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General introduction

Malaria is caused by protozoan parasites of the genus Plasmodium. Plasmodium
parasites are transmitted by the bites of infected Anopheles mosquitoes, which inject sporozoites
into the host’s dermis. They are carried with the blood stream to the liver and mature in the
hepatocytes (exoerythrocytic stage). Matured merozoites are released into the hepatic sinusoids
and then invade the red blood cells, starting the erythrocytic stage, which comprises ring forms,
trophozoites, and, subsequently, schizonts that contain a new generation of merozoites (1).
According to World Malaria Report 2016 released by World Health Organization 91 countries
and territories are considered endemic, and there were 212 million cases and 429,000 deaths in
2015. Symptoms of severe malaria include fever, anemia, splenomegaly, jaundice and hepatic
injury. Considering that malaria patients develop those clinical symptoms in the erythrocytic
stage, host immunity is supposed to play a role in the pathogeneses.

Severe liver dysfunction occurs occasionally in severe malaria in association with
multi-organ failure and poor prognosis (2). In adult non-immune patients in South-East Asia and
India, jaundice and liver dysfunction occur in up to 50% of cases in severe malaria, almost
always as part of multi-organ disease (3). Elevations of liver cytoplasm enzymes are common,
including raised aspartate aminotransferase (AST), alanine aminotransferase (ALT) and alkaline
phosphatase (4, 5). Histopathological examination of liver biopsies of severe malaria patients
showed that dilated sinusoids, parasitized red blood cell (pRBC) sequestration within hepatic
sinusoids and adhesion of pRBCs to sinusoidal endothelial cells, and the retention of malaria

pigment, accompanied with hepatocyte swelling and necrosis, host macrophage infiltration and
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focal centrilobular hepatic necrosis (2, 3, 6, 7). It is reported that the degree of jaundice,
hepatomegaly and liver enzyme abnormalities correlates with the overall parasite load in the
body, and the sequestration of pRBCs in the liver was quantitatively associated with liver weight,
serum bilirubin and AST levels (8). Rodent malaria model using BALB/c mice and lethal P.
berghei (Pb) ANKA strain shows clinical manifestations as parasitemia, anemia, splenomegaly
and hepatic injury, which are also observed in human severe malaria patients as described above.
Also, in histopathological analysis of the liver of the mouse model, vasodilatation, remarkable
macrophage infiltration, and necrosis of hepatocytes are observed (9—12). However, the
mechanism of hepatic injury during malaria is still unknown.

Myeloid-related protein (MRP) 14 has been characterized as an inflammation-related
protein (13—15). MRP14, which is also known as S100A9, belongs to the S100 calcium-binding
protein family and can form the heterodimer with MRPS, which is also known as ST00AS8 (16—
18). These proteins are expressed by neutrophils and monocytes (16) and are also known as
markers of inflammatory macrophages (19). The studies with C57BL/6 mice have revealed that
MRP14 play a pivotal role in the pathogenesis of various inflammatory disorders. In
inflammatory diseases such as rheumatoid arthritis, psoriatic arthritis, and coronary syndromes,
the accumulation of cells expressing MRP14 is observed at inflammatory sites (20-22). In
addition, the protein is secreted by the inflammatory cells when activated (23). Actually, MRP14
in serum is elevated in various diseases including rheumatoid arthritis (21), coronary
syndromes(24), and psoriatic arthritis (25). Moreover, some studies suggest the function of

MRP14, not only as biomarkers but also inflammation mediators (13, 26). Those results in



C57BL/6 mice suggest that extracellular MRP14 is involved in the inflammation accompanied
with the accumulation of MRP14" macrophages. For malaria, there is a report that elevated
serum MRP14 levels in falciparum malaria patients correlated with an elevated parasite load
(27). In my graduation thesis, it is revealed that serum MRP14 is elevated during rodent malaria
accompanied with the accumulation of MRP14" macrophages in the liver of BALB/c mice.
Taken together, it was hypothesized that extracellular MRP14 is involved in hepatic
injury during rodent malaria in BALB/c mice as reported in other inflammatory models with
C57BL/6 mice. In chapter 1, it is demonstrated that extracellular MRP14 exacerbates hepatic
injury during rodent malaria by MRP14 administration to Pb-infected mice. In chapter 2, since
it was hypothesized that MRP14 deletion improves hepatic injury during rodent malaria as
reported in several inflammatory disorder models with C57BL/6 mice, MRP14-nockout (KO)
BALB/c mice were established. However, it was shown that hepatic injury during rodent malaria
was not improved in MRP14-KO BALB/c mice. Those results suggest that MRP14 deficiency
induces not only the simple deletion of extracellular MRP14 function to promote inflammation
but also affects intracellular MRP14 function, which leads to other changes in immunological
characters in myeloid cells of BALB/c mice. Thus in chapter 3, immunological characters of
BALB/c-background MRP14-KO mice were analyzed using LPS-induced shock model as
reported on the KO mice with C57BL/6 background. Although it is reported that MRP14-KO
C57BL/6 mice were less severely affected and survived significantly longer (28), it was revealed
that MRP14 deficiency could not improve the survival rate of LPS-induced shock in BALB/c

mice. Besides, the study elucidated the higher TNF-a production from BMCs of MRP14-KO
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BALB/c mice than wild-type (WT) controls, which is contrast to the reported results of the
suppression of TNF-a production in BMCs of MRP14-KO C57BL/6 mice. Those results suggest
that the deletion of intracellular MRP14 induces hyperresponsiveness of TLR4 signaling in
BMCs in BALB/c mice unlike C57BL/6 mice. It is considered that hepatic injury is not improved
in MRP14-KO BALB/c mice because the higher cellular capacity of BMCs keeps comparable
inflammatory cytokine levels in MRP14-KO BALB/c mice. In the present study, it is revealed
that extracellular MRP14 promotes inflammation in pathology of hepatic injury during rodent
malaria. Besides, it is elucidated that MRP14 has multiple functions not only to promote

inflammation but also to maintain TLR4 signaling in myeloid cells of BALB/c mice.



Chapter 1. Exacerbation of hepatic injury during rodent malaria by

administrating recombinant MRP14



Introduction

Hepatic injury can be established by using BALB/c mice and P. berghei ANKA strain.
Mice infected with this plasmodial parasite develop such clinical manifestations as parasitemia,
anemia, splenomegaly and hepatic injury, which also observed in human malaria patients.
Previous murine studies have shown that IL-12 and IFN-y have a pivotal role in liver injury
caused by P. berghei. Yoshimoto et al. revealed that the lethal P. berghei NK65 infection induces
IL-12 production and the IL-12 is involved in the pathogenesis of liver injury via IFN-y
production rather than the protection (10). Also, in the study by Adachi et al., it was
demonstrated that the liver injury induced by P. berghei NK65 infection of mice induces
activation of the toll-like receptor (TLR)-MyD88 signaling pathway which results in IL-12
production and activation of the perforin-dependent cytotoxic activities of MHC-unrestricted
hepatic lymphocytes (11). These studies suggested that the liver injury induced by P. berghei is
caused by the local production of cytokines that activates inflammatory cells which reside in the
liver. However, the pathogenesis of hepatic injury during Plasmodium species infection has not
been completely elucidated.

MRP14 is expressed by inflammatory macrophages and secreted upon activation (16,
23, 29) and has been characterized as an inflammation-related protein (13—15). With C57BL/6
mice, increased serum MRP14 accompanied with the accumulation of MRP14" macrophages at
inflammatory sites has been reported in various diseases including rheumatoid arthritis, psoriatic
arthritis, and coronary syndromes (20-22, 24, 25). Not only as biomarkers, some studies

suggested that MRP14 worked also as an inflammation mediator (13, 26). In malaria, there is



only one report on increased MRP14 in patient sera (27) whereas the mechanism behind the
elevated serum MRP14 levels was unclear. In my graduation thesis, in order to elucidate whether
MRP14" macrophages increased during malaria, I investigated macrophages expressing MRP14
in the organs of BALB/c mice infected with P. berghei ANKA (30). Immunohistochemical
staining of the spleen and liver revealed the accumulation of mononuclear cells expressing
MRP14 after Pb-infection (see the left panel of the figure). Since the locations of those cells
were similar to those of CD11b" cells, it is suggested that the accumulated MRP14" cells are
macrophages. Besides, immunohistochemical analysis showed that the locations of MRP14"
macrophages were similar to those of MRP8" macrophages, which indicates that MRP14"
macrophages also express MRPS. In addition, the MRP14 level in the plasma was also elevated
during Pb-infection compared with uninfected controls (see the right panel of the figure). My
graduation thesis first revealed the increase of MRP14 in plasma accompanied with the
accumulation of MRP14" macrophages in the spleen and liver of BALB/c mice during
experimental rodent malaria as seen in the other inflammatory disease models of C57BL/6 mice
(30), suggesting that increased MRP14" macrophages secrete MRP14 during rodent malaria. In

addition, studies on the function of extracellular MRP14 will be intriguing as a cytokine of
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inflammation mediators (13, 26). However, the role of MRP14 in hepatic injury during rodent
malaria has been unclear.

Taken together, it is hypothesized that the accumulation of MRP14" cells in the tissue
is associated with an increase in MRP14 in serum during malaria and that the extracellular
MRP14 are involved in hepatic injury. In chapter 1, in order to verify whether extracellular
MRP14 is involved in the pathology of hepatic injury during malaria, P. berghei-infected

BALB/c mice were intravenously administrated MRP14.
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Material and methods

Animals. Male BALB/c mice and BALB/c-nu/nu (nu/nu) mice were purchased from Japan Clea,
Tokyo, Japan. All mice were maintained under specific pathogen-free conditions. The mice were
used for experiments at the age of 8-9 weeks. P. berghei ANKA was used to infect mice. The
animal experiments were reviewed and approved by an institutional animal research committee
at the Graduate School of Agricultural and Life Sciences, The University of Tokyo (Approval

No. P15-91).

Experimental infection and hematological analysis. Experimental infection was performed as
previously described (30). Briefly, to prepare Pb-pRBCs, blood was collected from a BALB/c
mouse infected with P berghei and was mixed well with Citrate-phosphate-dextrose as
anticoagulant. The RBCs were washed two times with Hanks’ Balanced Salt Solution (Life
Technologies, Carlsbad, CA) by centrifugation at 400 xg for 5 min. Mice were infected
intraperitoneally with 10° Pb-pRBCs and sacrificed at day 7 of post-infection. For administration
of MRP14, mice were injected with recombinant MRP14 (50 pg/mouse) or PBS intravenously
every day for 7 days. Blood samples were collected every day by cutting the tip of tail to monitor
parasitemia by counting 1,000 RBCs on Giemsa-stained thin blood smears for each mouse by
microscopic examination. To analyze the inflammatory responses to Pb-infection in vivo, the
liver, spleen and serum were collected from mice at day 7 of post-infection. Whole blood was
collected by cardiac puncture of mice and centrifuged for 10 min at 5,000 xg to collect serum.

For hematological analysis, blood was collected using the heparinized capillary tubes
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(TERUMO, Tokyo, Japan) and hematocrit was determined by centrifuging the tubes at 15,000

xg for 10 min. For quantitative analyses of leukocytes, peripheral leukocytes were counted with

Tiirk’s solution (Merck Millipore, Darmstadt, Germany).

Production of recombinant MRP14 and MRP8. An open reading frame of murine MRP14 or
MRPS8 was amplified by PCR, and each amplified product was inserted into the Ndel/HindIll
site of the vector pET-28a (+) (Merck Millipore). The pET-28a vectors cloned for MRP14 and
MRP8 were transformed into Escherichia coli Rosetta2 (DE3) pLysS competent cells (Merck
Millipore). The transformed E. coli was cultured in SOB medium and expression of the
recombinant protein was induced by cultivation with 0.5 mM isopropyl-B-D-thiogalactoside
(IPTG) for 3 hr. For MRPS, inclusion body was formed after lysing cells by sonication and
centrifuging at 10,000 xg. The inclusion body was washed with 1% CHAPS and then
resolubilized in 8M urea. MRP14 and MRPS8 were then purified as 6xHis-tagged proteins using
Ni-NTA agarose (Qiagen Inc., Valencia, CA) by binding protein to the agarose, washing the
agarose with sodium deoxycolate. MRP14 was eluted with 200 mM imidazole and MRP8 was
eluted with Tris buffer (pH 4.0) in 8M urea. The eluted MRP14 was dialyzed with PBS (pH 7.4)
and the eluted MRP8 was dialyzed with 50mM Tris (pH 10). Concentration of the purified
protein was measured by BCA protein assay (Bio-Rad Laboratories, Inc., Berkeley, CA). An
endotoxin level of the protein was measured by LAL endotoxin assay (GenScript USA Inc.,

Piscataway, NJ) and shown to be below 100 EU/mg of protein.
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Determination of cytokines and hepatic enzymes. AST and ALT were measured by Japan
Society of Clinical Chemistry standard method using automatic analyzer, Hitachi 7189 (Hitachi,
Tokyo, Japan). MRP14 or MRP8 concentration in serum and TNF-o and IFN-y in culture
supernatants were measured by using commercial sandwich ELISA kit (R&D systems,

Minneapolis, MN for MRP14 and MRPS; eBioscience, San Diego, CA for TNF-a and IFN-y).

Nitric Oxide (NO) measurement. NO production was assessed by measuring the accumulation
of nitrites in the cell culture medium using the colorimetric Griess reaction. Culture medium was
mixed with Griess reagent (1% sulfanilamide, 0.1% N-1-naphthyl-ethylendiamide and 2.5%
phosphoric acid) in 1:1 ratio. After incubation for 10 min, the optical density (OD) was read at
550 nm on an absorbance detector. Standard curve was generated using NaNO; to determine the

quality of NO;".

HE-staining and immunohistochemical analyses. HE-staining and immunohistochemical
staining was performed as previously described (30). Briefly, for immunohistochemical staining,
paraffin-embedded tissues, sectioned at 4 um thickness, were dewaxed and boiled in Tris-EDTA
buffer (10 mM Tris Base, ImM EDTA-2Na, 0.05% Tween 20, pH 9.0) for 20 minutes. After
blocking, anti-MRP8 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-MRP14 (Santa Cruz
Biotechnology), anti-CD3 antibody (Santa Cruz Biotechnology) or anti-CD45R (BD
Biosciences, San Jose, CA) was applied to the serial sections of tissues. After washing with PBS,

sections were incubated with biotinylated anti-goat IgG (Nichirei Bioscience, Tokyo, Japan) or
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biotinylated anti-rat IgG (Nichirei Bioscience), followed by incubation with alkaline
phosphatase-conjugated streptavidin  (Nichirei Bioscience). Finally, enzymatic color
development was performed by using 4-[(4-amino-m-tolyl) (4-imino-3-methylcyclohexa-2,5-
dien-1-ylidene)methyl]-o-toluidine monohydrochloride (new fuchsine, Nichirei Bioscience).
For quantitative analyses of infiltrating MRP " cells in the tissues, the number of
MRP14" or MRPS" cells in the immunohistochemically stained tissues was counted in 5 random

microscopic fields at 400x magnification. For the spleen, the cells in the red pulp were counted.

Cell stimulation assay. The murine macrophage cell line RAW264.7 cells were purchased from
American Type Culture Collection, Manassas, VA. RAW264.7 cells were grown in DMEM
culture medium (Sigma-Aldrich, St Louis, MO) supplemented with 10% fetal bovine serum
(Thermo Fisher Scientific, Waltham, MA), 100 U/ml penicillin and 100 pg/ml streptomycin (P/S;
Life Technologies), at 37°C in 5% CO,. RAW264.7 cells (2 x 10° cells /ml) were applied and
incubated in 96-well plates. 24 hr later, cells were treated with MRP14 (5 pg/ml), MRPS (5
pg/ml) or lipopolysaccharide (LPS) (5 ng/ml, from E. coli 055:B5, Sigma-Aldrich) with or
without IFN-y (20 ng/ml, PeproTech, Rocky Hill, NJ). After incubation for 3-48 hr, RNA was
extracted with TRIzol (Thermo Fisher Scientific.). Polymyxin B (50 pg/ml) (Sigma-Aldrich)
was used as a LPS inhibitor. Paquinimod (250 pg/ml) was used as a MRP14 inhibitor, and was
gently provided from Active Biotech, Lund, Sweden. EGFP is a recombinant protein with
polyhistidine-tag and was used as negative control.

Single suspension of splenocytes (SPCs) were collected by passing the tissue through
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a 70 um cell strainer (BD Biosciences). Erythrocytes were lysed with Red Blood Cell Lysing
buffer Hybri-MAX™ (Sigma-Aldrich) for 2 min at room temperature, and remaining cells were
washed three times with PBS. SPCs (5 x 10° cells/ml) were cultured in RPMI 1640 medium
(Sigma-Aldrich) supplemented with 10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin
(Life Technologies), at 37°C in 5% CO,. SPCs were treated with Pb-pRBCs (1 x 10° cells/ml),
naive RBC (nRBC) (1 x 10® cells/ml) or concanavalin A (conA: 3 pg/ml, Sigma-Aldrich). After
incubation for 24 hr, supernatants were collected for determination of cytokine concentrations.
For TLR screening assay, TLR stimulation was tested by assessing NF-xB activation
in HEK293 cells, which express one of the murine TLRs (TLR2, 3, 4, 5, 7, 8 and 9) (InvivoGen,
San Diego, CA). The secreted embryonic alkaline phosphatase (SEAP) reporter is under the
control of promoter inducible by the NF-xB. This reporter gene allows the monitoring of
signaling through the TLRs, based on the activation of NF-«xB. In a 96-well plate containing 2.5
x 10° cells/ml, MRP14 (5 pg/ml) was added. After incubation for 24 hr, the OD of SEAP was

read at 650 nm on an absorbance detector.

Quantitative RT-PCR. RNA was extracted and cDNA was synthesized by reverse transcription.
Tissues were homogenized with 1 ml TRIzol and ¢1.0 stainless steel beads in the 2 ml tube using
Micro Smash MS100R (TOMY, Tokyo, Japan) at 4°C. After transferred to the Eppendorf tube,
0.2 pl chloroform was added and centrifuged at 12,000 xg for 15 min at 4°C. The supernatant
was mixed with 0.5 ml 2-propanol and centrifuged at 12,000 xg for 15 min at 4°C. After washing

with ethanol, RNA was dissolved in UltraPure distilled water (Thermo Fisher Scientific). The
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concentration of total RNA was measured by DU 730 Life Science UV/vis spectrophotometer
(Beckman Coulter, Brea, CA), and 400 ng of total RN'A was used as the template for the synthesis
of 20 ul cDNA. The mixture including 1.25 pM oligo (dT)6, and 0.5 mM dNTPs (Thermo Fisher
Scientific) with template RNA in the tube was incubated for 5 min at 65°C. After adding 5x first
strand buffer and 10 mM DTT (Thermo Fisher Scientific), 200 U M-MLV (Thermo Fisher
Scientific) was added and the tube was incubated for 50 min at 37°C and 15 min at 70°C. cDNA
was synthesized and analyzed for expression of cytokines (primers are listed in Supplemental
Table 1.). Real-time polymerase chain reaction (PCR) assay was carried out using 2 ul of cDNA
as the template and 10ul of SYBR Select Master Mix (Thermo Fisher Scientific) on the ABI
Prism 7000 Sequence Detection System (Thermo Fisher Scientific). Data was analyzed by 24"

methods and normalized by GAPDH. The thermal cycling conditions for the PCR were 94°C for

10 min, followed by 40 cycles of 94°C for 15 sec and 60°C for 1 min.

