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In mice homozygous for the gene mutation for type I
and type II macrophage scavenger receptors (MSR-A),
MSR-A~’~, the formation of hepatic granulomas
caused by a single intravenous injection of heat-killed
Corynebacterium parvum was delayed significantly
for 10 days after injection, compared with granuloma
formation in wild-type (MSR-A*/") mice. In the early
stage of granuloma formation, numbers of macro-
phages and their precursor cells were significantly
reduced in MSR-A~/~ mice compared with MSR-A*"*
mice. In contrast to MSR-A*™/* mice, no expression of
monocyte chemoattractant protein-1, tumor necrosis
factor-a, and interferon-y mRNA was observed in
MSR-A~’~ mice by 3 days after injection. Also in MSR-
A~’~ mice, uptake of C. parvum by Kupffer cells and
monocyte-derived macrophages in the early stage of
granuloma formation was lower and elimination of C.
parvum from the liver was slower than in MSR-A*/™
mice. In the livers of MSR-A*/* mice, macrophages
and sinusoidal endothelial cells possessed MSR-A, but
this was not seen in the livers of MSR-A™/~ mice. In
both MSR-A™/~ and MSR-A*/* mice, expression of
other scavenger receptors was demonstrated. These
data suggest that MSR-A deficiency impairs the uptake
and elimination of C. parvum by macrophages and
delays hepatic granuloma formation, particularly in
the early stage. (Am J Pathol 1999, 154:705-720)

Scavenger receptors are one of the essential receptors
for macrophages, together with Fc receptors and com-
plement receptors, and include type | and type Il macro-
phage scavenger receptors (MSR-A),"? macrophage re-
ceptor with a collagenous structure (MARCO),3>™®
CD36,%7 SR-BI,”® dSR-CI,° Fcyll-B2,"° and CD68/mac-

rosialin.’* These scavenger receptors are divided into
three classes: A, B, and C."""" MSR-A and MARCO re-
ceptors are included in class A. MSR-A are trimeric mem-
brane glycoproteins consisting of six domains: a C-ter-
minal domain, a collagen-like domain, an a-helical coiled
coil domain, a spacer domain, a transmembrane domain,
and a cytoplasmic domain."? Although the C-terminal
domain is type-specific (ie, different for each type of
receptor), the collagen-like domain is common to both
receptor types and is important for binding to li-
gands."?'2 The a-helical coiled coil domain is involved
in dissociation from ligands within endosomes and me-
diates cation-independent macrophage adhesion in
vivo.'® The MARCO receptor is similar in molecular struc-
ture to MSR-A but different in that it has a long collagen-
like domain and an extremely short a-helical coiled coil
domain.®*® CD36 and SR-BI are class B receptors.®~®
CD36 is an 88-kd glycoprotein expressed on monocyte/
macrophages, platelets, and endothelial cells; it serves
as a receptor for both the adhesive glycoprotein throm-
bospondin and collagen.®” SR-Bl is a CD36-related re-
ceptor and is regarded as a high density lipoprotein
(HDL) receptor.”® CD68/macrosialin is expressed in the
endolysosomal compartments and partly on the cell sur-
face of macrophages.””

Among these various scavenger receptors, MSR-A is
the most important and can bind to a diverse array of
negatively charged macromolecules, including modified
low density lipoproteins (LDLs) such as acetylated LDL,
oxidized LDL, advanced glycation end products, nega-
tively charged collagen, and asbestos bodies.'* '8
MSR-A is known to be implicated in the removal of these
macromolecules, in atherogenesis,'*'® and in host de-
fense mechanisms.*1°

Granulomatous inflammation occurs predominantly as
a focal collection of mononuclear phagocytes in re-
sponse to a variety of microbial agents, foreign particu-
late matter, and etiologically unknown factors. For the
experimental production of hepatic granulomas in ani-
mals such as mice, rats, guinea pigs, or rabbits, various
microbes and particulate matter such as Corynebacte-
rium parvum, bacillus Calmette-Guérin (BCG), Listeria
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monocytogenes, glucan, and zymosan have been
used.®72% During hepatic granuloma formation, mono-
cyte influx into the liver and differentiation of monocytes
into exudate macrophages in loco occur after infiltration
of neutrophils and focal collection and accumulation of
monocyte/macrophages are induced in hepatic sinu-
soids, together with focal proliferation of Kupffer
cells.®®726 Recently, we generated mice deficient in type
| and type Il MSR-A by disrupting exon 4 of an MSR-A
gene, which is essential for the formation of the trimeric
receptor.’* % In these MSR-A-deficient mice, we demon-
strated a significant reduction in the size of atheroscle-
rotic lesions in mice with decreased apolipoprotein-E and
in mice made deficient in LDL receptors via diet.”* ¢ In
addition, MSR-A-deficient mice show an increased sus-
ceptibility to infection with L. monocytogenes or herpes
simplex virus-1, indicating that MSR-A may play a role in
host defense against pathogens.'*'® Although we re-
ported a preliminary study on glucan-induced hepatic
granuloma formation in MSR-A-deficient mice, ' the role
of MSR-A in hepatic granuloma formation in mice remains
uncharacterized.

In the present study, MSR-A-deficient and wild-type
mice were injected intravenously with heat-killed C. par-
vum to produce granulomas in the liver. In these hepatic
granulomas, we examined the behavior and kinetics of
monocyte/macrophages and their precursors, the uptake
and elimination of C. parvum by macrophages, the local
proliferation of macrophages, and the expression of
scavenger receptors and cytokines at the message level
to elucidate the role of MSR-A in hepatic granuloma
formation.

