
2.97

1.16
1.37
1.24
1.41
8.18
3.17
243
1.39
4.31
247
56.26
2.39
2.26
4.61
2.04
242

1.86
1.70

2.36

1.40
4.12
2.79
2.37
3.00
1.67
5.96
1.35
1.71
2.07
5.72
2.87
4.08

2.30
3.14
11.33
4.51
7.01
3.85
1.88
3.80
2.30
1.92

2.26
2.31
4.21
2.49
9.76
4.92
1.34
1.92
4.05
7.91
102.73
30.18
9.12
3.00
2.82
2.51

1.95
1.45

8.93

(continued)
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WT-BV  KO-BV  WT-CpG
NF-kB signaling
Growth factor 3.89 2.92 4.19
HDACI1/2 2.08 1.39 1.12
PKR 6.93 5.12 2.59
TIRAP 2.58 1.76 2.14

Other genes duplicated above: Caspase 8/10, IL-1, IL-1R/TLR, MEKK1, MyD88, p300/CBP,

RELA, RIPK1, TBK1, TNFR

“Fold-changes (>2) in upregulated genes in WT-BV are shown.

The TPA gene ontology module reviewed the top 10
significantly affected ingenuity canonical pathways of
WT-BYV, along with KO-BV and WT-CpG (Fig. 1A). The
pathways consisted mainly of immune-related signaling
such as “IFN signaling,” “activation of IRF,” “acute phase
response,” “role of RIG1-like receptors,” “LPS/IL-1 medi-
ated inhibition of RXR function,” “iNOS signaling,” and
“NF-xB signaling” (Fig. 1A). Details of their fold changes
are provided in Table 1. In general, the association with
each signaling pathway in KO-BV was decreased com-
pared with WT-BYV, while the association with WT-CpG
was relatively high, indicating the contribution of TLR9
signaling following BV administration (Fig. 1A).

In biological function analysis, the following catego-
ries were identified for WT-BV: “cell death and survival,”
“hematological system development,” “tissue morphology,”

“organismal survival,” “cellular movement,” “immune cell
trafficking,” “

cellular function and maintenance,” “lym-
phoid tissue structure and development,” “cell-to-cell sig-
naling and interaction,” and “protein synthesis” (Fig. 1B).
These functions were mainly related to tissue mortality
and development, and cellular movement and the con-
tributions in KO-BV were less than those in WT-BV and
WT-CpG.

The Cluster of Effector Molecule Candidates
“Intersection” That Was Independent of the
TLR9 Signaling Pathway

Because the elimination of liver-stage parasites was
independent from TLR9Y signaling’, the common upregu-
lated genes in both WT-BV and KO-BV but not WT-CpG
were categorized. The 40 specific genes identified
from the microarray data were hierarchically clustered,
and the cluster was designated “Intersection” (Fig. 2A
and B). The genes of the Intersection cluster are listed
in Table 2 according to the specific unit related to the
TLR9-independent pathway. The fold changes in expres-
sion were high for both WT-BV and KO-BYV, but low
for WT-CpG. The Intersection cluster included NT5C3,
LOC105246895, BTC, APOL9a/b, G3BP3, SLC6A®,
USP25, TRIM14, and PSMBS as the top 10 candidates.
The significance of these genes and possible effector
functions against Plasmodium are described in more
detail in the Discussion section.

DISCUSSION

In this study, intramuscular administration with BV
induced gene expression changes in the livers of mice.
Our previous study showed that (i) BV is able to eliminate

(B) “Intersection” cluster

a

408
WT-CpG

Color range

S
4 2 0 32 4

Figure 2. “Intersection” cluster induced by BV in a Toll-like receptor (TLR) 9-independent manner. (A) Hierarchical clustering analy-
sis of the gene expression patterns in the liver from WT-BV, KO-BV, and WT-CpG mice compared with mock control mice. Gene sets
that are indicated by blue bars represent the “Intersection” cluster, which may be BV specific but independent from TLR9Y signaling.
(B) Numbers of upregulated genes in WI-BV, KO-BV, and WT-CpG, and their overlaid clusters are shown. The Intersection cluster
(yellow) consists of genes that were upregulated in both WT-BV and KO-BV but not WT-CpG.
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Table 2. The Genes of the Cluster of Effector Molecule Candidates “Intersection”
Fold Change
Specific