Statistical analysis. Statistical analysis was performed using GraphPad Prism 7.0 software
package (GraphPad Software Inc., San Diego, CA). Results are presented as mean + standard
deviation (SD). The differences between the groups of mice were analyzed by two-way ANOVA
followed by Sidak multiple comparisons test. Student’s 7 test was used to compare the differences
in the results from two independent groups. P value less than 0.05 were considered significantly

different.
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Results

Enhanced serum MRP14 level dependent on hepatic injury during rodent malaria. P
berghei ANKA causes fatal infection in BALB/cA mice; infection with 10® pRBCs kills mice in
8 days with an associated 60-80% parasitemia level. In this study, therefore, pRBC rate was
monitored every day, and mice were sacrificed at day 7 post-infection to collect blood and tissues.
In order to elucidate whether T cells are involved in hepatic injury during malaria, T cell-
deficient nu/nu mice were infected with Pb-pRBCs. There was no significant difference in pRBC
rate and hematocrit between nu/nu mice and WT mice. On day 7 post-infection, the mean + SD
of pRBC rate was 31.4 &+ 8.1% in nu/nu mice and 27.8 = 4.9 % in WT mice (Figure 1a), and the
mean + SD of hematocrit was 34.0 + 4.3% in nu/nu mice and 32.8 + 3.0% in WT mice (Figure
1b). On the other hand, WT mice lost significantly more body weight than nu/nu mice during
infection. On day 7 post-infection, the mean + SD of body weight change was 1.4 + 1.6% in
nu/nu mice and -7.3 £ 3.2% in WT mice (Figure 1c). The concentrations of serum AST and ALT
were not increased in nu/nu mice during Pb-infection. (Figure 1d). In nu/nu mice, there was no
difference in serum concentration of AST (naive: 93.8 = 27.1 IU/L, Pb-infected: 179.4 + 21.2
IU/L) and ALT (naive: 33.8 + 3.3 IU/L, Pb-infected: 45.6 + 04.3 IU/L) between naive and Pb-
infected mice, whereas the serum concentrations of AST and ALT were significantly higher after
Pb-infection in WT mice (naive: 134.4+ 27.71U/L, Pb-infected: 593.2 + 150.3 TU/L for AST;
naive: 36.6 + 2.6 IU/L, Pb-infected: 128.4 £ 28.4 IU/L for ALT). The mRNA expression of iNOS
and IFN-y in the liver was significantly higher in WT mice than in nu/nu mice after Pb-injection

(Figure le). In nu/nu mice, the expression of iNOS and IFN-y in the liver was low and not
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different between naive mice and Pb-infected mice. SPC assay showed that Pb-pRBCs induced
IFN-y production by SPCs (Figure 1f). While IFN-y produced by naive SPCs stimulated with
Pb-pRBCs or nRBCs was below the detection limit, SPCs from Pb-infected mice produced
higher IFN-y when stimulated with Pb-pRBCs than when stimulated with nRBCs.

The concentrations of serum MRP8 and MRP14 showed similar tendency to that of
serum AST and ALT. The increase levels of serum MRP8 and MRP14 were significantly lower
in nu/nu mice than WT mice (Figure 2a). In nu/nu mice, there was no difference in serum
concentration of MRP8 (naive: 135.4 + 72.5 ng/ml, Pb-infected: 151.3 + 72.3 ng/ml) and MRP14
(naive: 2.1 = 0.4 pg/ml, Pb-infected: 2.1 + 0.7 pg/ml) between naive mice and Pb-infected mice
(Figure 2a), while serum concentration of MRP8 and MRP14 was significantly higher after Pb-
infection in WT mice (naive: 30.9 = 15.4 ng/ml, Pb-infected: 315.2 = 93.5 ng/ml for MRPS;
naive: 0.06 £ 0.04 ug/ml, Pb-infected: 3.8 + 0.6 ng/ml for MRP14). In immunohistochemical
analysis, the accumulation of MRP8" cells and MRP14" cells in the liver and spleen was
observed in both of nu/nu mice and WT mice after infection (Figure 2b). The accumulation level
of MRP8" cells and MRP14" cells was similar, and representative images are shown in Figure
2b. It was shown that not only MRP14* and MRP8" cells but also CD3" cells and CD45R " cells
were accumulated in the liver and spleen after Pb-infection (Figure 2c). Besides,
immunohistochemistry of the serial sections with anti-MRP14, anti-CD3 and anti-CD45R

antibodies showed that MRP14* cells were co-localized with CD3" cells and CD45R" cells.

Macrophage activation induced by MRP14. RAW264.7 cells were stimulated by MRP14 and
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the concentration of secreted TNF-a in the supernatant was measured by ELISA. TNF-a was
induced after stimulation with MRP14 as much as with MRP8. Moreover, the increase of TNF-
o concentration was proportional to the increase of MRP14 concentration (Figure 3a). The
increase of TNF-a induced by MRP14 and MRP8 was not blocked by addition of polymyxin B
(Figure 3b). In contrast, polymyxin B efficiently blocked TNF-a induction by LPS. The increase
of TNF-a induced by MRP14 was blocked by addition of paquinimod (Figure 3c). The
concentration of TNF-o remained low after stimulation with EGFP, which is a recombinant
protein with polyhistidine-tag. In order to reveal activation of TLR signal pathway by MRP14,
HEK293 cells transfected with a TLR gene were stimulated by MRP14 and SEAP induced by
NF-xB activation through TLR was measured. HEK293 cells expressing TLR4 showed
significantly strong induction of SEAP after stimulation with MRP14 (Figure 3d). In addition,
HEK293 cells expressing TLR2 also showed a strong induction of SEAP after stimulation with
rMRP14. In contrast, HEK 293 cells transfected TLR3, 5, 7, 8 or 9 showed the low level of SEAP
(Figure 3d). HEK293/Null cells showed no response to MRP14. RT-PCR analysis showed that
MRP14 and MRPS induced the mRNA expression of IL-1p, TNF-a, IL-6, CCL2 and iNOS in
RAW264.7 cells (Figure 3e). The expression of IL-13, TNF-a, IL-6 and CCL2 was promoted at
3-6 hr after stimulation, and the expression of iNOS was promoted at 24 hr after stimulation. In
order to analyze cellular activity induced by stimulation with MRP8 or MRP14 in the presence
of and IFN-y, NO produced by RAW264.7 cells stimulated with MRP8/MRP14 plus IFN-y was
measured (Figure 3f). The concentration of NO in culture medium was below the detection limit

when RAW264.7 cells were stimulated with only MRP14, MRPS8 or LPS. In contrast, NO
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production was induced by RAW264.7 cells stimulated with both of MRP8 and MRP14 in the
presence of IFN-y. Besides, NO production was higher when RAW?264.7 cells were stimulated

with IFN-y coupled with MRP8 or MRP14 than when stimulated with I[FN-y only.

Weight loss exacerbated by MRP14. In order to verify whether extracellular MRP14 is
involved in the pathology of hepatic injury during malaria, recombinant MRP14 (50 pg/mouse)
was intravenously administrated every day to Pb-infected mice. There was no significant
difference in pRBC rate and hematocrit between MRP14-injected mice and PBS-injected mice.
On day 7 post-infection, the mean + SD of pRBC rate was 37.8 + 2.0% in MRP14-injected mice
and 33.2 + 5.0 % in PBS-injected mice (Figure 4a), and the mean + SD of hematocrit was 31.2
+ 2.2% in MRP14-injected mice and 32.8 + 3.0% in PBS-injected mice (Figure 4b). MRP14-
injected mice lost significantly more body weight than PBS-injected mice during Pb-infection.
On day 7 post-infection, the mean + SD of body weight change was -12.9 + 1.8% in MRP14-
injected mice and -7.3 + 3.2% in PBS-injected mice (Figure 4c). Splenomegaly, a typical
symptom of malaria, was observed in both of mouse groups. There was no significant difference
in the spleen weight between MRP14-injected mice (0.39 + 0.04 g) and PBS-injected mice (0.40
+ 0.05 g) at day 7 of post-infection (Figure 4d). Serum concentration of MRP14 increased
significantly at day 7 after Pb-infection in MRP14-injected mice (8.9 + 1.0 pg/ml) than PBS-
injected controls (5.0 £ 1.8 ug/ml), whereas the concentration of serum MRP8 was not different
between MRP14-injected mice (436 + 123 ng/ml) and PBS-injected mice (320 = 164 ng/ml)
(Figure 4e).
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Exacerbation of hepatic injury by MRP14 during rodent malaria. Histopathological analysis
of the and liver showed that hepatic injury was exacerbated by MRP14 during Pb-infection. In
both of MRP14-injected and PBS-injected liver, vasodilatation, remarkable cellular infiltration,
and degeneration of hepatocytes were observed after Pb-infection. In the liver of MRP14-
injected mice, a lot of focal necrosis area was observed, whereas few focal necrosis areas were
observed in PBS-injected mice after Pb-infection (Figure 5a). Serum concentration of AST and
ALT increased significantly higher in MRP14-injected mice than in PBS-injected controls at day
7 after Pb-injection (Figure 5b and c¢). On day 7 post-infection, the concentration of serum AST
was 1,467 + 110 IU/L in MRP14-injected mice and 833 + 89 IU/L in PBS-injected mice, and the
concentration of serum ALT was 338 + 66 IU/L in MRP14-injected mice and 151 + 40 IU/L in
PBS-injected mice. In the absence of Pb-infection, no significant difference was observed in
serum AST (MRP14-injected, 119 = 27 IU/L; PBS-injected, 134 + 28 IU/L) and ALT (MRP14-
injected, 25 + 6 IU/L; PBS-injected, 29 + 10 IU/L) between MRP14-injected mice and PBS-

injected mice.

The accumulation of MRP8" and MRP14" cells promoted by MRP14 during rodent
malaria. Immunohistochemical analysis showed that MRP8" and MRP14" cells were
accumulated in the liver and spleen at day 7 after Pb-infection, and the accumulation of MRP8"
and MRP14" cells was amplified by MRP14-injection (Figure 6a). The quantitative analysis

demonstrated that the number of the MRP8" and MRP14" cells was significantly higher in
g y mg
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MRP14-injected mice (MRPS" cells: spleen, 4,269 + 484 cells/mm?; liver, 507 + 57 cells/mmz)
(MRP14" cells: spleen, 4,065 + 576 cells/mm?; liver, 491 + 21 cells/mm?) than PBS-injected
control mice (MRP8" cells: spleen, 2,190 + 264 cells/mm?; liver, 207 + 11 cells/mm?) (MRP14"
cells: spleen, 2,137 + 287 cells/mm?; liver, 208 + 7.1 cells/mm?) after Pb-infection (Figure 6b
and c). The peripheral leukocytes increased after infection in both mice groups, the number of
peripheral leukocytes significantly higher in MRP14-injected mice (22,180 + 3,468 cells/ul) than
in PBS-injected mice (12,540 + 2,484 cells/ul) on day 7 post-infection (Figure 6d). In the liver
of MRP14-injected mice, it was observed that the more MRP8" and MRP14" cells were

accumulated in focal necrosis area than in other area (Figure 6e).

The accumulation of MRP8" and MRP14" cells promoted by MRP14. Immunohistochemical
analysis showed that the accumulation of MRP8" and MRP14" cells was induced by MRP14
itself even in the absence of Pb-infection (Figure 7a). The quantitative analysis demonstrated
that the number of the MRP8" and MRP14" cells was significantly higher in MRP14-injected
mice (MRP8" cells: spleen, 2,860 + 326 cells/mm?; liver, 44 + 10 cells/mm”) (MRP14" cells:
spleen, 2,707 + 448 cells/mm?; liver, 51 + 10 cells/mm?) than PBS-injected control mice (MRP8"
cells: spleen, 1,346 = 101 cells/mm?; liver, 7.6 + 1.5 cells/mmz) (MRP14" cells: spleen, 1,376 +
52 cells/mm?; liver, 7.0 + 0.7 cells/mm?) (Figure 7b and ¢). The number of peripheral leukocytes
also significantly higher in MRP14-injected mice (11,560 + 2,241 cells/ul) than in PBS-injected
mice (7,080 = 803 cells/ul) (Figure 7d). The splenomegaly was induced by MRP14, and the

spleen weight was significantly heavier in MRP14-injected mice (0.112 + 0.01 g) than in PBS-
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injected controls (0.09 + 0.004 g) (Figure 7e).

The expression of pro-inflammatory molecules promoted by MRP14 in the liver during
rodent malaria. Quantitative RT-PCR analysis showed that the expression of pro-inflammatory
molecules in the liver was promoted by MRP14 in the absence of Pb-infection (Figure 8). The
expression of iNOS, IL-1p, IL-12 p40, TNF-a, IL-10, TGF-B, NOX2, CCR2 and CCL2 was
significantly up-regulated in the liver by MRP14. On the other hand, even though the
accumulation of MRP8" and MRP14" cells was observed in both of the spleen and liver, the
expression pattern of pro-inflammatory molecules in the spleen was different from that in the
liver. In the spleen, the expression of arginase-1 (Arg-1), NOX2 and CCR2 was significantly up-
regulated by MRP14, and the other pro-inflammatory molecules up-regulated in the liver were
not changed by MRP14-injection. On day 7 post-infection, the expression of iNOS, IL-1p, IL-6,
IL-12 p40, TNF-a, IL-10, TGF-B, NOX2, CCR2, CCL2, IFN-y and IL-4 was significantly up-
regulated, and the expression of Arg-1 and FIZZ-1 was down-regulated in the liver of Pb-infected
mice (Figure 9). In contrast, in the spleen of Pb-infected mice, the expression of IL-1, IL-12
p40, TNF-a, FIZZ-1, TGF-B and NOX2 was significantly down-regulated, and the expression of
iINOS, Arg-1 and CCL2 was significantly up-regulated (Figure 10). In both of liver and spleen,
the expression of iNOS was more up-regulated in MRP14-injected mice than PBS-injected mice
after Pb-infection. The expression pattern of inflammatory molecules in the liver and spleen was

summarized in Figure 11.
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Discussion

Previous reports showed that T cells and IFN-y play a critical role in the protective
immunity against non-lethal murine malarial strain, P. chabaudi or P. berghei XAT (31-33). On
the other hand, other reports demonstrated that T cells and IFN-y are potentially involved in the
pathogenesis during lethal rodent malarial strain, P. berghei NK65 or P. berghei ANKA (10, 34,
35). In order to elucidate whether T cells are involved in the pathogenesis of hepatic injury during
infection with P. berghei ANKA, T cell-deficient nu/nu mice were infected with Pb-pRBCs. It is
revealed that hepatic injury during Pb-infection was induced through T cell-dependent
mechanism regardless of parasite number. Cell stimulation assay indicates that Pb-pRBC
antigen-specific T cells play a pivotal role in IFN-y and iNOS production (Figure 1f and e).
Besides, there was a positive correlation between serum concentration of hepatic enzymes and
MRP14 (Figure 1d and 2a). This relation between hepatic injury and serum MRP14 level
indicates that extracellular MRP14 has some functions involved in the pathogenesis of hepatic
injury during rodent malaria. Considering that MRP14" cells were co-localized with T cells in
the liver during Pb-infection (Figure 2c), it is suggested that MRP14 assists the function of T
cells to induce NO through IFN-y in the liver during rodent malaria. Actually, MRP14 promoted
NO production from RAW264.7 cells stimulated with IFN-y whereas MRP14 itself could not
induce NO production without IFN-y stimulation (Figure 3f), which suggests that MRP14
potentiates [FN-y-induced NO production. Because high levels of NO, generated primarily by
iNOS, have cytotoxic and pro-inflammatory effects leading to severe hepatic injury (36, 37),

MRP14 seems to promote hepatic injury by increasing NO production during rodent malaria.
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Interestingly, MRP14" cells were accumulated in the liver during Pb-infection in both of nu/nu
and WT mice, suggesting a T cell-independent mechanism for accumulating MRP14" cells
during Pb-infection.

Cell stimulation assay demonstrated that MRP14 is an agonist of TLR2 and TLR4
(Figure 3). TLRs are a class of transmembrane proteins that play important roles in the
inflammatory responses. When activated by agonists, TLRs signal cascade leads to the activation
of the transcription factor NF-xB and induces cytokine expression and secretion (38, 39).
Actually, MRP14 induced pro-inflammatory molecules such as IL-18, TNF-a, IL-6, CCL2 and
iNOS from macrophages (Figure 3), whose expression was induced by downstream signaling of
TLR. There is a report that MRP14 induces the secretion of TNFa, IL-1p and IL-6 dependent on
TLR4 (40), and it is also reported that these inflammatory cytokines can be associated with the
pathology during infection with P. berghei (41). Taken together, MRP14 can be involved in the
pathology of hepatic injury during malaria through activation of TLR2 and TLR4 signaling. It is
reported that MRPS also acts as an endogenous activator of TLR4 and promotes inflammatory
processes in infection and autoimmunity by amplifying TNF-a release in response to LPS (28,
42). Besides, TLRs recognize not only damage-associated endogenous molecular patterns
(DAMPs) but also pathogen-associated molecular patterns (PAMPs) (43), and promotes
inflammatory responses against pathogens. In malaria, it is known that hemozoin as malaria
pigment activates innate immune response through TLR9 (44). TLR-TLR cross-talk induce the
synergistic effect. It was reported that the stimulation with MALP2 and LPS (TLR2 and TLR4

ligands, respectively) results in the production of TNF-a at levels much greater than that
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observed for each of the ligands alone (45). Besides, TLR4 and TLR9 were shown to synergize
in the production of TNF-a in macrophages in a manner associated with enhanced MAPK
signaling (46). To take those facts into account, the activation of TLR2 and TLR4 by MRPs as
DAMPs can amplify immune response with TLR9 activation by hemozoin as PAMPs in malaria.
Moreover, considering that TLRs are expressed in various cells such as macrophages and
dendritic cells, the increase of MRP14 in plasma may be involved in the systemic inflammation
through TLRs in malaria.