Materials and Methods

Animals

Mice deficient in type | and type Il MSR-A were generated
by disrupting exon 4 of the MSR-A gene, which is essen-
tial for the formation of MSR-A.'*'5 A3-1 embryonic stem
cells®” containing the disrupted alleles were injected into
C57BL/6J (CLEA, Hamamatsu, Japan) blastocysts. The
embryos were transferred into the uteri of ICR recipient
mice (CLEA). To obtain heterozygous mutants, chimeras
were mated with ICR females. Brother-sister mating of
heterozygotes was carried out to generate homozygous
mutants. From 6- to 7-month-old homozygous MSR-A-
deficient (MSR-A~'") mice and wild-type (MSR-A**) lit-
termates were examined. We excluded mice heterozy-
gous for the MSR-A mutation (MSR-A~/*). Heat-killed C.
parvum (P. acnes-WC; RIBI, Hamilton, MT), 0.5 mg, was
injected into the tail vein of MSR-A~/~ and MSR-A*/*
mice. All mice were killed using ether anesthesia at 1, 3,
5,7,10, 14, 21, or 28 days after injection and their livers
were removed. Body and liver weights were measured for
each mouse. Some liver tissues were frozen in liquid
nitrogen and stored for mRNA analysis; others were fixed
for morphological studies.

Blood Cell Count

For cell counts, a small amount of blood was sampled
from the retro-orbital plexus of each animals and 1,000
white blood cells were counted on a blood film to obtain
a differential count.

Light Microscopy

Liver tissues were fixed in 10% formaldehyde and em-
bedded in paraffin. Paraffin sections 3 um thick were
prepared and stained with hematoxylin and eosin for light
microscopy.

Monoclonal Antibodies

For immunohistochemistry, the following monoclonal an-
tibodies were used: anti-mouse monoclonal antibodies
against mouse macrophage F4/80,%® against monocytic
cells ER-MP20,%® or against myeloid macrophage pre-
cursors ER-MP58 (BMA Biomedicals, August, Switzer-
land),?® against murine scavenger receptors 2F8,'316
against murine MARCO receptor ED31,*° against murine
macrosialin FA/11,223° against murine Fcy Il receptor
2.4G2,'93" ggainst T lymphocytes Thy-1.2 %2 against mu-
rine natural killer (NK) cells pan-NK, and against murine B
lymphocytes monoclonal antibody B220 (Pharmingen,
San Diego, CA).33 Dr. Siamon Gordon (Sir William Dunn
School of Pathology, University of Oxford, Oxford, UK)
kindly supplied 2F8 and FA/11,"33° and ED31 was kindly
supplied by Dr. Luc J. W. van der Laan (Free University,
Amsterdam, The Netherlands).*® Table 1 shows the an-
tigen specificities and immunoreactive cells of the mono-
clonal antibodies used in the present study. Among these
antibodies, F4/80 can also be applied to paraffin sec-
tions.

Immunohistochemistry

Liver tissues were fixed in 2% periodate-lysine-parafor-
maldehyde solution at 4°C for 4 hours, embedded in OCT
compound (Miles, Elkhart, IN), frozen in liquid nitrogen,
and cut by a cryostat into 6-um-thick sections. After
inhibition of endogenous peroxidase activity by the
method of Isobe et al,>* immunoperoxidase studies using
the above-mentioned monoclonal antibodies were per-
formed. As a secondary antibody, we used anti-rat im-
munoglobulin-horseradish  peroxidase-linked  F(ab’),
fragment (Amersham, Poole, UK). After visualization with
3,3’-diaminobenzidine, the sections were stained with
hematoxylin for nuclear staining and mounted with resin.
As negative controls, the same procedures were per-
formed but the primary antibodies were omitted. After
0.1% trypsin treatment, paraffin sections were stained
with gram stain and then immunostained with F4/80 for
detection of gram-positive bacteria in macrophages.

Evaluation of Hepatic Granulomas

According to the previous studies,”*>° hepatic granulo-
mas were defined as being composed of more than 10
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Table 1. Immunoreactive and Antigen Specificities of Monoclonal Antibodies Used in this Study

Monoclonal
antibody Isotype Immunoreactive cells or receptor proteins Reference(s)
F4/80 IgG2b Promonocytes, monocytes, free or tissue-fixed macrophages, 28
Kupffer cells, histocytes, synovial A cells, microglial cells,
phagocytes on the periosteal and endosteal bone surfaces,
epidermal Langerhans cells
ER-MP20 IgG2a Macrophage colony-forming cells, monoblasts, promonocytes, 28
monocytes, immature macrophages
ER-MP58 IgM Myeloid precursors (granulocyte/macrophage colony-forming cells) 28
Thy-1.2 IgG2b T lymphocytes 32
B220 IgG2a B lymphocytes 33
pan-NK IgM Natural killer cells and T lymphocytes
2F8 lgG2b MSR-A 13-16
ED31 IgG1 MARCO recepter 4,5
FA/11 IgG2a macrosialin 29, 30
2.4G2 lgG2b Fc y receptor I/l 10, 31

cells. The number of granulomas per 1-mm? section was
counted. In each section, 100 granulomas were randomly
selected, their diameters were measured, and their aver-
age areas were calculated.

Autoradiography with [PHJthymidine

The [3H]thymidine (specific activity, 0.3 to 0.5 MBg/
mmol) was purchased from Amersham (Poole, UK) and
stored at 4°C. At 3, 5, 7, 10, and 14 days after C. parvum
injection, mice were injected intraperitoneally with
[*H]thymidine at 1 MBqg per mouse and killed 60 minutes
after pulse labeling. After immunohistochemical staining
with F4/80, slides were dipped in a Sakura NR-M2 liquid
emulsion (Konica, Tokyo, Japan) diluted 1:2 with water,
exposed at 4°C for 7 days, and developed. Cells with 10
or more grains on their nuclei above the background level
were determined to be labeled.