Gene Symbol Gene Name Description WT-BV  KO-BV  WT-CpG Unit
NT5C3 5’-Nucleotidase, cytosolic III 4.77 2.22 1.13 3.09
LOC105246895IGm11772  Unknown 3.84 4.26 1.40 2.89
BTC Betacellulin, an epidermal growth factor 2.71 2.76 1.00 2.74
APOL9a Apolipoprotein L9a 3.97 5.29 1.70 2.72
APOL9b Apolipoprotein L9b 2.66 3.24 1.19 248
G3BP2 GTPase activating protein binding protein 2 5.13 4.13 1.93 2.40
SLC6A6 Solute carrier family 6, a neurotransmitter transporter 351 2.58 1.33 2.29
USP25 Ubiquitin-specific processing protease 25 3.49 2.46 1.34 2.22
TRIM14 Tripartite motif-containing 14 2.31 2.07 1.00 2.19
PSMBS Proteasome subunit, beta type 8 2.16 3.75 1.35 2.19
PCGF5 Polycomb group RING finger protein 5 222 2.32 1.06 2.14
PARPI10IPLEC Poly(ADP-ribose) polymerases 10 341 3.48 1.67 2.06
DBNL Drebrin-like protein 2.03 2.55 1.14 2.01
MAP2K1 MEK1 2.87 243 1.34 1.98
TDRD7 Tudor domain-containing 7 3.15 2.94 1.55 1.96
TNFRSFla TNF receptor superfamily member la 2.03 242 1.14 1.95
BST2 Tetherin; CD317 2.26 3.54 1.52 1.91
EXT1 Exostosin-1, a glycosyltransferse 2.88 2.45 1.40 1.90
TOR1AIP1 Torsin 1A interaction protein 1 4.58 2.10 1.81 1.85
ZC3HAV1 Zinc finger protein 3.26 2.61 1.60 1.83
B4GALT1 B(1,4)-galactosyltransferase 3.07 2.83 1.65 1.79
BAG3 BCL2-associated athanogene 3 3.14 3.20 1.84 1.72
H2-T24 MHC class I 3.38 232 1.68 1.70
CMTRI1 Cap Methyltransferase 1 2.71 2.12 1.45 1.67
TBK1 TANK-binding kinase 1 3.27 297 1.92 1.63
LY6e Lymphocyte antigen 6 family member E 2.02 2.35 1.40 1.56
NUBI The ubiquitin-like protein NEDD8-interacting protein 3.29 2.19 1.78 1.54
FAS Death receptor; CD95 2.77 2.51 1.79 1.47
RELA NF-xB p65, a transcription factor 2.55 2.46 1.71 1.46
HIP1R Huntingtin-interacting protein 1 related 2.71 2.49 1.78 1.46
Gm20412 Unknown 2.89 2.28 1.77 1.46
SH3BP2 SH3-domain binding protein 2 2.24 2.16 1.54 1.43
GSDMD Gasdermin D 2.61 275 1.88 1.43
STX18 Syntaxin 18, a SNARE protein 2.57 2.83 1.95 1.38
USB1 U6 snRNA phosphodiesterase 1 2.40 2.12 1.65 1.37
CPSF2 Cleavage and polyadenylation specificity factor 2 2.60 2.08 1.71 1.37
VPS37c Vacuolar protein sorting-associated protein 37C 2.19 2.46 1.77 1.31
ARF4 ADP-ribosylation factor 4, a small G-protein 2.40 2.24 1.83 1.27
GRN Granulin 2.54 2.07 1.86 1.24
GNL3 Guanine nucleotide binding protein-like 3; 2.07 2.19 1.79 1.19

Nucleostemin

Abbreviations: GTPase, guanosine triphosphatase; RING, Really interesting new gene; ADP, adenosine diphosphate; MEK 1, mitogen-activated pro-
tein kinase and extracellular signal-regulated kinase kinase 1; TNF, tumor necrosis factor; BCL2, B-cell lymphoma 2; MHC, major histocompatibility
complex; TANK, Traf family member-associated NF-xB activator; NEDDS, neural precursor cell expressed developmentally downregulated 8; NF-xB,
nuclear factor-kappa B; SH3, Src homology 3; SNARE, soluble NSF attachment protein receptor. Specific units that were independent from TLR9 were
calculated by the following formula: [(WT-BV + KO-BV)/2] + WT-CpG.