In order to verify whether extracellular MRP14 is involved in the pathology of hepatic
injury during malaria, Pb-infected mice were intravenously injected with MRP14. Because
MRP14 can form heterodimer with MRPS8 (16), it is anticipated that the concentration of MRP14
measured by sandwich ELISA can be lower than the actual MRP14 concentration. Accordingly,
the dose of MRP14 administration was set based on the western blot analyses for MRP14 in
serum of Pb-infected mice in my graduation thesis. The MRP14 dose was consistent with the
dose in other studies about MRP14 administration (28, 47-49). Even though the number of
parasites was comparable between MRP14-injected mice and PBS-injected control mice,
extracellular MRP14 exacerbated hepatic injury along with enhanced serum AST and ALT
during rodent malaria (Figure 5). Actually, in human cases, it is reported that there was a
significant correlation between plasma MRP8/MRP14 levels and liver damage as illustrated by
elevated ALT levels of patients infected with Salmonella typhi (50), which suggests that
extracellular MRP14 is involved in hepatic injury. Immunohistochemical analysis first

demonstrated that extracellular MRP14 promotes the accumulation of MRP8" and MRP14" cells
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in the liver during Pb-infection (Figure 6). The accumulation of MRP8" and MRP14" cells
especially in focal necrosis area suggests that MRP14 can be involved in the inflammation and
necrosis of hepatic cells (Figure 6¢). Because the number of peripheral leukocytes also increased
in MRP14-injected mice (Figure 6d and 7d), these accumulated MRP8" and MRP14" cells in the
tissue seem to be recruited from bone marrow. Because the number of the accumulated MRP8"
and MRP14" cells was not changed after perfusion, it is considered that the MRP8" and MRP14"
cells were adherent to endothelial cells in the sinusoid of liver. Also, even in the absence of Pb-
infection, administration of MRP14 could induce the accumulation of MRP8" and MRP14" cells
in the tissue of naive mice (Figure 7), which indicates that MRP8" and MRP14" cells can be
accumulated by MRP14 alone. Quantitative RT-PCR analysis revealed that extracellular MRP14
induces the up-regulation of pro-inflammatory molecules such as iNOS, IL-1p, IL-12 p40, TNF-
a and NOX2 in the liver of naive mice (Figure 8), which is consistent with the result in vitro
(Figure 3). iNOS, which induces high concentrations of NO, and is transcriptionally regulated
and induced by inflammatory cytokines, i.e., IL-1p, TNF-a or IFN-y (51, 52). Because those
cytokines and iNOS were elevated after Pb-infection (Figure 9 and 11), it is indicated that the
pro-inflammatory cytokines and NO induced by MRP14 are involved in the inflammatory
response, which leads to hepatic injury during rodent malaria. NOX2, which is expressed in
macrophages, is also important to generate superoxide, which reacts with NO and leads to
cytotoxic peroxynitrite (53). In the contrast to the results on uninfected mice, there was not
significant difference in these inflammatory cytokines between MRP14-injected mice and PBS-

injected controls during Pb-infection, which indicates that other factors induced by MRP14 is
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related to iNOS induction. In the absence of Pb-infection, extracellular MRP14 alone could not
induce hepatic injury illustrated by elevated AST and ALT levels (Figure 7). Although MRP14
induced iNOS (Figure 3e and 8), NO was not induced by MRP14 alone (Figure 3f), which
indicates that iNOS level induced by MRP14 alone is not enough to induce NO. Since MRP14
administration did not influence the expression of IFN-y in naive mice (Figure 8), and increase
rate of iNOS expression induced in Pb-infected mice was much higher than that induced by
MRP14 alone (Figure 8 and 9), IFN-y produced by Pb-antigen specific T cells have a potent role
in iNOS induction and hepatic injury. Also, extracellular MRP14 induced the up-regulation of
chemotactic factors, CCR2 and CCL2, which suggests that these molecules are associated with
the cellular recruitment to the tissue during rodent malaria. Actually, it is reported that MRP can
induce migration of neutrophils and monocytes (54-57). It is also reported that monocytes
migrated by CCR2 and CCL2 aggravate hepatic injury (58, 59). Taken together, these data
indicate that elevated MRP14 during malaria is one of the key molecules for pathology of hepatic
injury, and it is concluded that extracellular MRP14 promotes the accumulation of MRP8" and
MRP14" cells in the liver and the local production of pro-inflammatory molecules, which leads
to hepatic injury during rodent malaria.

Interestingly, even though the accumulation of MRP8" and MRP14" cells was
observed in both of the spleen and liver during rodent malaria, the expression pattern of pro-
inflammatory molecules induced by MRP14 in the spleen was different from that in the liver
(Figure 8-11). In contrast to enhanced iNOS expression in the liver, the up-regulation of Arg-1

was prominent in the spleen during Pb-infection (Figure 10), and the administration of MRP14
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also induced the up-regulation of Arg-1 in the spleen of naive mice (Figure 8). Also, it is reported
that cytokine pattern was different between spleen and liver in other inflammatory models (60,
61). This different cytokine patterns suggest that the cellular activation and inflammatory
responses are different between organs, which may be explained by the different cellular
population. For example, even though their origins were common, tissue-resident macrophages
differentiate to tissue-specific or niche-specific macrophages in each organ and have unique
phenotypes which reflect the tissue-specific environment and endogenous factors (62—64).
Depending on the microenvironment, inflammatory macrophages also can be polarized distinct
subsets, M1 or M2 macrophages (65). Classically activated M1 macrophages are differentiated
by IFN-y and LPS. M1 macrophages secrete IL-12, TNF-q, IL-1p and IL-6 and express iNOS.
In contrast, M2 macrophages are induced by IL-4, IL-13, IL-10 and TGF-B. Arg-1 is up-
regulated in M2 macrophages and they secrete IL-10 and TGF-B (66). Hence, the results of up-
regulation of iNOS in the liver and Arg-1 in the spleen suggests that the activation of M1
macrophages is dominant in the liver, whereas the activation of M2 macrophages is dominant in
the spleen during rodent malaria. Therefore, it is suggested that M1 macrophages activated by
MRP14 promote the production of type 1 cytokines, which leads to hepatic injury during rodent
malaria. Besides, the expression of TLRs also different between M1 and M2 macrophages. M1
macrophages express most TLRs, and their expression was higher than M2 macrophages (67).
Considering that MRP14 is an activator of TLR2 and TLR4 (Figure 3d), M1 macrophages are
more likely to be influenced by MRP14 than M2 macrophages. It is demonstrated that MRP14-

induced inflammatory responses were different between organs, which leads a better
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understanding the tissue-specific pathogenesis during rodent malaria. Besides, since it is reported
that the expression pattern of chemotactic factors is also different between M1 and M2
macrophages (65), MRP14 can influence macrophage phenotypes, which may leads to different
heterogeneity of accumulated macrophages between spleen and liver.

Taken together, in chapter 1, it is concluded that extracellular MRP14 promotes
inflammatory reactions through the accumulation of MRP8" and MRP14" cells and the up-
regulation of pro-inflammatory cytokines and NO, which exacerbates hepatic injury during

rodent malaria.
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Chapter 2. Unimproved hepatic injury in MRP14-KO BALB/c mice during

rodent malaria
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Introduction

In chapter 1, it was elucidated that extracellular MRP14 exacerbates hepatic injury
during rodent malaria. Since extracellular MRP14 promotes the accumulation of MRPS8" and
MRP14" cells and the up-regulation of pro-inflammatory cytokines, it was hypothesized that
MRP14 deficiency impairs those inflammatory reactions and improves liver damage during Pb-
infection.

Blood level of MRP14 was high in P. berghei-infected mice (2-5 pg/ml, Figure 1), and
in vivo neutralization using commercial antibodies or inhibitor were not applicable. It is reported
that a strain of MRP14-KO C57BL/6 mice has been established and, these mice also lack
detectable levels of MRP8 protein in the peripheral tissues (68, 69). Hobbs et al. reported that
MRPS protein was not present in the myeloid cells of their MRP14-KO C57BL/6 mice (69).
Manitz et al. reported that MRP8 was present in bone marrow cells (BMCs) but not detectable
in the peripheral blood cells, SPCs or peritoneal exudate cells (PECs) of their KO C57BL/6 mice
(68). These results suggest that MRP8 as well as MRP14 is not detectable in peripheral tissue of
the MRP14-KO C57BL/6 mice. Besides, previous study demonstrated that MRP8-KO C57BL/6
mice die in utero (70). Studies with the MRP14-KO C57BL/6 mice have demonstrated that
MRP14 play a critical role in the pathogenesis of various inflammatory disorders such as
vasculitis, pneumonia, arthritis and cancer (71-75). In those reports, inflammation, pathology
and survival rate were improved in the MRP14-KO C57BL/6 mice, indicating that MRP14
aggravates inflammation in various diseases. However, the study on malaria model using

MRP14-KO mice has not been reported yet. Besides, a strain of BALB/c background MRP14-
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KO mice has not been established yet, neither.

Taken together, it was hypothesized that MRP14 deficiency improves hepatic injury
during rodent malaria in BALB/c mice as seen in the other inflammatory disease models of
C57BL/6 mice. In this chapter, in order to verify this hypothesis described above, BALB/c-
background MRP14-KO mice were first established in this study, and compared their phenotypes

with WT mice during rodent malaria.
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Material and methods

Animals. BALB/c mice were purchased from Japan Clea, and were maintained under specific
pathogen-free conditions. MRP14-KO BALB/c mice were bred in the animal facility at the
Graduate School of Agricultural and Life Sciences, The University of Tokyo (Approval No. 764-
2630 and P14-943). The male mice were used for experiments at the age of 8-9 weeks. The
animal experiments were reviewed and approved by an institutional animal research committee
and an institutional committee on genetically modified organisms at the Graduate School of
Agricultural and Life Sciences, The University of Tokyo (Approval No. P15-91 and No. 830-
2630). MRP14-KO BALB/c mouse was generated by offset-nicking method of CRISPR/Cas
system according to previous report in collaboration with Dr. Wataru Fujii, Laboratory of
Applied Genetics, Graduate school of Agricultural and Life Sciences, The University of Tokyo
(76). Briefly, exon 2 of MRP14 locus, which includes EF-hand region, was deleted by using the
four gRNAs which designed at the following loci; 5'-
GGCCACTGTTAGGCAAGATAAGGAGGGG, 5'-GAGACTAGGTCAGGGAAGCTTGG, 5'-
GGCAGAGCCCTACTGCCCCCGQG, and 5'-GCAGTAGGGCTCTGCCATTAGAGG. (Figure
12). PCR genotyping was performed to confirm the deletion in the target gene, using the
primers as follows: MRP14 forward, 5’-GTCAAAATTCTGTTTTGTGTATATGTGGAG-3;
MRP14 reverse, 5’-AATTCCCTTGTGTTCTTAAAGTTATGTGTC-3’). PCR products were
purified by 1.5% agarose gel electrophoresis and were subsequently sequenced. The mice were

made specific pathogen-free at Central Institute for Experimental Animals, Kawasaki, Japan.
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Experimental infection and hematological analysis. Experimental infection and
hematological analysis were performed as described in chapter 1. Briefly, Mice were infected
intraperitoneally with 10° Pb-pRBCs and sacrificed at day 7 of post-infection. Paquinimod was
injected intraperitoneally every day from 3days before Pb-infection to the 7™ day after Pb-
infection (25 mg/kg/day). To analyze the inflammatory responses to Pb-infection, the liver,
spleen and serum were collected from mice at day 7 of post-infection. For hematological analysis,
the measurement of hematocrit and the count of peripheral leukocytes were done at day 7 of

post-infection.

Morphological analyses of cells. For cell population analyses, peripheral leukocytes in the
Giemsa-stained smear were observed under a microscope and morphologically categorized as
previously described (30). Briefly, monocyte was defined as a large cell which has round nucleus
and large cytoplasm; lymphocyte was defined as a small cell which has round nucleus and small
cytoplasm; neutrophil was distinguished by segmented nucleus as eosinophil and basophil were
very few and negligible for neutrophil enumeration. The ratio of each cell type was also

expressed as percentage.

HE-staining and immunohistochemical analyses. HE staining and immunohistochemical
staining was performed as described in chapter 1. For quantitative analyses of infiltrating cells
in the tissues, the numbers of macrophages, lymphocytes, and neutrophils in the HE-stained liver

sections were counted, based on morphology as described above, in 5 random microscopic fields
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at 1,000x magnification. The number of MRP8" cells in the immunohistochemically stained
tissues was counted in 5 random microscopic fields at 400x magnification. For the spleen, the

cells in the red pulp were counted.

Determination of cytokines and hepatic enzymes. Hepatic enzymes (AST and ALT), MRP14

or MRP8 concentration in serum were measured as described in chapter 1.

Quantitative RT-PCR. Quantitative RT-PCR analysis with the tissues were performed as

described in chapter 1.

Statistical analysis. Statistical analysis was performed using GraphPad Prism 7.0 software
package. Results are presented as mean + SD. The differences between MRP14-KO mice and
WT mice were analyzed by two-way ANOVA followed by Sidak multiple comparisons test.
Student’s ¢ test was used to compare the differences in the results from two independent groups.

P value less than 0.05 were considered significantly different.
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Results

No effect of MRP14 deficiency on weight loss. In order to verify whether MRP14 deficiency
is involved in the pathology during malaria, MRP14-KO mice were infected with Pb-pRBCs.
There was no significant difference in pRBC rate or hematocrit between MRP14-KO mice and
WT mice. On day 7 post-infection, the mean = SD of pRBC rate was 28.4 = 3.0% in MRP14-
KO mice and 27.8 £ 5.0 % in WT mice (Figure 13a), and the mean + SD of hematocrit was 37
+ 4.3% in MRP14-KO mice and 35 + 4.6% in WT mice (Figure 13b). There was no significant
difference in body weight change between MRP14-KO mice and WT mice after Pb-infection.
On day 7 post-infection, the mean + SD of body weight change was -4.8 + 5.3% in MRP14-KO
mice and -10.2 + 2.1% in WT mice (Figure 13c). Splenomegaly, a typical symptom of malaria,
was observed in both of mice groups. There was no significant difference in the spleen weight
between MRP14-KO mice (0.40 + 0.04 g) and WT mice (0.38 + 0.05 g) at day 7 of infection
(Figure 13d). The number of peripheral leukocytes significantly lower in MRP14-KO mice
(7,440 + 939 cells/pl) than in WT mice (15,400 =+ 3,346 cells/ul) on day 7 post-infection (Figure
13e), and there was no significant difference in the percentage of the neutrophils (MRP14-KO:
36.6 £4.4%, WT: 32.7 + 4.5%), lymphocytes (MRP14-KO: 53.2 + 4.7%, WT: 58.5 £ 5.6%) or
monocytes (MRP14-KO: 10.2 + 1.9%, WT: 8.8 + 1.8%) in peripheral blood from MRP14-KO

mice and WT mice (Figure 13f).

Hepatic injury independent of MRP14 during rodent malaria. In histopathological analysis

of the liver, no pathological difference was observed between MRP14-KO mice and WT mice
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after Pb-infection (Figure 14a). In Pb-infected liver of mice, vasodilatation and remarkable
cellular infiltration were observed in both groups. Also, serum concentration of AST and ALT
increased significantly at day 7 after Pb-infection in both of MRP14-KO mice and WT mice
(Figure 14b). No significant difference was observed in serum AST (MRP14-KO, 894 + 734
IU/L; WT, 1,077 + 405 TU/L) and ALT (MRP14-KO, 306 + 257 IU/L; WT, 252 + 147 IU/L)

between MRP14-KO mice and WT mice after Pb-injection.

The accumulation of MRPS" cells independent of MRP14 in the liver during rodent malaria.
Immunohistochemical analysis showed that MRP8" cells were similarly accumulated in the liver
and spleen at day 7 after Pb-infection in both of MRP14-KO mice and WT mice (Figure 15a).
The quantitative analysis demonstrated that the number of the MRP8" cells in the liver was
comparable between MRP14-KO mice (252 + 78 cells/mm?) and WT mice (328 + 48 cells/mm?).
On the other hand, the number of the MRPS" cells in the spleen was significantly lower in
MRP14 KO mice (1,873 + 174 cells/mm?® than WT mice (2,814 + 172 cells/mm?) (Figure 15b).
The quantitative analysis of accumulated cells in the liver and spleen showed that there was no
significant difference in the number of monocytes/macrophages, neutrophils or lymphocytes
between MRP14-KO mice and WT controls at day 7 after Pb-infection (Figure 15c). Serum
concentration of MRPS increased significantly at day 7 after Pb-injection in MRP14-KO mice
(naive: 17.5 £ 3.1 ng/ml, Pb-infected: 371.1 = 137 ng/ml), and the concentration of serum MRPS8
was not different between MRP14-KO mice (371.1 + 137 pg/ml) and WT mice (315.2 = 93.5

pg/ml) after Pb-infection (Figure 15d). Serum MRP14 was not detected in MRP14-KO mice.
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Enhanced pro-inflammatory molecules independent of MRP14 in the liver during rodent
malaria. Quantitative RT-PCR analysis showed that the expression of pro-inflammatory
molecules in the liver and spleen was comparable between MRP14-KO mice and WT mice
(Figure 16 and 17). In the liver on day 7 post-infection, the expression of iNOS, IL-1p, IL-6, IL-
12 p40, TNF-a, IL-10, TGF-B, CCR2, CCL2, IFN-y and IL-4 was significantly up-regulated,
and the expression of Arg-1 was down-regulated in both of MRP14-KO mice and WT mice
(Figure 16). On the other hand, in the spleen of Pb-infected mice, the expression of IL-1p, IL-12
p40, TNF-a, FIZZ-1, TGF-f and CCR2 was significantly down-regulated, and the expression of
iNOS, IL-6, Arg-1, IL-10 and CCL2 was significantly up-regulated in both of mice groups
(Figure 17). In Pb-infected liver and spleen, the expression level of iNOS, IL-1p, IL-6, IL-12
p40, Arg-1, F1ZZ-1, IL-10, TGF-B, CCR2, CCL2, IFN-y and IL-4 was not significantly different
between MRP14-KO mice and WT mice, though TNF-a was slightly up-regulated in MRP14-

KO mice.