DNA Nick End-Labeling

DNA nick end-labeling was performed with ApopTag Plus In
Situ Apoptosis Detection Kit (Oncor, Gaithersburg, MD) to
detect apoptotic cells in the granulomas. Briefly, formalin-
fixed, paraffin-embedded tissue sections were deparaf-
finized with xylene and stripped of proteins by incubation
with 20 mg/ml proteinase K (Sigma, St. Louis, MO) for 15
minutes at room temperature. The tissues were washed in
distilled water and endogenous peroxidase was inacti-
vated by covering the sections with 2% H,O, for 5 min-
utes. Sections were then rinsed twice with phosphate-
buffered saline for 5 minutes and were reacted with
terminal deoxynucleotidyl transferase (TdT) with digoxi-
genin-nucleotide for 60 minutes at 37°C. After sections
were washed with distilled water, they were incubated
with anti-digoxigenin antibody with a peroxidase conju-
gate, visualized with 3,3’-diaminobenzidine, and treated
with hematoxylin for nuclear staining.

Reverse Transcriptase-Polymerase
Chain Reaction

Reverse transcriptase-polymerase chain reaction (RT-
PCR) was performed as described in this section. Total
cellular RNA was isolated from liver tissues by the acid
guanidinium thiocyanate-phenol-chloroform method.3®
Total RNA (4 mg) was mixed with 50 ng of a random
primer (Gibco BRL, Life Technologies, Rockville, MD).
The mixture was incubated at 95°C for 10 minutes and
chilled on ice for 4 minutes. Five microliters of RT buffer,
2.5 pl of 10 nmol/L deoxyribonucleotide 3-phosphates
mix (dNTPs mix) (Perkin-Elmer Corp., Branchburg, NJ),
and 0.25 ul of reverse transcriptase (RT) (200 U/ml,
Gibco BRL) were added with distilled water used for
adjustment to the final volume of 25 ul. The mixture was
incubated at 37°C for 90 minutes and at 95°C for 10
minutes. PCR amplification was performed by using a
Gene Amplification PCR System 2400 (Perkin-Elmer). The
reaction mixture consisted of 2 ul of cDNA, 5 ul of PCR
amplification buffer, 2 ul of 25 mmol/L MgCl,, 1 ul of 10
mmol/L dNTPs mix, 2 ul of 20 mmol/L primer, 0.3 ul of Tag
polymerase (5 U/ml, Perkin-Elmer), and 37.7 ul of sterile
distilled water to bring the final volume to 50 wl. The
primers used in this study are shown in Table 2. The
mixture was first incubated at 94°C for 5 minutes and then
cycled 30 times at 95°C for 1 minute, at 58°C for 1 minute,
and at 72°C for 1 minute with a final elongation step at
72°C for 5 minutes. As negative controls, samples from
the livers of untreated mice were used. All samples were
separated on a 2% agarose gel containing ethidium bro-
mide at 0.3 mg/ml and bands were visualized and pho-
tographed by ultraviolet transillumination.

RT Reaction with Nested PCR

For the expression of granulocyte/macrophage colony-
stimulating factor (GM-CSF) mRNA, the RT reaction was
performed using a random primer and nested PCR was
then done using the following primers. The primer pairs
for mouse GM-CSF were designed using the published
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Table 2. Sequences of Oligonucleotide Primers Used for RT-PCR

mRNA Primers Sequences (5’ to 3') Products (bp)

IL-1 Sense TGGAATCCAGGGGAAACACTG 288
Anti-sense CTCTAGAGCACCATGCTACAGAC

TNF-a Sense ACATTCGAGGCTCCAGTGAATTCGG 309
Anti-sense GGCAGGTCTACTTTGGAGTCATTGC

IFN-y Sense GTCACAGTTTTCAGCTGTATAGGG 213
Anti-sense AGCGGCTGACTGAACTCAGATTGTAG

MCP-1 Sense GCATGAGGTGGTTGTGAAAAA 350
Anti-sense CTCACCTGCTGCTACTCATTC

M-CSF Sense ATGAGCAGGAGTATTGCCAAGG 187
Anti-sense ATCTCGGCTAGAGCACTTAGC

MSR-A Sense AGAATTTCAGCATGGCAACTG 166
Anti-sense ACGGACTCTGACATGCAGTG

MARCO Sense GAAACAAAGGGGACATGGG 280
Anti-sense TTCACACCTGCAATCCCTG

Macrosialin Sense TCCAAGATCCTCCACTGTTG 364
Anti-sense CATTGTATTCCACCGCCATG

CD36 Sense GTGACGTGGCAAAGAACAG 543
Anti-sense AAAGGAGGCTGCGTCTGTG

G3PDH* Sense GGAAAGCTGTGGCGTGATG 382
Anti-sense CTGTTGCTGTAGCCGTATTC

*G3PDH, glyceraldehyde-3-phosphate dehydrogenase

cDNA sequence.®® The sequences of outer and inner
primers were as follows: outer primer, sense: 5'-
GAGGAGGATGTGGCTGCA-3', antisense: 5’-CAGGCA-
CAAAAGCAGCAGTG-3', size of the amplified product, 487
bp; inner primer, sense: 5'-TATGGTCTACAGCCTCTCAG-
CAC-3’, antisense: 5'-CAAAGGGGATATCAGTCAGAAA-
GGT-3', size of the amplified product, 367 bp.

Cell Enumeration in Tissues

In immunostained frozen sections, numbers of F4/80",
ER-MP20*, ER-MP58*, and Thy-1.2* cells within or out-
side the granulomas were counted per 1-mm? section. In
paraffin sections doubly stained with gram stain and
F4/80, numbers of F4/80" macrophages per 1-mm? sec-
tion ingesting gram-positive C. parvum were counted us-
ing light microscopy.

Cell Culture

Phagocytosis of C. parvum by macrophages was assayed
according to the method described previously,®” with minor
modifications. Instead of the quantitative fluorometric assay,
we used gram staining to detect C. parvum. Mice were
injected intraperitoneally with 10 ml of heparinized Hanks’
balanced salt solution (10 U/ml) and peritoneal cells were
harvested and centrifuged at 200 X g for 5 minutes. After
removing supernatant fluid, pellets were dissolved in 2 ml of
0.2% NaCl. After adding 2 ml of 1.6% NaCl 2 and 6 ml of
Hanks’ balanced salt solution, sediments were centrifuged
and pellets were resuspended in 4 ml of RPMI 1640 me-
dium containing 10% fetal calf serum. The final peritoneal
cell suspensions were adjusted to contain 2 X 10° cells/
chamber and preincubated in a CO,, incubator at 37°C for
90 minutes. After adding 20 ug of C. parvum per chamber,
the supernates were removed and washed 4 times with
phosphate-buffered saline at 30 minutes and 1, 3, and 6
hours. The adhering peritoneal cells were fixed in acetone

and stained with both gram stain and immunohistochemis-
try with F4/80. Numbers of cells ingesting C. parvum were
counted.