liver-stage parasites by intramuscular administration,
(i1) TLRY signaling via CpG ODN stimulation has only
limited efficacy for the elimination of parasites, and (iii)
BV-mediated elimination is mainly dependent on type I
IFN signaling’. To investigate which effector molecules

are responsible for the elimination of liver-stage para-
sites, the gene expression changes in WT and TLR9
mice in the presence or absence of BV or CpG ODN were
examined. Our data indicated that the major gene subsets
induced by BV were related to IFN signaling, and this,

/-



BACULOVIRUS-MEDIATED GENE EXPRESSION IN THE LIVER

along with secondary signaling, may contribute to the
elimination of liver-stage parasites.

Our microarray study identified the Intersection
cluster that included possible effector molecules for the
elimination of the liver-stage parasites that were inde-
pendent of TLRY signaling. The top 10 genes according
to the special unit are detailed in Table 2 and discussed
below. [Gene 1] 5’-nucleotidase cytosolic III (NT5C3)
mainly catalyzes the dephosphorylation of pyrimidine
nucleoside monophosphates, which play a critical role
in nucleotide pool balance and in the metabolism of
nucleoside analogues such as gemcitabine and cytosine
arabinoside'!. The blood-stage Plasmodium falciparum
parasites rely mostly on pyrimidine nucleotides syn-
thesized through the de novo biosynthetic pathway".
Recently, Antonova-Koch et al. identified subsets of
chemical compounds that strikingly inhibited the growth
of liver-stage P. berghei by high-throughput technol-
ogy and found that they contained a high proportion of
mitochondrial inhibitors (43%)'®. The mitochondrion
is critical for pyrimidine biosynthesis, a pathway that
is essential for cell replication'’. Collectively, this kind
of nucleotidase may also contribute to control nucle-
otide metabolism in the liver-stage parasites. [Gene 2]
LOC105246895 is an uncharacterized gene. [Gene 3]
Betacellulin (BTC) is a member of the epidermal growth
factor (EGF) family that is expressed in several tissues
such as the kidney and liver'®, and not only stimulates
EGF receptor tyrosine phosphorylation but also activates
erbB-4, a member of the erbB gene family'g. MEKI1,
which is listed in Table 2, is also implicated in down-
stream signaling of EGF receptors™. A previous study
showed that travelers of Canada were more susceptible
to severe malaria than people residing in endemic areas
and produced less EGF in plasma than the residents, sug-
gesting that EGF signaling is involved in Plasmodium
elimination”. [Genes 4 and 5] Apolipoprotein L9
(APOL9) homologs such as APOL9a and APOL9b were
strongly expressed in mouse liver and had antiviral
activity against neurotropic Theiler’s murine encepha-
lomyelitis virus, which might be caused by interac-
tion with cellular prohibitin 1 and prohibitin 2*'. Innate
immunity against Trypanosoma brucei brucei involved
activation of APOL1, an APOL family member, and the
lack of this protein enhanced the patient’s infectivity to
Trypanosoma evansi, because APOL1 was the lytic fac-
tor in normal human serum?>%, Additionally, APOL9 has
been reported to be a key protein involved in autophagy™,
and thus, this protein is likely to induce lysis of the liv-
er-stage parasites. [Gene 6] GTPase activating protein
binding protein 2 (G3BP2) and G3BPI1, together with
RNA, are components of stress granules, which function
to protect RNAs from harmful conditions* . Recently,
Hanson et al. demonstrated that infection by liver-stage
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parasites did not induce stress granule formation in the
host cells, and therefore the parasites evaded host cell
sensing by stress inducible signaling®. Conversely, the
successful induction of G3BP2 by BV might contribute
to parasite killing, as similarly demonstrated for poliovi-
rus”. [Gene 7] The gene slc6a6 (taut gene) encodes the
taurine transporter’. It was previously shown that taut™~
mice lose their ability to self-heal a blood-stage infection
with Plasmodium chabaudi®'. The livers of taut”™ mice
showed a higher frequency of hepatocyte apoptosis and
activation of the CD95 death receptor (Fas)*, which is
listed in Table 2. Based on this evidence, we hypoth-
esize that taurine metabolism in the liver may control
not only liver injury but also parasite growth. [Gene 8]
Ubiquitin-specific processing protease 25 (USP25) is
a member of the deubiquitinating enzymes that cleave
ubiquitin or ubiquitin-like proteins from pro-proteins
or target proteins®?*'. USP25 was able to cleave ubig-
uitin chains from RIG-I, tumor necrosis factor receptor-
associated factor (TRAF) 2, TRAF3, and TRAF6 that
were induced via type I IFN signaling by Sendai virus
or vesicular stomatitis virus**°, suggesting that USP25
could be a negative regulator of inflammation after BV
administration. [Gene 9] Tripartite motif-containing 14
(TRIM14) localizes to mitochondria and facilitates RIG-
I-like receptor-mediated IFN regulatory factor (IRF) 3
and nuclear factor-kB (NF-kB) activation’’. TRIM14
mediates cell proliferation, clone formation, cell cycle
procession, migration, and invasion in vitro and pro-
motes tumor growth in vivo; it also activates the AKT
pathway®. Therefore, TRIM14 might induce changes
in several genes that belong to bio-functional pathways
(Fig. 1B). [Gene 10] The gene encoding proteasome
subunit beta type 8 (psmb8) encodes the IFN-y inducible
subunit (b51//LMP7) of the immunoproteasome, which
degrades ubiquitin-tagged cytoplasmic proteins into pep-
tides that are especially suited for presentation by major
histocompatibility complex (MHC) class I molecules to
CDS8" cytotoxic T cells”. The downregulation of PSMB8
expression leads to suppression of MHC class I mole-
cule surface expression40. H2-24, an MHC class I mol-
ecule, was also listed in the Intersection cluster (Table 2)
and may play a role in enhancing the acquired immune
response against sporozoite-infected hepatocytes. In
summary, we hypothesized that parasite killing in the
liver by BV administration might be partly mediated by
the inhibition of pyrimidine biosynthesis required for
parasite growth and the acceleration of lysis of the para-
sites by several signaling pathways, which were medi-
ated by EGF receptors, autophagy, stress granules, or a
taurine transporter in combination with Fas.