The administration of paquinimod failed to suppress MRP14 in vivo. The rate of pRBC in
peripheral blood was significantly lower in paquinimod-injected mice than control mice at day
7 after Pb-infection. There was no significant difference in hematocrit between paquinimod-
injected mice and control mice (Figure 18a and 18b). There was no significant difference in body
weight change, spleen weight and peripheral leukocytes number between paquinimod-injected
mice and control mice after Pb-infection (Figure 18c-e). The concentration of serum MRP14 was

not different between paquinimod-injected mice and control mice after Pb-infection (Figure 18f).
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Immunohistochemical analysis showed that MRP8" and MRP14" cells were accumulated in the
liver and spleen at day 7 after Pb-infection in both of paquinimod-injected mice and WT mice
(Figure 18g). The quantitative analysis demonstrated that the number of the MRP8" and MRP14"
cells in the liver was comparable between paquinimod-injected mice and control mice. On the
other hand, the number of the MRP8" and MRP14" cells in the spleen was significantly lower in
paquinimod-injected mice than control mice (Figure 18g). No significant difference was
observed in serum AST and ALT between paquinimod-injected mice and control mice after Pb-

injection (Figure 18h).
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Discussion

As showed in chapter 1, MRP14 administration exacerbates hepatic injury during
rodent malaria. Blood level of MRP14 was high in P. berghei-infected mice (2-5 ug/ml, Figure
1), and in vivo neutralization using commercial antibodies or inhibitor could not be directly
applicable. Actually, I tried neutralization of MRP14 in vivo using paquinimod, which is recently
identified as a MRP14 inhibitor (77). However, intraperitoneal administration of paquinimod
failed to suppress MRP14 level in vivo (Figure 18), even though it inhibits MRP14 induced TNF-
a secretion from macrophages in vitro (Figure 3). Those results indicate that paquinimod, even
whose dose is as high as possible, was not enough to block MRP14 in vivo. Also, previous study
demonstrated that MRP8-KO mice die at the embryonic stage (70). Therefore, MRP14-KO
BALB/c mice were established and the function of MRP14 was analyzed using the KO mice in
this study. In this chapter, in order to verify whether MRP14 deficiency improves hepatic injury
during rodent malaria, MRP14-KO BALB/c mice were infected with P. berghei.

MRP14 deficiency did not influence on the body weight loss, the parasite number or
spleen weight as seen in MRP14-injected mice (Figure 13a-d). Surprisingly, MRP14-KO mice
also showed hepatic injury during Pb-infection, and their serum AST and ALT levels were
comparable to WT controls (Figure 14), indicating that hepatic injury was not improved in
MRP14-KO BALB/c mice during rodent malaria. Besides, there was no significant difference in
pro-inflammatory cytokines levels in the liver between MRP14-KO mice and WT mice, i.e.,
iNOS, IL-18, IL-12, IFN-y, CCR2 and CCL2 (Figure 16). The results indicate that MRP14

deficiency did not affect the induction of those pro-inflammatory molecules in MRP14-KO
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BALB/c mice, and by which the hepatic injury in MRP14-KO BALB/c mice can be explained.
Unlike previous reports on C57BL/6 mice, MRP8 was detectable in MRP14-KO BALB/c mice
in this study (described detail in chapter 3). Serum MRPS level in MRP14-KO BALB/c mice
was comparable to that in WT (Figure 15d). Also, quantitative analysis revealed the number of
MRP8" macrophages in the liver was comparable between MRP14-KO BALB/c mice and WT
mice after Pb-infection (Figure 15b). Those results indicate that phenotype of MRP14-KO
BALB/c mice is different from MRP14-KO C57BL/6 mice. The hypothesis, “MRP14 deletion
improves inflammation since extracellular MRP14 as well as MRPS is suppressed in MRP14-
KO mice.”, has been established by studies with MRP14-KO C57BL/6 mice. However, the
present study suggests that this hypothesis cannot be applied to MRP14-KO BALB/c mice. It is
indicated that intracellular MRP14 may be related to the maintenance of MRPS8 in myeloid cells.

The number of peripheral leukocytes in MRP14-KO mice was significantly lower than
that in WT mice (Figure 13e), indicating that MRP14 is related to BMC proliferation or
emigration. The result was not consistent with the comparable number of MRP8" macrophages
in the liver (Figure 15b). It was indicated that even if the immigrating number of MRP8" cells
was different between MRP14-KO and WT mice, the number of MRP8" cells trapped in liver
was comparable between the two groups. Considering that the accumulated MRPS" cells were
adherent to the sinusoid in the liver, the comparable expression level of adherent molecules may
be related to the phenomenon. Quantitative analysis revealed the number of MRPS’
macrophages in the liver was comparable between MRP14-KO mice and WT mice after Pb-

infection (Figure 15b), while the number of MRP8" macrophages in the spleen was slightly lower
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in MRP14 KO mice than WT mice (Figure 15b). The results suggest that MRP8" macrophages
are likely to be trapped in the liver more than in spleen in MRP14-KO mice during rodent malaria.
During Pb-infection, M1 macrophages and type 1 cytokines were dominant in the liver whereas
M2 macrophages and type 2 cytokines were dominant in the spleen (chapter 1). Considering that
MRP14 is related to type 1 cytokine production, it is anticipated that MRP14 deletion more
promotes the activation of M2 macrophages in the spleen during Pb-infection. Actually, TGF-

in the spleen was up-regulated in MRP14-KO mice (Figure 17). Since M1 macrophages activate
type 1 cytokine cascade by positive feedback (78), it is suggested that M1 dominance in the liver
recruits and stays more MRP8" macrophages than M2 dominance in the spleen during rodent
malaria. The total number of accumulated macrophages in the spleen was comparable between
MRP14 KO mice and WT mice (Figure 15¢), which indicates that other macrophages which do
not express MRP8 are accumulated in the spleen in compensation for MRPS" macrophages,
which may contribute to the comparable cytokine expression in the spleen of MRP14-KO mice
and WT mice.

In addition, some studies reported that MRP14 is dispensable for liver inflammation
in several models (50, 79, 80). In a murine Salmonella infection model, though elevated serum
MRP14 and the accumulation of MRP8" and MRP14" cells in the liver were observed, MRP14
deficiency did not influence bacterial growth, liver damage and mortality (50). Also, in the
carbon tetrachloride-induced liver inflammation model, liver inflammation, fibrosis and
recruitment of inflammatory cells were not affected upon MRP14 deletion (80). Those reports

are consistent with my results in Pb-infection model.
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In conclusion, in chapter 2, it was revealed that MRP14 deletion does not improve
hepatic injury during rodent malaria even though MRP14 administration exacerbates the hepatic
injury. Although the concept that MRP14 deficiency improves inflammation has been
established in MRP14-KO C57BL/6 mice, the concept cannot be simply applied to BALB/c mice.
Since the phenotype of MRP14-KO BALB/c mice is different from that of MRP14-KO C57BL/6
mice, it is indicated that MRP14 deficiency induces not only the simple deletion of extracellular
MRP14 function to promote inflammation but also affects intracellular MRP14 function, which
leads to other changes in immunological characters in myeloid cells of BALB/c mice. Therefore,
it is indicated that MRP14-KO BALB/c mice were not the optimal model to prove inversely the
extracellular MRP14 function as an inflammation enhancer. The detailed analyses of
immunological characters of MRP14-KO BALB/c mice can help understanding of the

pathogenesis of the hepatic injury during rodent malaria in MRP14-KO BALB/c mice.
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Chapter 3. Enhanced TLR4 signaling in BMCs of MRP14-KO BALB/c mice
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Introduction

Even though it was revealed that extracellular MRP14 exacerbates hepatic injury
during rodent malaria in chapter 1, improvement of liver inflammation during Pb-infection could
not been observed in MRP14-KO BALB/c mice in chapter 2. Those results suggest that
intracellular MRP14 deletion affects the immunological characters of myeloid cells in MRP14-
KO BALB/c mice. Besides, although MRP14-KO mice have contributed to understanding of the
roles of MRP14 as well as MRP8 in inflammatory responses, only mice with C57BL/6
background have been available so far (68, 69), which limits more broad understanding of
immunological functions of MRP14 and MRP8. In this chapter, immunological characteristics
of established MRP14-KO BALB/c mice were evaluated by using an endotoxin shock model as
reported on the KO mice with C57BL/6 background (28).

MRP14 and MRPS8 have been characterized as inflammation-related proteins (13—15).
MRP14 and MRPS8 belong to the S100 calcium-binding protein family and can form the
heterodimer MRP8/14 (16—18). These proteins are the most abundant cytoplasmic proteins of
neutrophils and monocytes (16, 29), and are secreted by the inflammatory cells when activated
(23). MRP14 and MRP8 are known as DAMPs, which are endogenous molecules or alarmins
released after cell activation or necrotic cells. When released, the endogenous molecules recruit
and activate cells through pattern-recognition receptors such as TLRs or receptor for advanced
glycation endproducts (RAGE) (81). It is also reported that MRP14 and MRP8 acts as
endogenous activators of TLR4 and promotes inflammatory processes in infection and

autoimmunity (28, 40, 42, 82). Actually, MRP8 and MRP14 in serum are elevated in various
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diseases (21, 24, 25). In some inflammatory diseases such as rheumatoid arthritis, psoriatic
arthritis, and coronary syndromes, the accumulation of cells expressing MRP14 or MRPS is
observed at inflammatory sites (2022, 71). Studies with MRP14-KO mice have demonstrated
that MRP14 and MRPS play a critical role in the pathogenesis of those inflammatory disorders
(71-75).

Endotoxin-induced shock model with LPS is well-characterized, in which many
inflammatory mediators activated by NF-«B such as IL-1f, TNF-a, IL-6 and NO are involved in
the pathogenesis (83, 84). A previous study demonstrated that MRP8 and MRP14 contribute to
the pathogenesis of lethal endotoxic shock by amplifying the release of TNF-a (28). MRP14-
KO mice exhibited a significantly higher survival rate compared to their WT controls in LPS-
induced shock, which was associated with reduced LPS-induced TNF-a secretion by BMCs
lacking MRP14 (28). However, MRP14-KO mice generated and studied so far were those with
a C57BL/6 background (68, 69), despite it is well-known that there are differences in
inflammatory reactions, pathology and susceptibility to various diseases among mouse strains
(85—87). In chapter 3, immunological characters of BALB/c-background MRP14-KO mice were
analyzed and their phenotypes were compared with that of previously reported C57BL/6-
background MRP14-KO mice to address the biological functions of MRP14 in LPS-induced

shock.
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Material and methods

Animals. BALB/c mice and C57BL/6 mice were purchased from Japan Clea, and were
maintained under specific pathogen-free conditions. MRP14-KO BALB/c mice were bred in the
animal facility at the Graduate School of Agricultural and Life Sciences, The University of
Tokyo. The male mice were used for experiments at the age of 8-9 weeks. The animal
experiments were reviewed and approved by an institutional animal research committee and an
institutional committee on genetically modified organisms at the Graduate School of
Agricultural and Life Sciences, The University of Tokyo (Approval No. 830-2630). MRP14-KO
BALB/c mouse was generated as described in chapter 2. The mice were made specific pathogen-

free at Central Institute for Experimental Animals.

LPS-induced shock model. To analyze the influence of MRP14 to LPS-induced shock, LPS (30
mg per kg body weight, Sigma-Aldrich) was injected intravenously into MRP14-KO and WT
mice, and their survival was monitored every 30 min. To analyze the inflammatory responses to
LPS in vivo, the liver, spleen, BMC and serum were collected from another set of mice at 8 hr
after LPS injection. Whole blood was collected by cardiac puncture of mice and centrifuged for

10 min at 5,000 xg to collect serum.

Harvest of cells from mice. PECs were collected as previously described (88) with minor

modification. Briefly, 1 ml of 10% thioglycollate broth (Nissui Pharmaceutical, Tokyo, Japan)

was inoculated into mice intraperitoneally, and PECs were collected after 12 hr by washing the
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peritoneal cavity with PBS. To prepare PEC lysate as a source of native MRPs, the PECs from
WT mice were resuspended in PBS and sonicated. The sample was centrifuged at 10,000 xg for
10 min at 4°C, and the supernatant was collected. BMCs were flushed from femurs with PBS.
Whole spleen was cut into small pieces in ice-cold RPMI 1640 medium (Sigma-Aldrich), and
single suspension of SPCs were collected as described in chapter 1. For quantitative analyses of

leukocytes, peripheral leukocytes were counted with Tiirk’s solution (Merck Millipore).

Morphological analyses of cells. For cell population analyses, peripheral leukocytes, BMCs
and PECs in the Giemsa-stained smear, were observed under a microscope and morphologically
categorized as previously described (30). Briefly, monocyte was defined as a large cell which
has round nucleus and large cytoplasm; lymphocyte was defined as a small cell which has round
nucleus and small cytoplasm; neutrophil was distinguished by segmented nucleus as eosinophil
and basophil were very few and negligible for neutrophil enumeration. BMCs were categorized
by their nuclear characters; polymorphonuclear cells, mononuclear cells with small cytoplasm
or horseshoe-shaped nuclear cells with large cytoplasm. The ratio of each cell type was also

expressed as percentage.

SDS-PAGE and Western blotting. To analyze protein components of PECs and BMCs, PEC
lysates (1 pg total protein per lane) or BMCs (5x10* cells per lane) were separated by
electrophoresis on a 15% polyacrylamide gel, followed by Oriole™ Fluorescent Gel Stain (Bio-

Rad) for PEC lysates or Coomassie Brilliant Blue staining for BMCs. Western blot analyses for
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MRPS8 and MRP14 were performed as previously described (30) with minor modifications.
Briefly, BMCs, SPCs or PECs were diluted with SDS sample buffer and boiled for 5 min, and
BMCs (5 x 10° cells per lane), SPCs (5 x 10* cells per lane) or PECs (5 x 10’ cells per lane) were
separated by electrophoresis on a 15% polyacrylamide gel followed by transfer to polyvinylidene
difluoride membrane (GE Healthcare UK Ltd, Buckinghamshire, UK). After blocking the
membrane with 4% skim milk, the membrane was probed with goat anti-MRPS8 or anti-MRP14
antibody (Santa Cruz Biotechnology) at room temperature for 1hr, followed by HRP-conjugated
anti-goat IgG antibody (SouthernBiotech, Birmingham, AL). The bound antibodies were
visualized using Amersham ECL western blotting detection reagent (GE Healthcare).
Chemiluminescent signals were detected using image analyzer LAS-3000mini (FUJIFILM,

Tokyo, Japan) according to the manufacture’s instruction.

HE-staining and immunohistochemical analyses. HE staining and immunohistochemical
staining was performed as described in chapter 1. Quantitative analyses of infiltrating cells in

the tissues was performed as described in chapter 2.

Immunofluorescent assay. For detection of MRPS, BMCs were fixed and permeabilized with
Cytofix/Cytoperm™ Fixation/Permeabilization kit (BD Biosciences). After blocking with 1%
fetal bovine serum (FBS), BMCs (1 x 10 cells) were incubated anti-MRP8 antibody for 30 min
at 4°C. After three washes with PBS, the cells were incubated with Alexa Fluor 546-conjugated

donkey anti-goat IgG (Thermo Fisher Scientific) for 30 min at 4°C. For detection of Gr-1 and
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CD11b, BMCs were incubated with each PE Rat anti-mouse CD11b antibody (BD Biosciences)
or PE Rat anti-mouse Gr-1 antibody (BD Biosciences) for 30 min at 4°C after blocking with 1%
FBS. After three washes with PBS, BMCs were counterstained with Hoechst 33342 (Thermo
Fisher Scientific). MRP8", Gr-1" or CD11b" cells were counted and the ratio of each kind of

cells to total cells was also expressed as percentage.

Cell stimulation assay. For assay of cellular response to LPS, BMCs (1 x 10° cells/ml) and SPCs
(5 x 10°cells/ml) of MRP14-KO mice or WT mice were cultured in RPMI 1640 medium (Sigma-
Aldrich) supplemented with 10% FBS (Thermo Fisher Scientific), 100 U/ml penicillin and 100
pg/ml streptomycin (Life Technologies), at 37°C in 5% CO,. BMCs and SPCs were treated with
LPS (1 pg/ml, from E. coli 055:B5, Sigma-Aldrich), imiquimod (5 pg/ml, Sigma-Aldrich), CpG
(1 uM, ODNI1826, InvivoGen) or concanavalin A (conA: 3 pg/ml, Sigma-Aldrich). After
incubation for 4 or 24 hr, supernatants were collected for determination of cytokine
concentrations. For assay of BMC differentiation, BMCs (1 x 10° cells/ml) of WT mice were
grown in DMEM (Sigma-Aldrich) supplemented with 10% FBS, 100 U/ml penicillin and 100
pg/ml streptomycin, and were treated with MRP8 (5 pg/ml), MRP14 (5 pg/ml), GM-CSF (50
ng/ml, PeproTech), M-CSF (80 ng/ml, PeproTech) or LPS (1 pg/ml) for 7 days at 37°C in 5%

CO,. Cell proliferation was measured by Alamar Blue (Thermo Fisher Scientific).

Determination of cytokines and hepatic enzymes. Hepatic enzymes (AST and ALT), MRP14

or MRPS8 concentration in serum were measured as described in chapter 1. IL-18 or TNF-a
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concentration in serum and culture supernatants was measured by using commercial sandwich

ELISA kit (eBioscience).

Quantitative RT-PCR. Quantitative RT-PCR analysis with the tissues were performed as

described in chapter 1.

Statistical analysis. Statistical analysis was performed using GraphPad Prism 7.0 software
package (GraphPad Software Inc.). Results are presented as mean + SD. The differences between
MRP14-KO mice and WT mice were analyzed by two-way ANOVA followed by Sidak multiple
comparisons test. Student’s ¢ test was used to compare the differences in the results from two
independent groups. The difference in survival was analyzed with a Kaplan-Meier nonparametric
model, and the curves were compared using the log-rank test. P value less than 0.05 were

considered significantly different.
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Results

Suppression of cellular MRPS8 expression in MRP14-KO mice. The expression of MRP8 and
MRP14 in SPCs, BMCs and PECs of naive MRP14-KO mice were analyzed by western blotting.
It was demonstrated that MRP8 expression was suppressed in those cells of MRP14-KO mice
compared with that of WT mice (Figure 19a and 19b). The absence of MRP14 expression was
confirmed in MRP14-KO mice.

In immunohistochemical analysis, the cells expressing MRP8 were observed in the
spleen and bone marrow of naive MRP14-KO mice (Figure 19c¢). In the spleen and bone marrow
of naive WT mice, both of MRP8- and MRP14-expressing cells were observed. None of MRP14-
expressing cells was observed in MRP14-KO mice. The expression of CD11b in MRP14-KO
mice was comparable to WT mice. The basic structure of the spleen, bone marrow and other
organs in MRP14-KO mice was similar to that of WT mice.