Peritoneal macrophages harvested and prepared as
above were preincubated with antibody 2.4G2 10 ug/ml
to block Fcwy Il receptor. One hour after incubation with
opsonized C. parvum, the cells were fixed and stained as
above. Numbers of macrophages ingesting C. parvum
were counted. For opsonization of C. parvum, sera ob-
tained from mice were diluted 1:2, incubated with C.
parvum for 10 minutes, and centrifuged. For the blocking
experiment with MARCO receptor, mice were injected
intraperitoneally with 100 ug of lipopolysaccharides
(LPS) to induce the emergence of MARCO-expressing
macrophages, and peritoneal macrophages were har-
vested and cultured as above 24 hours after LPS injec-
tion. For blocking MARCO receptor, the macrophages
were preincubated with ED31 10 wg/ml as described
previously.* One hour after incubation with C. parvum,
numbers of macrophages ingesting C. parvum were
counted. In all three experiments, more than three ani-
mals were examined.

Statistics

Statistical significance of the data was evaluated by
ANOVA with post hoc testing. P values <0.05 were con-
sidered significant.

Results

Changes in Numbers of White Blood Cells and
Monocytes in Peripheral Blood after Intravenous
Injection of C. parvum

After intravenous injection of heat-killed C. parvum, num-
bers of white blood cells in peripheral blood of MSR-A*/*
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Figure 1. Changes in liver weight of homozygous mutant (MSR-A~"7) and
wild-type (MSR-A*/*) mice after injection of C. parvum. Data are mean =SD
of five mice.

and MSR-A~/~ mice increased until they peaked at 5
days, then declined. Peripheral blood leukocyte counts
were lower in MSR-A~/~ mice than in MSR-A*/* mice.
However, no significant differences in peripheral blood
monocyte counts were found between the two types of
mice.

Hepatic Granuloma Formation of MSR-A~""~

Mice after Intravenous Injection of C. parvum

The liver started to swell 3 days after injection of C.
parvum in both MSR-A™/~ and MSR-A*'* mice. The
swelling peaked at 14 days and decreased thereafter
(Figure 1). Compared with that of MSR-A*"* mice, the
liver weight of MSR-A™/~ mice was significantly reduced
at 10 and 14 days after injection (Figure 1). At 1 day after
injection, ER-MP20™ monocytes infiltrated the hepatic
sinusoids of MSR-A™/~ and MSR-A*/* mice after poly-
morphonuclear leukocyte infiltration (Figure 2, A and B).
In wild-type mice, F4/80™" cells aggregated and collected
in the hepatic sinusoids at 3 days after injection, when
granulomas started to form (Figure 2C). The number and
mean diameters of hepatic granulomas increased until
they peaked at 10 days and declined thereafter (Figures
2C, 2E, 3A, and 3B). Compared with granuloma formation
in MSR-A*"* mice, the development of hepatic granulo-
mas in MSR-A~/~ mice was delayed until 14 days after C.
parvum injection and their number and mean diameters
were smaller (Figures 2D, 2F, 3A, and 3B). A comparable
difference was found in granuloma area for MSR-A~/~
and MSR-A*/* mice (data not shown). During this time,
numbers of F4/80™" cells within and outside the granulo-
mas were reduced in MSR-A™/~ mice compared with
MSR-A*/* mice (Figures 2E, 2F, and 4A-C). The influx of
ER-MP20" monocytic cells in the livers of MSR-A™/~
mice was lower at 7 days after injection and higher there-
after than in MSR-A™/* mice (Figures 2G, 2H, and 5A-C).
The influx of ER-MP58" myeloid macrophage precursor
cells into the hepatic granulomas and outside the gran-
ulomas peaked in both types of mice at 10 days after
injection, but it was lower in MSR-A™/~ mice than in
MSR-A™* mice (Figures 2I, 2J, and 5D-F). These data
show that liver granuloma formation induced by intrave-
nous injection of C. parvum is delayed in its early phase in
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the MSR-A~/~ mice and that this delay results in a re-
duced influx of monocytic cells and myeloid macrophage
precursors into the liver, particularly within the granulo-
mas, and in their slow differentiation into macrophages
within granulomas.

Local Proliferation and Cell Death of
Macrophages During Hepatic
Granuloma Formation

Figure 6 shows [®H]thymidine-labeling rates of macro-
phages within and outside hepatic granulomas of MSR-
A~’" mice and MSR-A"™/" mice. The proliferative poten-
tial of macrophages within and outside the granulomas
was lower in MSR-A~/~ mice than in MSR-A*/* mice 10
days after C. parvum injection. As shown in Figure 7, the
percentages of apoptotic cells in the granulomas were
lower in MSR-A~/~ mice than in MSR-A™/* mice. How-
ever, these differences are not statistically significant
(P > 0.05).

Changes in Numbers of Lymphocytes During
Hepatic Granuloma Formation

A small number of lymphocytes were usually present in
livers of MSR-A™* and MSR-A~/~ mice. After C. parvum
injection, lymphocytes infiltrated livers of both MSR-A*/*
and MSR-A~/~ mice; most of these lymphocytes were
Thy-1.2" T cells. Approximately 10 to 30 Thy-1.2" T cells
were seen within a granuloma in both MSR-A*/* and
MSR-A~/~ mice (Figure 8A), but the numbers of T cells
per 1 mm? increased within and outside granulomas in
both types of mice in parallel with increases in the num-
bers and diameters of the granulomas (Figures 3, 8B,
and 8C). In addition, NK cells were observed in the
hepatic granulomas. However, the numbers of T cells per
1 mm? within and outside the granulomas were signifi-
cantly lower in MSR-A~/~ mice 10 days after injection
than in MSR-A** mice and exceeded the latter at 14
days (Figure 8, B and C). These data indicate that T cell
infiltration into the liver during granuloma formation in
response to injected C. parvum is lower in MSR-A~/~
mice than in MSR-A™"* mice.