Although IFN signaling is essential to reduce the
parasite burden in the liver, the majority of genes in
the Intersection cluster, with the exception of MEKI,
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PSMBS, TBK1, and RELA (NF-xB p65), were not listed
in the main pathways related to immune signaling (Tables
1 and 2). This discrepancy supports the idea that second-
ary signaling pathways may contribute to parasite elimi-
nation. In addition to direct activation of hepatocytes,
BV-mediated induction of IFN might activate circulat-
ing blood cells such as NK cells. Type I IFN enhances
the production of IFN-y by NK cells and promotes NK
cell-mediated cytotoxicity*"*>. Type I IFN also promotes
NK cell expansion during viral infection and protects
against cell death via fratricide®. Plasmodium infection
increases the number of NK cells in the liver, and these
cells can restrict the development of liver-stage parasites
but not blood-stage parasites*’. Thus, NK cells could
contribute to parasite elimination through the activation
by BV-induced IFN-o. Although BV administration also
induced IFN-y secretion, its involvement in parasite elim-
ination was partial (Fig. 2)°. Based on this, BV-induced
IFN-a. could not only induce gene expression changes
in the liver but also activate NK cells to secrete IFN-y
and other unknown effectors to eliminate the liver-stage
parasites. This hypothesis needs to be clarified in future
studies involving an NK cell depletion assay.

The identification of effector molecules from hosts
capable of killing liver-stage parasites is key for devel-
oping both pre-erythrocytic vaccines and antihypnozoite
drugs. The present study not only showed the potential
of BV as a new agent against liver-stage parasites but
also offers insight into understanding the mechanism of
parasite killing in the liver stage. To further determine the
critical effector molecules, it would be necessary to vali-
date whether the candidate genes are upregulated using
different methods [such as reverse transcription poly-
merase chain reaction (RT-PCR)] in a follow-up study,
and develop an in vitro sporozoite invasion assay using
transgenic hepatocytes, in which the individual gene can-
didates are silenced by siRNA or overexpressed by an
expression vector.
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