In order to compare BMC population, the cells expressing Gr-1, CD11 or MRP8 were
analyzed by immunofluorescent assay (Figure 19d). The BMCs expressing Gr-1, CD11b or
MRPS8 were observed similarly in both of MRP14-KO mice and WT mice. The qualitative
analysis showed that there was not significant difference in the percentage of the cells expressing
Gr-1 (MRP14-KO: 42.5 + 2.7%, WT: 52.1 + 3.2%), CD11b (MRP14-KO: 53.0 £ 9.3%, WT:
53.6 +5.9%) or MRP8 (MRP14-KO: 38.9 +9.5%, WT: 43.5 + 9.4%) between MRP14-KO mice

and WT mice (Figure 19e).

The increased ratio of lymphocytes to neutrophils in peripheral blood leukocytes and PECs
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of MRP14-KO mice. The absence of MRP14 had no significant effect on the number of
peripheral leukocytes (Figure 20a). The number of peripheral leukocytes was 6,875 + 1,742
cells/ul in MRP14-KO mice and 8,575 + 1,899 cells/ul in WT mice. The quantitative analysis of
peripheral leukocytes showed that the percentage of neutrophils in MRP14-KO mice (15.0 +
2.5%) was significantly lower than that of WT mice (35.3 = 3.9%) (Figure 20b). In contrast, the
percentage of lymphocytes in MRP14-KO mice (80.1 £ 2.4%) was significantly higher than that
of WT mice (57.2 = 7.2%). There was no significant difference in the number of monocytes
between MRP14-KO mice and WT mice (MRP14-KO: 4.9 £+ 1.4%, WT: 7.5 + 3.7%).

A similar pattern was observed in PECs; the quantitative analysis of PECs showed that
the percentage of neutrophils in MRP14-KO mice (27.0 = 5.5%) was significantly lower than
that of WT mice (45.7 £ 1.7%), and that the percentage of lymphocytes in MRP14-KO mice
(68.5 = 7.4%) was significantly higher than that of WT mice (48.4 + 3.4%) (Figure 20c and 20d).
There was no significant difference in the number of monocytes between MRP14-KO mice and
WT mice (MRP14-KO: 4.6 +2.0%, WT: 6.0 = 2.2%). In order to compare the protein expression
pattern of PECs of MRP14-KO and WT mice, PEC lysates were analyzed by SDS-PAGE (Figure
20e). Although two major bands corresponding to the predicted molecular masses of MRPS (8
kDa) and MRP14 (11 kDa) were observed in PEC lysates of WT mice, the bands were not
detected in PEC lysates of MRP14-KO mice. Except for these two bands, apparent difference
was not observed in protein pattern between PEC lysates of MRP14KO and WT mice.

On the other hand, the population of BMCs in MRP14-KO mice was comparable to

WT mice (Figure 20f). The quantitative analysis of BMCs showed that there was not significant
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difference in the percentage of the polymorphonuclear cells (MRP14-KO: 9.3 + 7.9%, WT: 13.7
+ 2.3%), mononuclear cells (MRP14-KO: 80.7 + 8.0%, WT: 78.8 + 6.3%) or horseshoe-shaped
nuclear cells (MRP14-KO: 10.0 £+ 2.5%, WT: 7.5 = 4.2%) between MRP14-KO mice and WT
mice (Figure 20g). SDS-PAGE analysis showed that no difference in BMC protein pattern

between MRP14-KO mice and WT mice (Figure 20h).

Enhanced TNF-a secretion by BMCs stimulated with LPS in MRP14-KO mice. In order to
analyze cellular response to LPS, BMCs of MRP14-KO mice or WT mice were stimulated with
LPS in vitro. The secretion of TNF-a was significantly higher in BMCs of MRP14-KO mice
than that of WT mice after stimulation with LPS at various concentrations (Figure 21a and 21b).
The secretion of MRP8 was not dependent on LPS stimulation and MRP8 was secreted even
before LPS stimulation (Figure 21c). MRP14 was not detected in culture supernatants of BMCs
of MRP14-KO mice. Next, BMCs of MRP14-KO mice or WT mice were stimulated with other
TLR agonists, i.e., imiquimod for TLR7 and CpG for TLR9. The secretion of TNF-a induced by
those TLR agonists showed no significant difference between MRP14-KO and WT BMCs
(Figure 21d and 21e).

In contrast to the results on BMCs, there was no significant difference in the secretion
of TNF-a by SPCs after LPS stimulation between MRP14-KO and WT (Figure 21f). The
secretion of TNF-a or IFN-y induced by other TLR agonists as well as conA showed no

significant difference between SPCs of MRP14-KO and WT mice (Figure 21g).
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LPS-induced shock independent of MRP14 in BALB/c mice. In order to examine whether
MRP14 is also involved in endotoxin shock in mice with BALB/c background, survival rate was
measured after intravenous injection of LPS in MRP14-KO mice and WT mice. Both of MRP14-
KO and WT mice died within 9-13 hr after LPS injection, and there was no significant difference
in survival rate between the two groups (Figure 22a). The numbers of peripheral leukocytes
significantly decreased 8 hr after LPS injection, and showed no significant difference between
MRP14-KO (4,220 + 783 cells/ul) and WT mice (4,300 + 1,247 cells/ul) (Figure 22b). The
quantitative analysis showed that there was no significant difference in the percentage of the
neutrophils (MRP14-KO: 57.9 + 8.9%, WT: 50.6 + 15.9%), lymphocytes (MRP14-KO: 38.9 +
8.7%, WT:47.0 + 16.1%) or monocytes (MRP14-KO: 3.2 + 1.6%, WT: 2.4 &+ 1.3%) in peripheral
blood from MRP14-KO mice and WT mice (Figure 22¢). Serum concentrations of IL-1p and
TNF-a increased significantly at 8 hr after LPS injection in both mice (Figure 22d). Although
there was no significant difference in serum IL-1p between MRP14-KO mice (320 + 84 pg/ml)
and WT mice (266 + 105 pg/ml), serum TNF-a was significantly higher in MRP14-KO mice
(302 £47 pg/ml) than WT mice (223 + 34 pg/ml) at 8 hr after LPS injection. Serum concentration
of MRPS increased significantly at 8 hr after LPS injection in both mice, whereas its
concentration was lower in MRP14-KO mice (295 + 82 ng/ml) than WT mice (487 + 124 ng/ml)
(Figure 22¢). MRP14 was not detected in serum of MRP14-KO mice. The serum concentration
of MRP14 was 2,957 + 884 ng/ml in WT mice at 8 hr after LPS injection.

In histopathological analysis of the spleen and liver, no pathological difference was

observed between MRP14-KO mice and WT mice (Figure 23a). In the liver of mice injected
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with LPS, vasodilatation and remarkable cellular infiltration were observed in both groups. The
quantitative analysis of accumulated cells in the liver showed that the migration of
monocytes/macrophages was suppressed in MRP14-KO mice compared with WT mice at 8 hr
after LPS injection (Figure 23b). The number of accumulated monocytes/macrophages in the
liver was 541 + 83 cells/mm? in MRP14-KO mice and 714 + 68 cells/mm” in WT mice after LPS
injection. Serum concentration of AST and ALT increased significantly at 8 hr after LPS
injection (Figure 23c). No significant difference was observed in serum AST (MRP14-KO, 157
+ 22 TU/L; WT, 200 + 40 IU/L) and ALT (MRP14-KO, 59 + 4.8 IU/L; WT, 65 + 9.5 TU/L)
between MRP14-KO mice and WT mice after LPS injection. In both of MRP14-KO mice and
WT mice, the mRNA expression of iNOS in the liver was significantly up-regulated after LPS
injection, and there was no significant difference in iNOS expression level between the two
groups (Figure 23d). The mRNA analysis in the spleen, liver and bone marrow showed that the
expression level of IL-6 and IL-12 p40 was not different between MRP14-KO mice and WT
mice injected with LPS. Though IL-1p in the liver and TNF-a in the bone marrow were slightly
suppressed in MRP14-KO mice after LPS injection, the expression level of IL-1 and TNF-a in
other tissues was not significantly different between MRP14-KO mice and WT controls (Figure

23e).

Migration of the cells expressing MRP8 dependent on MRP14 in LPS-induced shock.

Immunohistochemical analysis showed the accumulation of cells expressing MRPS in the liver

at 8 hr after LPS injection (Figure 24a). The quantitative analysis demonstrated that the number
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of the MRP8" cells was significantly lower in MRP14-KO mice (spleen, 420 + 40 cells/mm’;
liver, 77 + 8.5 cells/mm?) than WT mice (spleen, 1,293 + 226 cells/mm?; liver, 341 + 32
cells/mm?) after LPS injection (Figure 24b). The categorization of the MRP8" cells showed that
population of the MRP8" cells was significantly different between MRP14-KO mice and WT
mice (Figure 24c). In WT mice injected with LPS, mononuclear MRP8" cells (spleen, 64.5 +
7.4%; liver, 70.0+ 3.4%) were dominant to polymorphonuclear MRPS" cells (spleen, 35.5 +
7.4%; liver, 30.0 = 3.4%). In contrast, higher ratio of polymorphonuclear MRP8" cells (spleen,

53.5 £ 9.9%; liver, 49.6 £ 5.2%) was observed in MRP14-KO mice injected with LPS.

Promotion of GM-CSF expression in BMCs stimulated with MRP14. The assay of BMC
differentiation of WT BALB/c mice showed that the secretion of TNF-a was promoted when
BMCs were stimulated with MRP14 or GM-CSF for 7 days (Figure 25a). The mRNA expression
of GM-CSF was significantly promoted in BMCs stimulated with MRP14 for 7 days (Figure
25b). MRP14-stimulated BMCs were adherent and differentiated to macrophages, which were
morphologically similar to bone marrow-derived macrophages differentiated by GM-CSF.
Although GM-CSF induced the proliferation of BMCs, BMCs stimulated with MRP14 did not
proliferate for 7 days, which was confirmed also by Alamar Blue assay (Figure 25c). The
promotion of TNF-a secretion was also observed when BMCs of C57BL/6 mice were stimulated
with MRP14, GM-CSF or LPS (Figure 25d). The secretion of TNF-a was significantly higher in
C57BL/6 BMCs than BALB/c BMCs when stimulated with MRP14 or LPS. In contrast, when

stimulated with GM-CSF, the secretion of TNF-a was significantly higher in BALB/c BMCs
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than C57BL/6 BMCs. In order to analyze the effect of MRP14 on BMC differentiation, the

mRNA expression of CD11b, F4/80, CD68 and GM-CSF was measured in BMCs of MRP 14-

KO mice and WT mice. It was shown that the expression level of CD11b, F4/80, CD68 and GM-

CSF was not significantly different between MRP14-KO mice and WT mice (Figure 25e).
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Discussion

Since it is indicated that MRP14 deficiency induces not only the simple deletion of
extracellular MRP14 function to promote inflammation but also affects intracellular MRP14
function in BALB/c mice, immunological characteristics of established MRP14-KO BALB/c
mice were evaluated in this chapter by using an endotoxin shock model as reported on the KO
mice with C57BL/6 background (28). Since it is known that MRP8 and MRP14 is expressed in
BMCs, spleen, and PECs, MRP8 expression in these cell types was investigated in MRP14-KO
BALB/c mice. In naive MRP14-KO BALB/c mice, although the expression of MRP8 was
suppressed in BMCs and PECs (Figure19a, 19b and 20e), the protein was still at a detectable
level in the spleen and bone marrow (Figure 19¢-19¢). Because the percentage of MRPS" cells
in BMCs was comparable between MRP14-KO mice and WT mice (Figure 19d), these results
indicate that expression of MRPS in each cell is lower in MRP14-KO mice compared with WT
mice. Hobbs et al. reported that MRP8 protein was not present in the myeloid cells of their
MRP14-KO C57BL/6 mice (69). Manitz et al. reported that MRP8 was present in BMCs but not
detectable in the peripheral blood cells, SPCs or PECs of their KO mice (68). These results
suggest that MRP8" BMCs could not emigrate from bone marrow in MRP14-KO C57BL/6 mice,
which is different from my results of the expression of MRP8 in peripheral tissues of MRP14-
KO BALB/c mice. Manitz et al. also reported that MRP 14 deficiency resulted in a 30% reduction
of MRPS" cells in the bone marrow of their KO mice. In contrast, my MRP14-KO BALB/c mice
showed unchanged ratio of MRP8" cells in BMCs (Figure 19¢). Taken together, these results

indicate that cellular MRP8 expression is suppressed in MRP14-KO BALB/c mice though
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MRP8 expresses in their peripheral tissues.

The population of peripheral leukocytes seemed different between MRP14-KO
BALB/c mice and the reported MRP14-KO C57BL/6 mice. While previous reports showed that
deficiency of MRP14 did not affect the number and morphology of peripheral leukocytes (68,
69), here it was shown that the composition of neutrophils in peripheral leukocytes was
significantly lower in MRP14-KO BALB/c mice than WT mice (Figure 20a-d). Because BMC
population in MRP14-KO BALB/c mice was comparable to that of WT mice (Figure 20f-h), it
is suggested that the emigration of peripheral neutrophils from bone marrow is dependent on
MRP14 in naive BALB/c mice. This is consistent with the report of Manitz ef al. in which loss
of MRP14 reduced the responsiveness of the neutrophils upon chemoattractant stimuli at least
in vitro (68). The composition of lymphocytes in peripheral leukocytes was significantly higher
in naive MRP14-KO BALB/c mice than naive WT mice (Figure 20a-d), indicating that
lymphocytes emigrate into peripheral blood in compensate for the decrease of neutrophils. On
the other hand, the composition of MRP8" neutrophils in liver was significantly higher in naive
MRP14-KO BALB/c mice than naive WT mice (Figure 24c). The result suggests that the
adherence of MRP8" neutrophils to sinusoid in the liver is also contributes to the decrease of
peripheral neutrophils in naive MRP14-KO mice.

The reaction to LPS is well-characterized model of endotoxin shock (83, 84, 89). In
the report of Vogl et al., LPS-induced shock model with MRP14-KO C57BL/6 mice
demonstrated that MRP8 and MRP14 contribute to the pathogenesis of lethal endotoxic shock

by amplifying the release of TNF-a (28). They showed that MRP14-KO C57BL/6 mice exhibited
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a significantly higher survival rate compared to their WT controls in LPS-induced shock, and
that TNF-a secretion by BMCs upon LPS stimulation in vitro was significantly lower in the
MRP14-KO mice. Therefore, the survival rate and BMC activity to LPS of MRP14-KO BALB/c
mice were compared with the reported results. In contrast, survival rate in LPS-induced shock
was not significantly different between MRP14-KO BALB/c mice and WT BALB/c mice
(Figure 22a), and that secretion of TNF-a by BMCs stimulated with LPS was significantly higher
in BMCs of the MRP14-KO mice than the WT mice (Figure 21a, 21b, and 21d). Considering
that the secretion of TNF-a induced by other TLR agonists showed no significant difference
between MRP14-KO and WT BMCs (Figure 21d), it is suggested that the enhanced TNF-a
secretion in MRP14-KO BMCs is LPS- or TLR4-specific reaction. Serum concentration of TNF-
a was also significantly higher in the MRP14-KO mice than the WT mice after LPS injection
(Figure 22d). The results may be explained by the hyporesponsiveness by MRP14. While MRP
secretion from naive BMC was low in the reported MRP14-KO C57BL/6 mice (28), MRP8 was
constitutively secreted from BMC of MRP14-KO BALB/c mice (Figure 21c). It was reported
that the pretreatment with nonactivating dose of MRP8 and MRP14 induced monocyte
hyporesponsiveness in a TLR4-dependent manner (90). These facts suggest that the
constitutively secreted MRP, TLR4 agonists, leads to the tolerance to TLR4 agonists in BMCs
to some extent. It is anticipated that the MRP secretion was decreased in MRP14-KO mice,
which attenuates the BMC hyporesponsiveness and leads stronger TLR4 signals than WT
controls when BMCs are stimulated with high dose of LPS. The MRPS secreted from MRP14-

KO BMCs was higher than WT controls (Figure 21c) while the MRP8 expression was
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suppressed in BMCs (Figure 19a), indicates that MRPS gets secreted from the cells rapidly when
MRP14 is missing, therefore stable expression in the cytosol is decreased. Since Ca** and Zn*'-
binding properties of MRP14 and MRP8 have a pivotal influence on their conformation and
oligomerization state (15), including self-assembly into homo- and heterodimers, tetramers and
larger oligomers, it is anticipated that the concentration of Ca*" and Zn*" can also influence the
different stability of MRP8 in MRP14-KO mice. Besides, since MRP8 can form heterodimer
with MRP14, it is also possible that MRP14 deletion technically increases the detection
sensitivity of MRP8 by sandwich ELISA. Because it is well-known that LPS induces hepatic
inflammation (91), the hepatic pathology of MRP14-KO BALB/c mice injected with LPS
(Figure 23) was analyzed. There was no significant difference in pathology, serum hepatic
enzymes and cytokines level between MRP14-KO mice and WT mice, which indicates that LPS-
induced hepatic injury is independent of MRP14 in BALB/c mice. On the other hand, in an E.
coli-induced sepsis model, it was reported that liver inflammation in MRP14-KO C57BL/6 mice
was less profound compared with that in WT mice as reflected by lower total histology scores
and serum hepatic enzymes (92). The present study demonstrates that MRP14 deficiency does
not affect TNF-a secretion, pathology and lethality of LPS-induced shock in BALB/c mice. The
number of peripheral leukocytes decreased after LPS-injection in both of MRP14-KO and WT
mice (Figure 22b), indicating that the peripheral leukocytes immigrate and accumulated in
tissues. The composition of peripheral neutrophils and lymphocytes were comparable between
MRP14-KO and WT mice injected with LPS (Figure 22c) whereas the composition of

neutrophils in peripheral leukocytes was significantly lower in naive MRP14-KO BALB/c mice
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than naive WT mice (Figure 20b). It is indicated that MRP14 may be related to the leukocytes
emigration from bone marrow. The deletion of MRP14, an TLR4 agonist, induces the
overreaction of TLR4 signaling to LPS, which may promote the emigration of neutrophils from
bone marrow in response to high concentration of LPS. On the other hand, the migration of
MRP8" cells was dependent on MRP14 (Figure 24). The number of accumulated MRP8" cells
in organs was significantly lower in the MRP14-KO mice than the WT controls after LPS
injection, which was consistent with the reduced number of accumulated cells in the liver of the
MRP14-KO mice after LPS injection (Figure 23b). The reduced number of accumulated cells in
the liver of MRP14-KO mice was not consistent with the number of peripheral leukocytes which
is comparable between MRP14-KO and WT mice (Figure 22b). The results indicate that MRP14
contributes to promote the expression of adherent molecules induced by LPS in the liver.
Actually, it is reported that MRP14 promotes the up-regulation of ICAM-1 and VCAM-1 on the
endothelial cells, which leads to macrophage adhesion (93). As described above, it is anticipated
that TLR4 signals in BMCs are desensitized to some extent by MRP14 since MRP14 is expressed
and secreted in bone marrow. In the bone marrow of MRP14-KO mice, instead of the BMC
hyporesponsiveness to TLR4 agonists, the overreaction of TLR4 signaling can be induced in
BMCs when stimulated by high dose of LPS. On the other hand, the hyporesponsiveness is not
induced in the cells of naive liver, in which MRP14 is rarely expressed in constitutive situation.
In MRP14 KO mice, promotion of adherent molecules by MRP14 is suppressed during LPS
injection. Besides, the population analysis of accumulated MRP8" cells showed that the

monocytes were significantly dominant to neutrophils in WT mice compared with MRP14-KO
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mice. These results suggest that MRP8" monocytes rather than MRP8" neutrophils immigrate
and adhere in the liver in a manner dependent on MRP14 during LPS-induced shock. Besides,
there was no significant difference in cytokine levels in the spleen and liver between MRP14-
KO mice and WT mice (Figure 23¢) whereas the accumulation of MRPS" cells in the organs was
significantly suppressed in the MRP14-KO mice after LPS injection (Figure 24). It may be
explained by the higher cellular capacity of BMCs from MRP14-KO mice to secrete TNF-o upon
stimulation with LPS than WT controls (Figure 21).