Expression of Proinflammatory Cytokine mRNA
During Hepatic Granuloma Formation

Figure 9 shows the expression of interleukin-1 (IL-1),
tumor necrosis factor-a (TNF-a), interferon-y (IFN-y),
monocyte chemoattractant protein-1 (MCP-1), macro-
phage colony-stimulating factor (M-CSF), and GM-CSF
mRNA in the livers of MSR-A~/~ and MSR-A*'* mice
revealed by RT-PCR or RT-nested PCR using cDNA prim-
ers for these cytokines. As shown in Figure 9, IL-1, M-
CSF, and GM-CSF mRNAs were expressed in both MSR-
A~’" and MSR-A"* mice throughout the experimental
period. Although TNF-a mRNA was expressed in MSR-
A** mice from 1 to 28 days after injection, it was not
expressed in MSR-A~/~ mice from 1 to 3 days after
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Figure 2. Infiltration and granuloma formation of F4/80" macrophages (C-F), ER-MP20" monocytic cells (A, B, G, H), and ER-MP58" myeloid macrophage
precursor cells (I, J) in the livers of homozygous mutant (MSR-A~"7) (B, D, F, H, J) and wild-type (MSR-A™'™) (A, C, E, G, ) mice after injection of C. parvum.
A and B: At 1 day after injection, infiltration of ER-MP20" monocytic cells in the liver is more marked in an MSR-A™/* mouse (A) than in an MSR-A~/~ mouse
(B). C and D: At 3 days after injection, focal collections of F4/80" macrophages and granuloma formation are seen in the liver of an MSR-A*/* mouse (C) but
not in MSR-A™'~ mouse (D). E and F: At 10 days, hepatic granulomas are much more developed and larger in an MSR-A*/™ mouse (E) than in an MSR-A™/~
mouse (F). G and H: At 7 days, ER-MP20* cells in the hepatic granulomas are more numerous in an MSR-A™"* mouse (G) than in an MSR-A~/~ mouse (H). |
and J: At 10 days, infiltration of ER-MP58" cells in the liver is more marked in an MSR-A*/* mouse (I) than in an MSR-A~/~ mouse (J). A-l: Indirect
immunoperoxidase method with F4/80 C-F, ER-MP20 (A, B, G, and H), and ER-MP58 (I and J). Magnification, X200



A

[

100 —@— MSR-A +/+

O— Msr-A /-
80
60 7

40

No. of Granulomas

i3 5 7 10 14 21
Time after Injection

28 (Days)
*P< .05

Mean Biameters of Granulomas

Scavenger Receptors in Liver Granuloma 711
AJP March 1999, Vol. 154, No. 3

(2em)
100 =@ MSR-A +/+
O Msr-A"/"

80

60

40

207
0 3 57 10 14 21 28 (Days)

Time after Injection *P<.05

Figure 3. Changes in the number (A) and mean diameters (B) of granulomas in livers of homozygous mutant (MSR-A™/7) and wild-type (MSR-A*/*) mice after

injection of C. parvum. Data are mean *SD of five mice.

injection and was seen from 5 days onward (Figure 9).
MSR-A™"* mice showed expression of IFN-y mRNA in the
liver, but IFN-y mRNA was not detected in livers of MSR-
A~ mice from 1 to 3 days after injection (Figure 9).
MCP-1 mRNA was not expressed in livers of MSR-A~/~
mice 1 to 3 days after injection, it was expressed in
MSR-A~/~ mice from 5 to 28 days and in MSR-A*/* mice
from 1 to 28 days after injection (Figure 9).

Expression of Scavenger Receptors in the
Hepatic Granuloma Formation

Previous findings showed that Kupffer cells and sinusoi-
dal endothelial cells were positive for 2F8 in MSR-A™/*
mice, whereas they showed a negative reaction in the
MSR-A~/~ mice."®' Within and outside liver granulo-
mas, macrophages and sinusoidal endothelial cells also
showed an intense positive reaction for 2F8 in MSR-A™/*
mice throughout the experimental period (Figure 11A),
whereas all such cells were negative for 2F8 in MSR-A~/~
mice (Figure 11B). In both MSR-A** and MSR-A~/~
mice, the sinusoidal cells, including Kupffer cells, did not
express MARCO before injection of C. parvum. From 1
day after injection, Kupffer cells expressed MARCO, and
the number of ED31* macrophages increased within and
outside liver granulomas in both MSR-A*'* and MSR-
A~/ mice (Figure 11, C and D). In MSR-A™* and MSR-
A~ mice, Kupffer cells were positively stained with
FA/11 before C. parvum injection, and macrophages
within and outside hepatic granulomas were intensely
positive for FA/11 after stimulation (Figure 11, Eand F). In
MSR-A™* and MSR-A~'~ mice, Kupffer cells and sinu-
soidal endothelial cells before injection, as well as mac-
rophages within and outside granulomas after injection,
were positive for monoclonal antibody against Fcy recep-
tor Il, 2.4G2 (Figure 11, G and H). As shown in Figure 9,
expression of MSR-A, MARCO, and macrosialin mRNA
was consistent with the immunohistochemical expression
of these scavenger receptors in both MSR-A*'* and
MSR-A"/~ mice. Also, expression of CD36 mRNA was

proved in both MSR-A*/* and MSR-A~/~ mice through-
out the experimental period (Figure 9).

Uptake and Elimination of C. parvum by
Macrophages in the Liver of MSR-A~"~ Mice

Figure 10 shows changes in numbers of F4/80" macro-
phages ingesting gram-positive C. parvum in the livers of
MSR-A~'~ and MSR-A™" mice. At 1 day after injection of
C. parvum into MSR-A*"* mice, the number of cells that
had ingested gram-positive bacteria peaked in the liver;
this number decreased thereafter. At 1 day, approxi-
mately 14% of Kupffer cells ingested gram-positive bac-
teria and distributed throughout the hepatic lobules of
MSR-A*" mice. In MSR-A~'~ mice, the numbers of mac-
rophages that had ingested gram-positive bacteria were
low at 1 day, increased to a peak at 7 days, and declined
thereafter. At 14 days, most gram-positive bacteria were
eliminated from the livers of both MSR-A~/~ and MSR-
A*/* mice. During the process of hepatic granuloma
formation, macrophages ingesting gram-positive bacte-
ria were collected in the granulomas, with such macro-
phages in MSR-A*/* mice tending to show greater in-
gestion of bacteria than those in MSR-A™/~ mice.
However, numbers of gram-positive bacteria ingested by
macrophages varied from cell to cell.

In Vitro Uptake of C. parvum by Peritoneal
Macrophages via Scavenger Receptor

Figure 12 shows the percentages of peritoneal macro-
phages ingesting C. parvum in total adherent peritoneal
cells in MSR-A™/* and MSR-A~/~ mice in the early stage
of phagocytosis in vitro. The percentages of macro-
phages ingesting C. parvum were reduced in MSR-A~/~
mice compared with MSR-A™"* mice: the differences at 3
and 6 hours after injections were significant (Figure 12A).
These data provide direct evidence of the involvement in
uptake of C. parvum by macrophages via MSR-A.
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Further, we performed two in vitro experiments to ex-
amine whether scavenger receptors such as Fcy Il re-
ceptor or MARCO receptor can participate in binding to
and uptake of C. parvum by macrophages. In MSR-A*/*
and MSR-A~/~ mice, marked increases in the uptake of
opsonized C. parvum by macrophages were demon-

strated, compared with the uptake of non-opsinized C.
parvum. (Figure 12B). Uptake of non-opsinized C. parvum
by untreated macrophages was not different from that of
Fcy Il receptor-blocked macrophages. In contrast, the
uptake of opsinized C. parvum by untreated macro-
phages was significantly higher than that of macro-
phages with Fcy Il receptor blocking (P < 0.05, Figure
12B).

In untreated wild-type mice, peritoneal macrophages
did not express MARCO receptor in a normal steady
state condition. However, MARCO was expressed on the
macrophages at 24 hours after LPS injection. We exam-
ined in vitro uptake of C. parvum by MARCO-expressing
macrophages with or without preincubation with ED31, a
monoclonal MARCO antibody. As the results indicate, we
could not find any significant differences in the number of
MARCO-positive macrophages ingesting C. parvum be-
tween macrophages preincubated with ED31 and those
without ED31 preincubation (data not shown).

Discussion

The present study has revealed that liver granuloma for-
mation in mice homozygous for the MSR-A gene muta-
tion, compared with that in wild-type mice, is impaired
and delayed for 10 days after a single injection of heat-
killed C. parvum. During the early stage of granuloma
formation, the numbers of F4/80*, ER-MP20", and ER-
MP58™" cells in the granulomas are reduced in mutant
mice compared with wild-type mice. During this pro-
cesses, the mRNA expression of proinflammatory cyto-
kines such as MCP-1, TNF-«, and IFN-vy is impaired in the
livers of mutant mice, whereas M-CSF, GM-CSF, and IL-1
are expressed at the message level in both mutant and
wild-type mice. In mutant mice, MSR-A is deficient on
Kupffer cells, sinusoidal endothelial cells, and infiltrated
macrophages in the granulomas, but other scavenger
receptors such as MARCO, macrosialin, CD36, and Fcy
Il receptors are expressed immunohistochemically
and/or at the message level, as in wild-type mice.

In granulomatous inflammation in the liver, Kupffer
cells respond first to exogenously invading pathogens,
induce infiltration of polymorphonuclear leukocytes and
monocytes into the liver, and promote monocyte differ-
entiation into macrophages. These processes were
clearly demonstrated in previous studies in mice de-
pleted of Kupffer cells by administration of liposome-
encapsulated dichloromethylene diphosphonate.® He-
patic granuloma formation was markedly delayed in the
Kupffer cell-depleted mice in that it began to occur at 5
days after stimulation, followed by a marked delay of
monocyte influx into the liver and of differentiation of
monocytes into macrophages.”® In previous studies,
marked impairments of hepatic granuloma formation
were also demonstrated in mice depleted of blood mono-
cytes by administration of strontium-89 (2°Sr)?*24 and in
mice homozygous for the osteopetrosis (op) mutation.?®
In the 89Sr-induced, severely monocytopenic mice, a
marked delay of glucan-induced hepatic granuloma for-
mation was caused by a lack of supply and mobilization
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of monocytes from the bone marrow into the liver; hepatic
granulomas were formed exclusively by local proliferation
of Kupffer cells.?®2* In op/op mice defective in the pro-
duction of functional M-CSF protein, hepatic granuloma
formation was impaired by an insufficient supply of mono-
cytes and defective differentiation of monocytes into

macrophages; granulomas were formed mainly by local
proliferation and M-CSF-independent maturation of im-
mature Kupffer cells.?® In contrast to these three mouse
models, however, the numbers of Kupffer cells in the liver
and of monocytes in peripheral blood were normal in
homozygous MSR-A-deficient mice under normal steady-
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state conditions. During the processes of C. parvum-
induced hepatic granuloma formation, local proliferation
of Kupffer cells was not significantly different between
homozygous mutant and wild-type mice.