Besides, it is demonstrated that MRP14 promotes GM-CSF expression in BMCs
(Figure 25), which suggests that MRP14 is related to BMC differentiation. Because the Alamar
Blue assay showed that MRP14 did not promote the proliferation of BMC:s, it is indicated that
MRP14 is related to the differentiation more than the proliferation of BMCs in myelopoiesis. In
MRP14-KO BALB/c mice, the population of neutrophils and monocytes as well as expression
of MRP§, CD11b, F4/80 and CD68 in BMCs were comparable to the WT controls (Figure 19d,
19e, 20f, 20g and 25¢). Because the basal expression level of GM-CSF in bone marrow was also
comparable between the two groups, these results suggest that there were other factors which
promote GM-CSF in compensation for MRP14. Actually, it is known that GM-CSF is induced
by IL-18, IL-6 or TNF-a (94), and the expression of these cytokines in BMCs of MRP14-KO
mice was comparable to WT controls (Figure 23e). Manitz et al. also reported that the
proliferation of MRP14-KO BMCs was comparable to WT controls when stimulated by GM-
CSF (68). Interestingly, I could not observe the production of GM-CSF when BMCs were

stimulated with MRP8, even though MRP8 shows cell activity to RAW264.7 cells. Recently, it
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was reported that MRP14 induces myelomonocytic cell differentiation, whereas MRP8 prevents
differentiation induced by MRP14 activity and maintains immature phenotype in acute myeloid
leukemia (47). Also, it is reported that MRP14 potentiates neutrophils to GM-CSF-induced
cytokine production (95), which suggests that MRP14 amplify GM-CSF-induced cellular
differentiation and activation. I showed that MRP8 was detected not only in BMCs of WT mice
but also in BMCs of MRP14-KO mice (Figure 21c). The secretion of MRP8 was not dependent
on LPS-stimulation, and MRP8 and MRP14 were secreted even in the absence of LPS, which
suggests that these proteins are secreted by BMCs constitutively in bone marrow. While MRP14
and MRPS have been characterized as inflammation-related proteins, my data give a new insight
of MRP14 function in homeostatic myelopoiesis. Besides, the different reactivity of BMCs
between BALB/c and C57BL/6 (Figure 25d) indicates that BMC phenotypes were different
between the two mice strains.

The differences between BALB/c-background MRP14-KO mice and previously
reported C57BL/6-background MRP14-KO mice are summarized in Table 1. Thus, MRP14-KO
BALB/c mice model may help expand the existing insights on functions of MRP8 and MRP14
in immunological processes. The uncomplete absence of MRP8 in peripheral tissues of MRP14-
KO BALB/c mice could be related to such differences, which indicates that MRP14-KO BALB/c
mice is a valuable model for tracking MRP8" cells in the absence of MRP14. It is known that
there are differences in inflammatory reactions, pathology and susceptibility to various diseases
between C57BL/6 and BALB/c strains. For example, it was reported that C57BL/6 macrophages

are far more sensitive to stimulus by IFN-y plus LPS for production of NO than are BALB/c
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cells (96). Also, there are differences in expression of TLRs and responses to TLR agonists
between BALB/c and C57BL/6 mice; dendritic cell (DC) isolated from the spleen of C57BL/6
mice preferentially expresses TLR9 mRNA, whereas DC from BALB/c mice strongly expresses
TLR2, TLR4, TLRS, and TLR6 mRNAs (97). Besides, dynamics of MRP8/MRP14 expression
during inflammatory responses are different between the two mouse strains. In Leishmanial
major infection, resistance C57BL/6 mice show a significantly lower percentage of MRP14"
cells in the infiltrate during the early course of infection than in susceptible BALB/c mice (98).
In the infection with Ureaplasma parvum, severe chorioamnionitis with cellular necrosis is the
predominant lesion phenotype in BALB/c mice, which also exhibits a significant increase in
placental expression of IL-la, IL-1B, IL-6, TNF-a, MRP8 and MRP14, though C57BL/6
predominantly exhibits mild to moderate chorioamnionitis with a significant reduction in
placental expression of those cytokines (99). Because kinetics of MRP8" cells and MRP14" cells
during inflammatory disorders are not uniform among disease types and among individuals (98,
100), indicating that immunological functions of MRP8 and MRP14 are affected by many factors
including stimuli type of the pathogen and genetic background of the host. Therefore, the
MRP14-KO mice with BALB/c background developed in the present study will complement the
understanding of immunological functions of MRP14 as well as MRPS.

In chapter 3, it is revealed that MRP14 deficiency does not improve LPS-induced
shock in BALB/c mice, although it is reported that MRP14-KO C57BL/6 mice were less severely
affected and survived significantly longer (28). Besides, the hyperresponsiveness of TNF-a

secretion from BMCs in MRP14-KO BALB/c mice was induced by LPS, which is contrast to
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the suppression of TNF-a secretion from BMCs in MRP14-KO C57BL/6 mice. It is suggested
that MRP 14 deficiency induces not only the simple deletion of extracellular MRP14 function as
an inflammation enhancer but also affects intracellular MRP14 function to maintain TLR4

signaling in myeloid cells of BALB/c mice.
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General discussion

In the present study, it is demonstrated that extracellular MRP14 exacerbates hepatic
injury during rodent malaria. In chapter 1, it was shown that extracellular MRP14 promotes the
accumulation of MRP8" and MRP14" macrophages and the up-regulation of pro-inflammatory
molecules, which exacerbates hepatic injury during rodent malaria. It is indicated that the pro-
inflammatory cytokines and NO induced by MRP14 are involved in the inflammatory response,
which leads to hepatic injury during rodent malaria. Also, extracellular MRP14 induces the up-
regulation CCR2 and CCL2, which suggests that these molecules are involved in the cellular
recruitment to the tissue during rodent malaria. In chapter 2, MRP14 deficiency could not
improve hepatic injury during rodent malaria. There was no significant difference in hepatic
injury and pro-inflammatory cytokines levels between MRP14-KO BALB/c mice and WT mice.
Those results suggest that MRP14 deficiency induces not only the simple deletion of
extracellular MRP14 function to promote inflammation but also affects intracellular MRP14
function, which leads to other changes in immunological characters in myeloid cells of BALB/c
mice. In chapter 3, it was revealed that MRP14 deficiency also could not improve the survival
rate of LPS-induced shock in BALB/c mice, although it is reported that MRP14-KO C57BL/6
mice were less severely affected and survived significantly longer (28). BMCs in MRP14-KO
BALB/c mice showed the hyperresponsiveness of TNF-a secretion, which is contrast to the
suppression of TNF-a secretion from BMCs in MRP14-KO C57BL/6 mice (28). Those results
suggest that intracellular MRP14 deficiency enhances TLR4 signaling in myeloid cells of

BALB/c mice, which leads to hyperresponsiveness of myeloid cells in inflammation. The present
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study elucidated that MRP14 has multiple functions not only to promote inflammation but also
to maintain TLR4 signaling in myeloid cells of BALB/c mice.

Although MRP14 administration exacerbates liver inflammation and hepatic injury in
chapter 1, MRP14 deficiency could not influence the levels of hepatic injury and pro-
inflammatory molecules in chapter 2 and 3. BMCs from MRP14-KO BALB/c mice secreted
higher TNF-o upon stimulation with LPS than WT controls (Figure 21) whereas TNF-a secretion
induced by LPS was suppressed from BMCs in the reported MRP14-KO C57BL/6. The
expression level of inflammatory cytokines in the liver was comparable between MRP14-KO
and WT mice during both of Pb-infection and LPS-injection (Figure 16 and 23), which may be
explained by the higher reactivity of TLR4 signaling in BMCs of MRP14-KO BALB/c mice.
Actually, GPI anchor molecules of Plasmodium parasites as well as LPS is known to activate
TLR4 as a PAMPs (101).

It is also suggested that other factors including PAMPs and DAMPs can compensate
for MRP14 absence. As one of the factors, MRPS8 cannot be excluded. MRPS, which is reported
to work as a DAMP (15, 102), was still at a detectable level in the peripheral tissues of MRP14-
KO BALB/c mice although MRP8 expression is absent in the peripheral tissues of MRP14-KO
C57BL/6 mice (68, 69). Considering that cellular MRPS8 expression is suppressed in MRP14-
KO BALB/c mice (Figure 19), it is considered that even a small amount of MRPS can act as a
trigger of inflammatory cascade. Also, some studies reported that MRP14 deficiency does not
influence the pathology and outcome of disease in several models such as epidermolysis bullosa

acquisita, bullous pemphigoid, arthritis, and urinary tract bacterial infection (103—106). These
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reports also indicate that other DAMPs can compensate for MRP14 deficiency in inflammatory
responses involved in pathology. On the other hand, high level of MRP14 amplifies
inflammatory responses and exacerbates hepatic injury. Besides, it was observed that mice
injected with both of MRP14 and MRP8 showed severer hepatic injury and cellular accumulation
than mice injected with MRP14 alone. Those results suggest that both of MRP14 and MRPS are
potent amplification factors for inflammatory cascade, and that the more MRPs there are, the
stronger the positive feedback become. Thus, it is concluded that MRP14 has an important role
as a DAMP which promotes inflammatory responses, leading to hepatic injury.

The differences between LPS-injected and Pb-infected models are summarized in
Table 2. The accumulation level of MRP8" cells in the liver was different between Pb-infected
and LPS-injected MRP14-KO mice (In chapter 2 and 3). At day 7 of Pb-infection, the number
of the accumulated MRP8" cells in the liver was comparable between MRP14-KO mice and WT
mice (Figure 15), whereas the number of the accumulated MRP8" cells was significantly lower
in MRP14-KO mice than WT mice after 20 hr of LPS injection (Figure 24). It is indicated that
migration of MRP8" cell is dependent on MRP14 in acute responses (for ~20 hr), but not in
subacute responses (for ~7 days). The results may partially be explained by the different
activation of inflammatory macrophages between liver and spleen (Figure 11). In acute responses
in 20 hr of LPS-injection, M1 macrophage activation in the liver and M2 macrophage activation
in the spleen is not promoted, MRP8" cells are recruited to the liver and spleen similarly. Since
the number of MRP8" cells in bone marrow and peripheral leukocytes are comparable between

naive MRP14-KO mice and WT mice (Figure 19e), it is indicated that the adhesion of MRP8"
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cells in liver is dependent on MRP 14 during acute responses such as LPS-induced shock. On the
other hand, in subacute responses in 7 days of Pb-injection, M1 macrophage activation is
dominant in the liver and M2 macrophage activation is dominant in the spleen (figure 11). Since
MRP14 promotes type 1 cytokines, it is considered that MRP14" macrophage is M1 macrophage.
Considering that M1 macrophages activate type 1 cytokine cascade by positive feedback (78)
and MRP14 deletion induces more activation of M2 macrophage in spleen during rodent malaria,
it is anticipated that MRPS8" macrophages are more likely to accumulates in the liver than spleen
during malaria, which results in comparable number of accumulated MRP8" macrophages in the
liver of MRP14-KO and WT mice during rodent malaria. Also, it is anticipated that other factors
compensate for MRP14 absence and promote recruitment of MRP8" cells from bone marrow,
showing comparable number of the cells between MRP14-KO and WT mice during Pb-infection.
For example, it is reported that CCR2 is required for emigration of Ly6C"" monocytes from
bone marrow (107), and actually, the expression level of CCR2 was comparable between
MRP14-KO mice and WT mice after Pb-infection (Figure 17).

Besides, the number of peripheral leukocytes in MRP14-KO mice was significantly
lower than that in WT mice at day 7 of Pb-infection whereas the number of peripheral leukocytes
was comparable in both of the two groups after 20hr of LPS injection (Figure 13e and 22b). The
results indicate that BMC emigration from bone marrow is suppressed in MRP14-KO mice
during Pb-infection. I first demonstrated that MRP14 up-regulates GM-CSF expression in BMCs
(Figure 25), which suggests that MRP14 promotes GM-CSF-induced cellular differentiation and

activation. GM-CSF promotes proliferation, differentiation and pro-inflammatory cytokine
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production in macrophages (101). It is known that GM-CSF is low level in naive mice but is
induced by IL-1B, IL-6 or TNF-a during inflammation. During Pb-infection, MRP14 secretion
is promoted in bone marrow, which induces GM-CSF up-regulation promoting BMC
differentiation. It was reported that MRP14 induces myelomonocytic cell differentiation,
whereas MRPS8 prevents differentiation induced by MRP14 activity and maintains immature
phenotype in acute myeloid leukemia (47). Thus, MRP8, which can be secreted rapidly when
MRP14 is missing, may also be related to the suppression of BMC differentiation in MRP14-
KO mice during Pb-infection. It is considered that the suppression of BMC differentiation by
MRP14 during Pb-infection induces the suppression of BMC proliferation and emigration which
followed by BMC differentiation. On the other hand, in acute responses in 20 hr of LPS-injection,
there is not enough time for BMC differentiation by MRP14. Therefore, BMC population and
the number of peripheral leukocytes were comparable between MRP14-KO mice and WT mice
injected with LPS (Figure 22b and 25¢), indicating that BMC differentiation and emigration is
not induced yet in 20 hr of LPS-injection.

Taken together, hypothesized MRP14 function in hepatic injury during rodent malaria
is illustrated in Figure 26. Extracellular MRP14 promotes the secretion of pro-inflammatory
cytokines such as IL-1B, TNF-a, IL-6 and IL-12 from macrophages via TLR2 and TLR4. The
pro-inflammatory cytokines induce the up-regulation of iNOS, which produces high
concentration of NO. NOX2, which is expressed in macrophages, is also important to generate
superoxide, which reacts with NO and leads to cytotoxic peroxynitrite (53). Actually, NOX2 was

up-regulated by extracellular MRP14 in the liver of Pb-infected mice (Figure 8 and 9). High
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levels of NO have cytotoxic and pro-inflammatory effects leading to necrosis of hepatocytes. IL-
12 is a potent inducer of IFN-y, and IFN-y produced by Pb-pRBC antigen-specific T cells
facilitates the production of NO. Extracellular MRP14 also promotes the accumulation of
macrophages (including MRP8" and MRP14" macrophages) in the sinusoid of liver, to which
CCR2 and CCL2 may contribute. Also, extracellular MRP14 may amplify GM-CSF-induced
macrophage differentiation during Pb-infection. In this way, the accumulated macrophages
promote the inflammatory cascade by positive feedback of cytokines and further macrophage
recruitment, which leads to hepatic injury. MRP14 deficiency induces not only the simple
deletion of extracellular MRP14 function to promote inflammation but also affects intracellular
MRP14 function. Intracellular MRP14 deficiency induces the hyperresponsiveness of TLR4
signaling in myeloid cells, which keep comparable inflammatory cytokine levels to WT during
inflammation.

In conclusion, the present study revealed that extracellular MRP14 is an one of key
molecules for liver inflammation during rodent malaria. Besides, it is also elucidated that MRP14
deficiency induces not only the simple deletion of extracellular MRP14 function to promote
inflammation but also affects intracellular MRP14 function to maintain TLR4 signaling in
myeloid cells of BALB/c mice. Although most of previous studies have focused on the function
of extracellular MRP14 as an inflammation enhancer, the present study gives a new insight of
intracellular MRP14 function. More broad understanding of immunological function of MRP14

found in this study will leads to a new treatment of hepatic injury during malaria.
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Figure legends

Figure 1. Hepatic injury regulated by T cells during rodent malaria. (a) Kinetics of pRBC
rate in peripheral blood after infection of 10° pRBCs in nu/nu mice and WT mice (n=5). (b)
Hematocrit in nu/nu mice and WT mice after Pb-infection (n=5). (¢) The body weight change of
nu/nu mice and WT mice after Pb-infection (n=5). (d) Serum concentration of AST (left) and
ALT (right) of nu/nu mice and WT mice after Pb-infection (n=5). (¢) mRNA expression of iNOS
(left) and IFN-y (right) in the liver of nu/nu mice and WT mice treated with LPS (n=5). (f) IFN-
y produced by Pb-pRBC antigen-specific T cells. SPCs (5 x 10° cells/ml) of Pb-infected mice or
naive mice were stimulated by Pb-pRBC (1 x 10® cells/ml), nRBC (1 x 10® cells/ml) or conA (3
pg/ml) and the concentration of IFN-y secreted in supernatant was measured by ELISA. Graphs
show mean and SD of each group. Data are representative of two independent experiments. P

< 0.05; n.s., not significant.