MSR-A exhibits broad binding specificities for nega-
tively charged polyanionic ligands such as modified li-
poproteins, lipoteichoic acid of gram-positive bacteria,
and lipopolysaccharides of gram-negative bacteria.®®3°
Because C. parvum is also negatively charged, macro-
phages are able to ingest C. parvum via MSR-A. In our in
vitro study, we confirmed a reduced uptake of C. parvum
by peritoneal macrophages from MSR-A-deficient mice in
the early stage of phagocytosis, compared with those
from wild-type mice. In the present in vivo study, we
further demonstrated reduced uptake of C. parvum by
Kupffer cells and monocyte-derived macrophages in the
liver of MSR-A-deficient mice compared with wild-type
mice. The elimination of C. parvum by macrophages in
the liver was delayed in mutant mice compared with
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Figure 7. Percentages of apoptotic cells in hepatic granulomas of homozy-
gous mutant (MSR-A~/7) and wild-type (MSR-A*/*) mice after injection of
C. parvum. Data are mean =SD of three mice.

wild-type mice. The delay of hepatic granuloma formation
in the mutant mice seems to be caused by the reduced
uptake of C. parvum by Kupffer cells and monocyte-
derived macrophages in hepatic granulomas due to
MSR-A deficiency.

A study of Kupffer cell-depleted mice showed a
marked delay of zymosan-induced granuloma formation
and suppressed expression of IL-1, MCP-1, TNF-«, and
IFN-y mRNA, suggesting that these cytokines are pro-
duced mainly by Kupffer cells and monocyte-derived
macrophages.®® Recently, IFN-y, TNF-a, MCP-1, macro-
phage inflammatory protein-1 (MIP-1), and IL-6 have
been demonstrated to play a role in the development of
hepatic and pulmonary granulomas in humans and ani-
mals.'9:21:22:40-48 |n g study of a viable BCG infection,
MSR-A-deficient mice infected with BCG recruited mac-
rophages to the sites of granuloma formation, activated
them in situ, and restricted BCG replication.*® The
present study revealed a marked delay in the expression
of MCP-1, TNF-«, and IFN-y mRNA in the early stage of
C. parvum-induced granuloma formation in MSR-A-defi-
cient mice, suggesting that such a delay is caused
mainly by marked reductions in the uptake and elimina-
tion of heat-killed C. parvum by macrophages and in
intracellular signaling for the production of these cyto-
kines. It is known that multiple signal transduction path-
ways, including protein kinase C, or tyrosine phosphory-
lation are involved in the production of proinflammatory
cytokines such as MCP-1, IL-1, TNF-q, or IFN-y by mono-
cyte/macrophages.®° 5% Although knowledge regarding
the signal transduction pathways induced by ligand bind-
ing to MSR-A is limited,®®°” a recent study demonstrated
that binding of both modified LDL and non-LDL ligands to
MSR-A induced tyrosine phosphorylation and increased
protein kinase C activity that led to up-regulated uroki-
nase-type plasminogen activator expression by macro-
phages, suggesting that MSR-A acts as a signaling re-
ceptor. Considering these results together, it is
speculated that MSR-A deficiency impairs signal trans-
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duction through protein kinase-dependent pathways
common to those for the production of proinflammatory
cytokines in macrophages.

MCP-1 belongs to the CC subfamily of chemokines on
the basis of adjacent position of first two cysteines.®® Its
main biological action is chemotactic activity for mono-
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cytes and T cells in tissues.®® MCP-1 is produced by
Kupffer cells and endothelial cells in response to inflam-
matory stimuli.%®" In inflammation, infiltrating leukocytes
and monocyte-derived macrophages are also able to
produce MCP-1 in the liver.° Among these cells, Kupffer
cells respond first to circulating pathogens and are the
major cells for production of MCP-1 in the liver.?® Thus,
no expression of MCP-1 mRNA in the liver of MSR-A-
deficient mice in the early stage of granuloma formation
seems to be caused by impaired binding to and uptake
of C. parvum by Kupffer cells due to MSR-A deficiency,
induced insufficient supply and mobilization of mono-
cytes from peripheral blood into the liver, or delays in the
infiltration into and accumulation of macrophages in he-
patic granulomas. In addition, the present study demon-
strated a reduced number of T cells in the liver of MSR-
A-deficient mice. These findings suggest the cause of the
delayed IFN-y mRNA expression, because T cells and
NK cells and macrophages are the major cells for the
production of IFN-vy.6:64

In contrast to the Kupffer cell-depleted mice,?® MSR-
A-deficient mice showed expression of IL-1 mRNA in the
liver before and after C. parvum injection, as did wild-type
mice. Because tissue macrophages, including Kupffer
cells in the liver, are known to produce IL-1 mRNA in a
normal steady-state condition,?>%® expression of IL-1
mRNA in the liver of both homozygous MSR-A-deficient
and wild-type mice is suggested to occur regardless of
stimuli or MSR-A deficiency.

The present study also demonstrated the expression of
M-CSF and GM-CSF mRNA in both MSR-A-deficient and
wild-type mice before and after C. parvum injection. This
result indicates that both macrophage growth factors are
expressed at the message level regardless of MSR-A
deficiency, because M-CSF and GM-CSF are known to
be produced by hepatocytes, Kupffer cells, and sinusoi-
dal endothelial cells®®%” and because expression of M-
CSF mRNA was also reported in Kupffer cell-depleted
and control mice.?®

The present investigation has demonstrated that
MSR-A deficiency impairs the uptake of C. parvum by
Kupffer cells and monocyte-derived macrophages and
thus induces a marked delay in hepatic granuloma for-
mation in MSR-A-deficient mice. In addition, the elimina-
tion of C. parvum by Kupffer cells and monocyte-derived
macrophages from the liver of homozygous mutant mice
was delayed, and the bacteria remained longer in mac-
rophages, mainly within the hepatic granulomas, com-
pared with the situation in the wild-type mice. Because
several types of scavenger receptors besides type | and
type Il MSR-A are also known,' '® we examined the ex-
pression of MARCO receptor, macrosialin/CD68, Fcy re-
ceptor 11-B2, and CD36 in the process of the hepatic
granuloma formation in homozygous mutant mice and
demonstrated the immunohistochemical expression of
these proteins and/or their expression at the message
level. Among these membrane proteins, MARCO is in the
same class as type | and type Il MSR-A and is known to
be deeply involved in the uptake of bacterial antigens
and neutral polysaccharides, and it is expressed in mar-
ginal zone macrophages in the spleen and macrophages
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in lymphatic sinuses of lymph nodes, but not in other
tissues, including the liver, in unstimulated normal
mice.®® However, this receptor is expressed not only on
Kupffer cells but also on infiltrated monocyte-derived
macrophages in the livers of mice infected with BCG® or
suffering from endotoxic shock induced by Klebsiella
pneumonia.* In MSR-A-deficient and wild-type mice, we
detected no expression of MARCO and its mRNA in the
liver before C. parvum injection by immunohistochemistry
with anti-MARCO monoclonal antibody ED31 and by RT-
PCR using a primer for MARCO. After injection, however,
expression of MARCO receptor was demonstrated on
Kupffer cells and monocyte-derived macrophages immu-
nohistochemically, as was the expression of MARCO
mRNA in the liver. However, C. parvum was not evidently
demonstrated in MARCO-expressing marginal zone
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Figure 10. Changes in the number of F4/80" macrophages ingesting gram-
positive C. parvum in livers of homozygous mutant (MSR-A™"7) and wild-
type (MSR-A*/™) mice after injection of C. parvum. Data are mean =SD of
five mice

macrophages in the present study (data not shown).
Furthermore, to clarify whether MARCO receptor can par-
ticipate in the uptake of C. parvum, we examined the
uptake of the bacteria by MARCO-expressing peritoneal
macrophages in vitro. However, we could not confirm any
data supporting the uptake of C. parvum by macro-
phages via MARCO receptor.

The present study demonstrated the expression of Fcy
Il receptors in Kupffer cells and sinusoidal endothelial
cells before and after C. parvum injection, as well as in
monocyte-derived macrophages and granuloma macro-
phages after C. parvum injection, in the liver of homozy-
gous mutant and wild-type mice. In previous studies, the
expression of Fcy Il receptors on splenic macrophages
and significant increases in phagocytic cells with the
receptors were induced by intraperitoneal injection of C.
parvum,®® antibody-coated bacteria were recognized by
Fcy I and Il receptors and were taken up by macro-
phages after cross-linking with the receptors,®'®° and
the intracellular killing of gram-positive bacteria (Staphy-
lococcus aureus) by monocytes after cross-linking with
Fcy | and Il receptors occurred in a phospholipase C-
dependent process.” In our present in vitro assays for
the binding of Fcy Il receptor to C. parvum, marked in-
creases in the uptake of the opsonized bacteria by peri-
toneal macrophages compared with the uptake of non-
opsonized bacteria were demonstrated in both types of
mice. We found a marked reduction in the uptake of
opsonized C. parvum by peritoneal macrophages after
blocking the receptor with neutralizing monoclonal anti-
body 2.4G2. Our present data suggest that immune re-
ceptors including Fcy Il receptor are also involved in
uptake of C. parvum by macrophages in the process of
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Figure 11. Immunohistochemical expression of various types of scavenger receptors during hepatic granuloma formation in homozygous mutant (MSR-A™/7) (B,
D, F, and H) and wild-type (MSR-A™'*) (A, C, E, and G) mice at 10 days after injection of C. parvum. A and B: Macrophages within and outside granulomas
and sinusoidal endothelial cells express immunoreactivity for 2F8 in MSR-A™*/* mice (A) but not in MSR-A~/~ mice (B). C-F: Macrophages within and outside
hepatic granulomas of MSR-A*/* and MSR-A™/~ mice are positive for ED31 (C and D) and FA/11 (E and F). G and H: Macrophages within and outside
granulomas and sinusoidal endothelial cells express Fcy II receptor in livers of MSR-A*/* (G) and MSR-A™/~ (H) mice. A-H: Indirect immunoperoxidase method
with 2F8 (A and B), ED31 (C and D), FA/11 (E and F), and 2.4G2 (G and H). Magnification, X200

immune phagocytosis during hepatic granuloma forma-
tion in mutant mice lacking MSR-A.

Our recent studies demonstrated the expression of
macrosialin and CD36 at protein and message levels in
spontaneous and diet-induced atherosclerosis of double

knockout mice lacking MSR-A and apolipoprotein-E or
LDL receptor, suggesting that both receptor proteins are
implicated in the accumulation of oxidized LDL in athero-
sclerotic lesions.™* "¢ Although the role of these scaven-
ger receptors in the uptake of C. parvum by macrophages
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Figure 12. Shows in vitro uptake of C. parvum by peritoneal macrophages
via scavenger receptors in the early stage of phagocytosis. A: Compared with
MSR-A-expressing macrophages, the uptake of C. parvum by MSR-A-defi-
cient macrophage was significantly reduced. B: MSR-A-expressing and MSR-
A-deficient macrophages show no difference in uptake of nonopsonized C.
parvum. Compared with untreated macrophages, macrophages with Fcy IT
receptor blocking show significant reductions in uptake of opsonized C.
parvum in both MSR-A*/* and MSR-A~/~ mice. [J, untreated; M, blocked
with 2.4G2. Data are mean *SD of three assays.

and their involvement in hepatic granuloma formation are
not clear, the present study showed the expression of
macrosialin and CD36 in hepatic granulomas. This may
reflect a possible role for these receptors at certain steps
in the process of hepatic granuloma formation. The func-
tional roles of macrosialin and CD36 receptors, together
with complement receptors or mannosyl-fucosyl recep-
tors, in granulomatous inflammation should be elucidated
in subsequent studies.

In conclusion, MSR-A is important for the binding to
gram-positive bacteria such as C. parvum, uptake of the
bacteria by macrophages, hepatic granuloma formation,
and expression of certain proinflammatory cytokines
such as IFN-y, TNF-a, and MCP-1.
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