Figure 2. Increase of extracellular MRP14 depend on T cells during rodent malaria. (a)
Serum concentration of MRP8 (left) and MRP14 (right) of nu/nu mice and WT mice after Pb-
infection (n=5). (b) The accumulation of MRP14" cells in the liver and spleen of nu/nu mice and
WT mice after Pb-infection. RP, red pulp; WP, white pulp. Bars; 50 pm. (c) The accumulation
of MRP14" cells, CD3" cells and CD45" cells in the liver and spleen of Pb-infected mice. RP,
red pulp; WP, white pulp. Bars; 50 um. Graphs show mean and SD of each group. Data are

representative of two independent experiments. "P <0.05; n.s., not significant.
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Figure 3. Macrophage activation induced by MRP14. (a) Increase of TNF-a secretion
dependent on MRP14 concentration in RAW264.7 cells. RAW264.7 cells (2 x 10° cells/ml) were
stimulated by MRP14 or MRPS8 (0.15 - 5 pg/ml) and the concentration of secreted TNF-a in
supernatant was measured by ELISA. (b) The increase of TNF-a by MRP14 and MRPS§ could
not be blocked by addition of polymyxin B. RAW264.7 cells (2 x 10° cells/ml) were stimulated
by MRP14 (100 ng/ml), rMRPS8 (100 ng/ml), EGFP (100 ng/ml) or LPS (2.5 ng/ml) incubated
with or without polymyxin B (50 pg/ml), which is a LPS inhibitor. EGFP is recombinant proteins
with polyhistidine-tag, which was used as a negative control. (¢) The increase of TNF-a by
MRP14 blocked by addition of paquinimod. RAW264.7 cells (2 x 10 cells/ml) were stimulated
by MRP14 (5 pg/ml), MRPS8 (5 pg/ml), EGFP (5 pg/ml) or LPS (5 ng/ml) incubated with or
without paquinimod (250 pg/ml), which is a MRP14 inhibitor. (d) MRP14 as an agonist of TLR2
and TLR4. HEK293 cells transfected with murine TLR gene were stimulated by MRP14 (5
pg/ml) and SEAP induced by NF-«B activation through TLR was measured. Different letters on
the bars represent statistical difference between groups. (¢) mRNA expression of IL-1p3, TNF-a,
IL-6, CCL2, CCR2, iNOS and B-actin in RAW264.7 cells (2 x 10> cells/ml) stimulated by
MRP14 (5 pg/ml) or MRP8 (5 pg/ml). (f) Enhanced NO production by RAW264.7 cells
stimulated by MRP with IFN-y. RAW264.7 cells (2 x 10’ cells/ml) were stimulated with MRP14
(5 pg/ml), MRPS (5 pg/ml) or LPS (5 ng/ml) incubated with or without IFN-y (20 ng/ml), and
the concentration of NO in supernatant was measured by Griess test. Graphs show mean and SD
of triplicates or duplicates. Data are representative of three independent experiments. "P < 0.05;

n.s., not significant.
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Figure 4. Weight loss exacerbated by MRP14 during rodent malaria. (a) Kinetics of pRBC
rate in peripheral blood after infection of 10° pRBCs in MRP14-injected mice and PBS-injected
controls (n=5). (b) Hematocrit in mice injected with MRP14 or PBS after Pb-infection (n=5). (c)
The body weight change of mice injected with MRP14 or PBS after Pb-infection (n=5). (d) The
spleen weight of mice injected with MRP14 or PBS after Pb-infection (n=5). (¢) Serum
concentration of MRPS (left) and MRP14 (right) of mice injected with MRP14 or PBS after Pb-
infection (n=5). Graphs show mean and SD of each group. Data are representative of two

independent experiments. P < 0.05; n.s., not significant.

Figure 5. Exacerbation of hepatic injury by MRP14 during rodent malaria. (a)
Histopathology of the liver of mice injected with MRP14 or PBS after Pb-infection analyzed by
HE staining. The area surrounded by dotted line shows focal necrosis. Bar; 50 um. (b)(c) Serum
concentration of AST (b) and ALT (c) of mice injected with MRP14 or PBS after Pb-infection
(n=5). Graphs show mean and SD of each group. Data are representative of two independent

experiments. P <0.05; n.s., not significant.

Figure 6. The accumulation of MRP8" and MRP14" cells promoted by MRP14 during
rodent malaria. (a) The accumulation of MRP14" cells in the liver and spleen of mice injected
with MRP14 or PBS after Pb-infection. RP, red pulp; WP, white pulp. Bars; 50 um. (b)(c) The

number of accumulated MRPS8" and MRP14" cells in the liver (b) and spleen (c) of mice injected
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with MRP14 or PBS after Pb-infection (n=5). (d) The number of peripheral blood leukocytes of
mice injected with MRP14 or PBS after Pb-infection (n=5). (¢) The accumulation of MRP14"
cells in focal necrosis area of the liver in mice injected with MRP14 or PBS after Pb-infection.
Bars; 50 um. Graphs show mean and SD of each group. Data are representative of two

independent experiments. P < 0.05; n.s., not significant.

Figure 7. The accumulation of MRPS" and MRP14™" cells promoted by MRP14 in the
absence of Plasmodium infection. (a) The accumulation of MRP14" cells in the liver and spleen
of MRP14-injected mice and PBS-injected controls. RP, red pulp; WP, white pulp. Bars; 50 pm.
(b)(c) The number of accumulated MRPS8" and MRP14" cells in the liver (b) and spleen (c) of
MRP14-injected mice and PBS-injected controls (n=5). (d) The number of peripheral blood
leukocytes of MRP14-injected mice and PBS-injected controls (n=5). (¢) The spleen weight of
MRP14-injected mice and PBS-injected controls (n=5). Graphs show mean and SD of each

group. Data are representative of two independent experiments. "P <0.05; n.s., not significant.

Figure 8. The expression of pro-inflammatory molecules promoted by MRP14 injection.
mRNA expression of iNOS, IL-1p, IL-6, IL-12 p40, TNF-a, Arg-1, FIZZ-1, IL-10, TGF-p,
NOX2, CCR2, CCL2, IFN-y and IL-4 in the liver and spleen of mice injected with MRP14 or
PBS (n=5). Graphs show mean and SD of each group. Data are representative of two independent

experiments. P <0.05; n.s., not significant.
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Figure 9. The expression of INOS and pro-inflammatory molecules in the liver promoted
by MRP14 during rodent malaria. mRNA expression of iNOS, IL-1p, IL-6, IL-12 p40, TNF-
a, Arg-1, FIZZ-1, 1L-10, TGF-, NOX2, CCR2, CCL2, IFN-y and IL-4 in the liver of mice
injected with MRP14 or PBS after Pb-infection (n=5). Graphs show mean and SD of each group.

Data are representative of two independent experiments. P < 0.05; n.s., not significant.

Figure 10. The expression of pro-inflammatory molecules suppressed in the spleen during
rodent malaria. mRNA expression of iNOS, IL-18, IL-6, IL-12 p40, TNF-a, Arg-1, FIZZ-1, IL-
10, TGF-B, NOX2, CCR2, CCL2, IFN-y and IL-4 in the spleen of mice injected with MRP14 or
PBS after Pb-infection (n=5). Graphs show mean and SD of each group. Data are representative

of two independent experiments. P < 0.05; n.s., not significant.

Figure 11. The expression pattern of inflammatory molecules in the liver and spleen. The
mRNA expression pattern of inflammatory molecules in the liver and spleen was summarized.
Cells colored with red indicate up-regulation, and cells colored with blue indicate down-
regulation. Color graduation is dependent on the relative fold change rate; cells with darker red

represent larger increase rate, and cells with darker blue represent larger decrease rate.

Figure 12. Targeted inactivation of MRP14 gene in BALB/c mice. (a) Exon 2 of the MRP14
locus, which includes EF-hand region, was deleted by offset-nicking method of CRISPR/Cas
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system using the four gRNAs which designed at the following loci; 5'-
GGCCACTGTTAGGCAAGATAAGGAGGGG, 5-GAGACTAGGTCAGGGAAGCTTGG, 5'-
GGCAGAGCCCTACTGCCCCCGG, and 5'-GCAGTAGGGCTCTGCCATTAGAGG. (b)
Analysis of PCR products from total DNA of the tails for genotyping. Genotyping was performed
by the genomic PCR  using the primers (forward  primer, 5-
GTCAAAATTCTGTTTTGTGTATATGTGGAG-3’, and reverse primer, 5-
AATTCCCTTGTGTTCTTAAAGTTATGTGTC-3’) and sequencing of the PCR amplicons.

Expected product sizes are 585 bp (WT) and 242 bp (target-deletion).

Figure 13. No effect of MRP14 deficiency on weight loss during rodent malaria. (a) Kinetics
of pRBC rate in peripheral blood after infection of 10° pRBCs in MRP14-KO mice and WT mice
(n=5). (b) Hematocrit in MRP14-KO mice and WT mice after Pb-infection (n=5). (¢) The body
weight change of MRP14-KO mice and WT mice after Pb-infection (n=5). (d) The spleen weight
of MRP14-KO mice and WT mice after Pb-infection (n=5). (¢) The number of peripheral blood
leukocytes of MRP14-KO mice and WT mice after Pb-infection (n=5). (f) The population of
peripheral blood leukocytes categorized by nuclear morphology in MRP14-KO mice and WT
mice after Pb-infection (n=5). Graphs show mean and SD of each group. Data are representative

of two independent experiments. P < 0.05; 1n.s., not significant.

Figure 14. Unimproved hepatic injury in MRP14-KO BALB/c mice during rodent malaria.

(a) Histopathology of the liver and spleen of MRP14-KO mice and WT mice after Pb-infection
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analyzed by HE staining. RP, red pulp; WP, white pulp. Bars; 50 pm. (b) Serum concentration
of AST (left) and ALT (right) of MRP14-KO mice and WT mice after Pb-infection (n=5). Graphs
show mean and SD of each group. Data are representative of two independent experiments. P

< 0.05; n.s., not significant.

Figure 15. The accumulation of MRPS8" cells in the liver of MRP14-KO BALB/c mice
during rodent malaria. (a) The accumulation of MRPS" cells in the liver and spleen of MRP14-
KO mice and WT mice after Pb-infection. RP, red pulp; WP, white pulp. Bars; 50 um. (b) The
number of accumulated MRP8" cells in the liver (left) and spleen (right) of MRP14-KO mice
and WT mice after Pb-infection (n=5). (¢) The population of accumulated leukocytes categorized
by morphological characters in the liver (left) and spleen (right) of MRP14-KO mice and WT
mice after Pb-infection (n=5). (d) Serum concentration of MRPS8 (left) and MRP14 (right) of
MRP14-KO mice and WT mice after Pb-infection (n=5). Graphs show mean and SD of each

group. Data are representative of two independent experiments. "P <0.05; n.s., not significant.

Figure 16. Enhanced pro-inflammatory molecules in the liver of MRP14-KO BALB/c mice
during rodent malaria. mRNA expression of iNOS, IL-1B, IL-6, IL-12 p40, TNF-a, Arg-1,
F1ZzZ-1, 1L-10, TGF-B, CCR2, CCL2, IFN-y and IL-4 in the liver of MRP14-KO mice and WT
mice after Pb-infection (n=5). Graphs show mean and SD of each group. Data are representative

of two independent experiments. P < 0.05; 1n.s., not significant.
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Figure 17. The suppression of pro-inflammatory molecules in the spleen of MRP14-KO
BALB/c mice during rodent malaria. mRNA expression of iNOS, IL-1B, IL-6, IL-12 p40,
TNF-a, Arg-1, FIZZ-1, IL-10, TGF-B, CCR2, CCL2, IFN-y and IL-4 in the spleen of MRP14-
KO mice and WT mice after Pb-infection (n=5). Graphs show mean and SD of each group. Data

are representative of two independent experiments. "P <0.05; n.s., not significant.

Figure 18. The administration of paquinimod failed to suppress MRP14 in vivo. (a) Kinetics
of pRBC rate in peripheral blood after infection of 10° pRBCs in Paquinimod-injected mice and
PBS-injected controls (n=5). (b) Hematocrit in mice injected with Paquinimod or PBS during
Pb-infection (n=5). (c) The body weight change of mice injected with Paquinimod or PBS during
Pb-infection (n=5). (d) The spleen weight of mice injected with Paquinimod or PBS during Pb-
infection (n=5). (¢) The number of peripheral blood leukocytes of mice injected with Paquinimod
or PBS during Pb-infection (n=5). (f) Serum concentration of MRP14 of mice injected with
Paquinimod or PBS during Pb-infection (n=5). (g) Left: the accumulation of MRP14" cells in
the liver and spleen of mice injected with Paquinimod or PBS during Pb-infection. Bars; 50 um.
Right: the number of accumulated MRP8" and MRP14" cells in the liver and spleen of mice
injected with Paquinimod or PBS during Pb-infection (n=5). (h) Serum concentration of AST
(left) and ALT (right) of mice injected with Paquinimod or PBS during Pb-infection (n=5).
Paquinimod, which is a MRP14 inhibitor, was injected intraperitoneally every day from 3days
before Pb-infection to the 7™ day after Pb-infection (25 mg/kg/day). The liver, spleen and serum

were collected at day 7 of infection. Graphs show mean and SD of each group. Data are
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representative of two independent experiments. "P <0.05; n.s., not significant.

Figure 19. Suppression of cellular MRPS8 expression in MRP14-KO mice. (a) MRPS and
MRP14 levels in SPCs (5 x 10* cells/lane) and BMCs (5 x 10° cells/lane) of MRP14-KO mice
and WT mice analyzed by western blotting. (b) MRP8 and MRP14 levels in PECs (5 x 10’
cells/lane) of MRP14-KO and WT mice analyzed by western blotting. (c¢) The expression of
MRPS8, MRP14 or CD11b in spleens and bone marrows of MRP14-KO mice and WT mice. Bars;
50 pm (spleen) or 200 um (BM). (d) Expression of Gr-1, CD11b and MRP8 in BMCs of MRP14-
KO mice and WT mice. Bars; 20 um. (¢) The population of Gr-1", CD11b" and MRPS" cells in
BMCs of MRP14-KO mice and WT mice (n=5). Graphs show mean and SD of each group. Data

are representative of two independent experiments. P < 0.05; n.s., not significant.

Figure 20. Increased ratio of lymphocytes in peripheral blood leukocytes and PECs of
MRP14-KO mice. (a) The number of peripheral blood leukocytes of MRP14-KO mice and WT
mice (n=5). (b) The population of peripheral blood leukocytes categorized by nuclear
morphology in MRP14-KO mice and WT mice (n=5). (c) Giemsa-stained peritoneal PECs of
MRP14-KO mice and WT mice. Bar; 5 um. (d) The population of PECs categorized by
morphological nuclear characters in MRP14-KO mice and WT mice (n=5). (e) SDS-PAGE of
PEC lysates (1 pg/lane) of MRP14-KO mice and WT mice (n=3). (f) Giemsa-stained BMCs of
MRP14-KO mice and WT mice. Bar; 5 um. (g) The population of BMCs categorized by
morphological nuclear characters in MRP14-KO mice and WT mice (n=5). (h) SDS-PAGE of
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BMCs (5 x 10* cells/lane) of MRP14-KO mice and WT mice (n=3). Graphs show mean and SD
of each group. Data are representative of two independent experiments. P < 0.05; n.s., not

significant.

Figure 21. Enhanced TNF-a secretion by BMCs stimulated with LPS in MRP14-KO mice.
(a) TNF-a secretion by BMCs stimulated with different concentrations of LPS. BMCs (1 x 10°
cells/ml) of MRP14-KO mice or WT mice were stimulated by LPS (1 - 1,000 ng/ml) for 4 hr and
the concentration of secreted TNF-a in supernatant was measured by ELISA. (b) Temporal
kinetics of TNF-a secretion by BMCs stimulated with LPS. BMCs (1 x 10° cells/ml) of MRP14-
KO mice or WT were stimulated by LPS (1 pg/ml) and the concentration of secreted TNF-a in
supernatant was measured by ELISA. (c) MRPS (left) and MRP14 (right) secretion by BMCs
stimulated with LPS. BMCs (1 x 10° cells/ml) of MRP14-KO mice or WT were stimulated by
LPS (1 pg/ml) for 4 hr and the concentration of secreted TNF-a in supernatant was measured by
ELISA. (d, ¢) TNF-a secretion by BMCs stimulated with TLR agonists. BMCs (1 x 10° cells/ml)
of MRP14-KO mice or WT were stimulated by LPS (1 pg/ml), imiquimod (5 pg/ml), CpG (1
uM) for 4 hr (d) or 24 hr (e) and the concentration of secreted TNF-a in supernatant was
measured by ELISA. (f) TNF-a secretion from SPCs stimulated with LPS. SPCs (5 x 10°
cells/ml) of MRP14-KO mice or WT mice were stimulated by LPS (1 pg/ml) and the
concentration of secreted TNF-a in supernatant was measured by ELISA. (g) TNF-a (left) or
IFN-y (right) secretion from SPCs stimulated with TLR agonists. SPCs (5 x 10° cells/ml) of

MRP14-KO mice or WT were stimulated by LPS (1 pg/ml), imiquimod (5 pg/ml), CpG (1 uM)
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for 24 hr. Graphs show mean and SD of each group (n=5). Data are representative of three

independent experiments. ‘P< 0.05; n.s., not significant; n.d., not detected.

Figure 22. Unimproved LPS-induced shock in MRP14-KO BALB/c mice. (a) Survival of
MRP14-KO mice and WT mice treated with LPS (30 mg/kg) (n=5). Data are representative of
three independent experiments. (b) The number of peripheral blood leukocytes of MRP14-KO
mice and WT mice treated with LPS (n=5). (¢) The population of peripheral blood leukocytes
categorized by morphological nuclear characters in MRP14-KO mice and WT mice (n=5). (d)
Serum concentration of IL-1p (left) and TNF-a (right) of MRP14-KO mice and WT mice treated
with LPS (n=5). (e) Serum concentration of MRPS (left) and MRP14 (right) of MRP14-KO mice
and WT mice treated with LPS (n=5). Graphs show mean and SD of each group. Data are

representative of two independent experiments. P < 0.05; n.s., not significant; n.d.: not detected.

Figure 23. Unimproved LPS-induced hepatic injury in MRP14-KO BALB/c mice. (a)
Histopathology of spleens and livers of MRP14-KO mice and WT mice treated with LPS
analyzed by HE staining. Bar; 50 pm. (b) The population of accumulated leukocytes categorized
by morphological characters in livers of MRP14-KO mice and WT mice treated with LPS (n=5).
(c) Serum concentration of AST (left) and ALT (right) of MRP14-KO mice and WT mice treated
with LPS (n=5). (d) mRNA expression of iNOS in the liver (left) and spleen (right) of MRP14-
KO mice and WT mice treated with LPS (n=5). (¢) mRNA expression of IL-1f, IL-6, IL-12 p40

and TNF-a in the liver, spleen and BMCs of MRP14-KO mice and WT mice treated with LPS
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(n=5). Graphs show mean and SD of each group. Data are representative of two independent

experiments. P <0.05; n.s., not significant.

Figure 24. Migration of the monocytes expressing MRP8 dependent on MRP14. (a) The
expression of MRP8 or MRP14 in the spleen and liver of MRP14-KO mice and WT mice treated
with LPS. Bars; 50 pm. (b) The number of accumulated MRP8" cells in the spleen (left) and
liver (right) of MRP14-KO mice and WT mice treated with LPS (n=5). (c) The population of
accumulated MRPS" cells categorized by morphological characters in the spleen (left) and liver
(right) of MRP14-KO mice and WT mice treated with LPS (n=5). Graphs show mean and SD of
each group. Data are representative of two independent experiments. P < 0.05; n.s., not

significant.

Figure 25. Promotion of GM-CSF expression in BMCs stimulated with MRP14. (a) Increase
of TNF-a secretion from WT BMCs stimulated with MRP14 or GM-CSF for 7 days. Different
letters on the bars represent statistical difference between groups. (b) mRNA expression of GM-
CSF in WT BMCs stimulated with MRP14, MRP8, GM-CSF or LPS for 7 days. (¢) WT BMC
proliferation stimulated with MRP14, MRP8 or GM-CSF for 7 days analyzed by AlamarBlue.
(d) TNF-a secretion by BMCs of WT BALB/c or C57BL/6 mice stimulated with MRP14, MRPS,
GM-CSF or LPS for 7 days. BMCs (1 x 10° cells/ml) were stimulated by MRP14 (5 pg/ml),
MRP8 (5 pg/ml), GM-CSF (50 ng/ml), M-CSF (80 ng/ml) or LPS (1 pug/ml). (¢) mRNA
expression of CD11b, F4/80, CD68 and GM-CSF in BMCs of MRP14-KO mice and WT mice
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treated with LPS (n=5). Graphs show mean and SD of each group. Data are representative of

two independent experiments. P < 0.05; n.s., not significant.

Figure 26. Hypothesized MRP14 function in pathology of hepatic injury during rodent
malaria. MRP14 promotes the secretion of pro-inflammatory cytokines such as IL-18, TNF-o,
IL-6 and IL-12 from macrophages via TLR2 and TLR4. The pro-inflammatory cytokines induce
the up-regulation of iNOS, which produces high concentration of NO. High levels of NO have
cytotoxic and pro-inflammatory effects leading to necrosis of hepatocytes. IL-12 is a potent
inducer of IFN-y, and IFN-y produced by Pb-pRBC antigen specific T cells facilitates the
production of NO. MRP14 also promotes the accumulation of macrophages (including MRP8"
and MRP14" macrophages) in the sinusoid of liver, to which CCR2 and CCL2 may contribute.
The accumulated macrophages promote inflammatory cascade, which leads to hepatic injury.
MRP14 deficiency induces not only the simple deletion of extracellular MRP14 function to
promote inflammation but also affects intracellular MRP14 function. Intracellular MRP14
deficiency induces the hyperresponsiveness of TLR4 signaling in myeloid cells, which keep
comparable inflammatory cytokine levels to WT during inflammation. M®, macrophage; T, T

cell; HC, hepatocyte,; Mo, monocyte; O, °, superoxide; NO®, nitric oxide; ONOO', peroxynitrite.
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Figure 1. Hepatic injury regulated by T cells during rodent malaria.
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Figure 10. The expression of pro-inflammatory molecules suppressed in the spleen
during rodent malaria.
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Figure 11. The expression pattern of inflammatory molecules in the liver and spleen.

116



exon 1 2 3
- -
primer i E primer
— > <
deleted region 200 bp  m—

PcF-hand region

/- =/+ +/+

Figure 12. Targeted inactivation of MRP14 gene in BALB/c mice.

117



a b
40 60- n.s B MRP14 KO
— ® MRP14 KO —
X O wr 3 - n.s. WT
& 301 % S 1
2 £ 40 T
S 20 n.s. g I}
m ©
4 10- g 204
o) 9 g
0' . 0" T T
0123 45 67 naive Pb-infected
days post-infection
C d
5 B VRP14 KO ns.
3 WT 5 0.5 1 1 MRP14KO
o
° 0 = 0.4- T wT
> S
& ‘s 0.3
S 9 3 n.s.
= €02
.9110‘ J_ %. o 1.. —
()]
3 n.s. * j
15 . . 0.0- T T
MRP14 KO WT naive Pb-infected
e f
@30' n.s B VRP14 KO
3 . H MRP14 KO < ' WT
S 25000 N T 060 s T
2 20000- ' 4 I
g T £ 407 T
3 150004 n.s. ] n.s.
= 10000 T g 201 —
[ Q. o
il .
E’ o ' . ’(‘\ 4\0 4&0
naive  Pb-infected R ov
S 3 &
& <& &
TS

Figure 13. No effect of MRP14 deficiency on weight loss during rodent malaria.
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Figure 16. Enhanced pro-inflammatory molecules in the liver of MRP14-KO BALB/c

mice during rodent malaria.
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Figure 17. The suppression of pro-inflammatory molecules in the spleen
of MRP14-KO BALB/c mice during rodent malaria.
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Figure 22. Unimproved LPS-induced shock in MRP14-KO BALB/c mice.
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Tables

Table 1. The comparison between BALB/c-background and C57BL/6-back ground MRP14

KO mice.

BALB/c C57BL/6 (68, 69)
Peripheral leukocytes, PEC Neu |, Lym 1 Neu —, Lym —
MRPS" cells in spleen €] )
MRPS" cells in bone marrow ) )
Survival rate in LPS-induced shock MRP14 KO =WT MRP14 KO >WT
Migration of MRP8" cell in tissues ~ MRP14 KO < WT No expression of MRP8 in
in LPS-induced shock (Mo > Neu) MRP14 KO mice
LPS-induced TNF-a secretion by MRP14 KO >WT MRP14 KO <WT
BMC Independent of MRP14 Dependent on MRP14
MRP secretion by BMC Independent of LPS Dependent on LPS
Sensitivity to GM-CSF high low

Neu: neutrophil, Lym: lymphocyte, Mo: Monocyte
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Table 2. The comparison of peripheral leukocytes and MRPS" cells accumulation between

LPS-injected and Pb-infected models.

Naive LPS-injected Pb-infected
The number of MRP14 KO =WT MRP14 KO =WT MRP14 KO <WT
peripheral leukocytes (MRP14 KO: Neu < Lym) (MRP14 KO: Neu = Lym)
Accumulated MRP8" MRP14 KO <WT MRP14 KO <WT MRP14 KO =WT
cell in liver (MRP14 KO: Neu > Mo) (MRP14 KO: Neu > Mo) (in spleen:
MRP14 KO <WT)

Neu: neutrophil, Lym: lymphocyte, Mo: Monocyte
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Supplemental table 1. Primer list.

Gene Forward Reverse
IL-1B 5'-GAAAGACGGCACACCCACCCT-3' 5'-GCTCTGCTTGTGAGGTGCTGATGTA-3’
IL-6 5'-CCAGAGATACAAAGAAATGATGG-3' 5'-ACTCCAGAAGACCAGAGGAAAT-3'

IL-12 p40 5'-ACAGCACCAGCTTCTTCATCAG-3'

TNF-a 5'-CTGTGAAGGGAATGGGTGTT-3'
iNOS 5'-GTTCTCAGCCCAACAATACAAGA-3'
Arg-1 5'-CTCCAAGCCAAAGTCCTTAGAG-3’
FIZZ-1 5'-CCAATCCAGCTAACTATCCCTCC-3'
IL-10 5'-GCTGGACAACATACTGCTAACC-3'
TGF-B 5'-GTCAGACATTCGGGAAGCAG-3’
CCR2 5'-TGCCATCATAAAGGAGCCAT-3’
CCL2 5'-GTTGGCTCAGCCAGATGCA-3’

IFN-y 5'-GGCCATCAGCAACAACATAAGCG-3'
IL-4 5'-GGCATTTTGAACGAGGTCAC-3'
CD11b 5'-ATGGACGCTGATGGCAATACC-3’
F4/80 5'-AATCGCTGCTGGTTGAATACAG-3’
CD68 5'-CAAGGTCCAGGGAGGTTGTG-3'

GM-CSF 5'-CAACTCCGGAAACGGACTGTG-3'

GAPDH 5'-CGACTTCAACAGCAACTCCCACTCTTCC-3'
B-actin 5'-GTTACCAACTGGGACGACA-3'

NOX2 5'-AGCTATGAGGTGGTGATGTTAGTGG-3’

5'-TCTTCAAAGGCTTCATCTGCAA-3'
5'-GGTCACTGTCCCAGCATCTT-3'
5'-GTGGACGGGTCGATGTCAC-3'
5'-AGGAGCTGTCATTAGGGACATC-3’
5'-CCAGTCAACGAGTAAGCACAG-3'
5'-CCCAAGTAACCCTTAAAGTCCTG-3'
5'-GCGTATCAGTGGGGGTCA-3'
S'-TTTGTTTTTGCAGATGATTCAA-3’
5'-AGCCTACTCATTGGGATCATCTTG-3'
5'-TGGGTTGTTGACCTCAAACTTGG-3'
5'-AAATATGCGAAGCACCTTGG-3'
5'-TCCCCATTCACGTCTCCCA-3’
5'-CCAGGCAAGGAGGACAGAGTT-3’
5'-CCAAAGGTAAGCTGTCCATAAGGA-3'
5'-GCTGTGCCACATCTCTTGGTC-3'
5'-TGGGTGGTCCAGGGTTTCTTACTCCTT-3’
5'-TGGCCATCTCCTGCTCGAA-3'
5'-CACAATATTTGTACCAGACAGACTTGAG-3'
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Summary (in Japanese)
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A S H
Exacerbation of hepatic injury during rodent malaria by myeloid-related protein 14
(myeloid-related protein 14 IZ X 52 —7 > b~ 7 U 7 IHEE OHEA(L)

Chagl=1:0)|
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FRIEME~ 7 v 77—V OMIEIZREL T 2EAE TH O . MIEEIZEZ D 2w S
o, BAE, B v~ F AR LIE 2 & ORE 2 2R REMER BBV T, JREE(L
[ZfE D MRP14 (Gt~ 7 v 7 7 — VO RIETLA~DEEDNRE SN TWDLR, 7 U T
28T 5 MRPI4 Gt~ 27 v 77—V OEIEIZOWTIL IZE AT LN > T
Do 7o, T A ZERR ST BT P, berghei &Yk BALB/c ~ 7 A DJIFHIZ 3515 5 MRP14
Bt e O MRPS [t~ 27 v 7 7 — U OEMEH SN Lz, £, B~ X B0
T MRP14 JBEN FH425 2 L bR L2, LLEORERNS MRPI4 tt~27 07 7
— VXV WS T MRPI4 3~ 7 U 7 OFEFICES L TWD B 2 bivle, AF5E
TlX. P berghei DIRNIIERIC L > THIERZESNDH~ T U TIHEEF~D MRP14 O
B ZHOMMNITHZ EEHME Lz,

[%5 1 %]

51 F T, Mgt MRP14 DIFREE A~ 72 O TRELMENT LT, P berghei &Y~
7 AZBWT, IFEEOIEETH A IMET AST - ALT D FHEPN~7 07 7 —T D
T2 BRBFENBD b2 n, FEEN RSN, S OISR kR
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B¢, e~ v 2 ORFIBSEIRIZ BV C MRP14 (Bt~ 7 1 7 7 — P DOBEE IR EFE R
Do, T MlaxKETLHX— 7 RCBWTIEIO L) RIFEENRAE TS, 1M
H MRP14 O FR O LN o7, —F, MRP14 GiE~ 27 0 7 7 — P OEFEITX
— R~ ATHLROOLNIZZ L6 MRPI4 Bt~ 7 07 7 — D13 T MR E L7
WS CTEEFET 523, MRP14 O30T T MUK GIEICHEE SN D 2 E M LT/ -
72o F72. invitro fi#HT TliX. MRP14 7 toll-like receptor (TLR) 2 & OF TLR4 O FriHAA
M7 =X hTH Y. damage-associated molecular patterns (DAMPs) D—-> & L THERE
THZENHALNIR ST,

RIZ, P berghei J&G% O~ 7 A2 7 A MRP14 ZfFRN$ G- L, IFREE~DZE
ZPBSH&G-Da v hu— ARt g Lic, R FEEARMLERRS I O~N~ F7 U
MIEIZBS LT, MRP14 52 L BT R 6o 70, —J7, MRP14 B 53Tl
BT AST - ALTIRED & 5725 EA K OFREIE L~ L OB LB bz, £,
MRP14 #% 512 & 5 MRP14 Bt L OV MRP8 (Bt~ 7 10 7 7 — DHEFEOHIR b HEsd S
iz, 51T, MRP14 & 5IFZFFEYGL~ U7 ZIZB W T HFEIERIC MRP Gt~ 27 v 7 7 —
COEFEEFHFE L, IL-1p + IL-12 « TNF-a * iNOS &\ o 72 SRIEMER -, B8 L OV CCL2 -
CCR2 LW o T B LR T ORBLZFE LTz, LLEDOFERNG . P berghei JEGIZF0
TS5 MRP14 IITIEIC I 1T 5 MRP Gt~ 7 1 7 7 — VEFE R RRIEMEY A b
J1A v« NO FEAEZ R LIFRREZ B ST Z E R LR -T2,

[% 2 %]

C57BL/6 ~ 7 AZHIT Dk &2 72 RIEMEIR BT 7 LV D SEATHFZEIZ 38V T, MRP14-KO
~ U A TIERIESOLS DN S VIR RBSEE DS RD bV D 2 EHE SN TV 5, 1E- T,
B1EOKENDS BALB/c~ U ATH MRP14 % KB SH 5 Z & CRIEKGH TS LT
BN S D G E T2 T, 5 2 3 TlX. MRPI14-kockout (KO) BALB/c ¥ A %
TERL L, P berghei &Y MRP14-KO BALB/c ~ 7 A 21T HHFREE AT L=, L2l
IR BARFUC K LT, MRP14-KO ~ 7 ADILiEH AST « ALT _E5F- M OBLREESE L~ L
(12 wild-type (WT)~ 7 A & DEIFTHEDO BT, MRP14-KO vV A TH WT v 7 A & [A]
BRIDAFREENE U T, £/, FFIRICEIT 5 MRPS Bhitt~ 2 v 7 » — VEBEHIC S
MRP14-KO v 7 A & WT ¥ U ZADMICHEZITFRD bivienrole, Mgz 591
kA D RFEMER A K AR F O3B BT H, MRPI4-KO w7 2 & WT
VU ADMIZIZE A LEFRO N7, LLEOREREI G, MRP14-KO ~ 7 A2
BWTH P berghei &I BT AFEEITSISH ZENDE T ENHALMNIR -T2,

[% 3 =]
551 =TI MRPI4 (Z XD IFREEOE(LNR R oNTz—T7, &2 FEICBW TR
MRP14-KO BALB/c ¥V At WT w7 A ERIGEOFEELZ R LT, 2D ORI,
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C57BL/6 ~ U A% W= AT I K W S ST & 72, IMRP14-KO ~ 7 A ClZ
extracellular MRP14 }; T8 MRP8 23 Iliill & 415 72 OICRIESS A HNH S 4vd ) E V914K
MEAENRZLZ S BALB/c ¥V AIZHATERNWI EEZRB LW, LDz &0
5. [FC MRP14-KO ¥ 7 A T% BALB/c ¥V A L #HiE D& 5 C5TBLI6 ~ 7 AD 2 Fafit
MR FHHEIROBE NS D Z ERTFPHEINZ, T2 CTE3IETIE, FRLE
MRP14-KO BALB/c ~ 7 A D% MR Z T+ 572012, T4 —7 v v XZHiT
L5 BB AT 5 & & b, LPS SFilEMs g v 7 EFAEZHWT, S
LT %H MRP14-KO C57BL/6 ~ 7 A DfER & DLk %#17 > 72, MRP14-KO C57BL/6 ~
U A TITEBEMIC I D LPS IO TNF-a /0 Hfl ST, £72 LPS &%
B g v 7 IR EZ R T E VWO MERH -T2 2 LD (Vogl et al., 2007, Nat.
Med.,13(9):1042) . MRP14-KO BALB/c ¥ 7 A THIAERTH B 0L L7z, £ OfEE,
A a{ERL L 7= MRP14-KOBALB/c ¥~ 7 A & WT ~ 7 ZADWIC LPS Mty 3 v 712 &
HAEFROZEITTRD ST, LPS HIEEFO MRP14-KO ‘B HE/fE A 5 ¢ TNF-a FEAEIX
L LAWT XV AEICEWVMELZ R LT, — T, LPS fili§i# Oz 3515 5 MRPS (5
PEAIRAEFEEUE MRP14-KO BALB/c v 7 A THEIZAD 72 < IR & ) BMERIEIC
BT 5 MRPS BEtEMIIAOEREIZ MRP14 SB35 2 LR sz, BLEOREED
B, C57BL/6 v 7 A L 8721 BALB/c ¥ 7 AIZE T HHIIEN MRP14 K8 IZH B Al
DISBENEITEE 5 2, TLR4 ¥ 7 FVEERT 5 2 ERH LN -T2,

(&5

AFEICEY, o —F 0 b=F U TICBWT, Mgk MRP14 IZRIGEMES A S A v
PEA Y MRP14 [k~ v 7 7 —VEBEARET 5 2 & CTRIER ST A7 — R B
L. HEELZEAIEL2EERRNFTHDLZ ENHLNITR>T-, —J7 T, MRP14-
KOBALB/c ¥ 7 A THAFEENE D SN2, 2O RICIL, JITHFFED MRP14-KO
C57BL/6 ~ 7 A & A% THERL L 72 MRP14-KO BALB/c ~ 7 A DS SRR A3 K &
<HE7p vy AN MRP14 O KRIBIZ X - THREMAES L 0 RIERISIZISE M ZHE L2 2
EMEBZ LD, EEE. MRP14-KOBALB/c ¥ 7 A CTIX'BEHEMIIZD TLR4 ¥ 7 F /L D
FOSHENTRD S, Z i)Y LPS Hili%EF I MRP14-KO BALB/c ¥ 7 A TH WT & [RIFLE
DORIEMET A S A UEIDHEREINLTWE—REBL2NTZ, UbEDZ &b,
BALB/c ¥ 7 A28\ T MRP14 O RBITHAMIZHIIA MRP14 O RIEMREFEH & v D
FERE IR CldZe < | MEN MRP14 KHEBIZ L% TLR4 & 7 VO i % & 72 63
ZENH BN E TR oo, RAFFRITA £ THE STV o 7oAl N MRP14 OR%EE &
WO TR Z R Z T2 & VW) RTHAERBRMETH Y | L7 MRP14 OFERE
fERAT 2WER E70 D EIRES LD, ABFE A LT B & 72572 MRP14 O R R
FHIZREEE L & DIZFEHICHT 5 Z 1%, MRP14 =2 ha— itk b~ 7 U 7k
EDOIWRRIZOEND EEZBND,

137



