
AIM Inhibits Apoptosis of T Cells and NKT Cells in
Corynebacterium-Induced Granuloma Formation
in Mice

Kazuhisa Kuwata,* Hisami Watanabe,†

Shu-Ying Jiang,* Takashi Yamamoto,*
Chikako Tomiyama-Miyaji,‡§ Toru Abo,‡

Toru Miyazaki,¶ and Makoto Naito*
From the Department of Cellular Function, Division of Cellular

and Molecular Pathology * and the Division of Immunology and

Medical Zoology,‡ Niigata University Graduate School of Medical

and Dental Sciences, Niigata, Japan; the Department of Medical

Technology,§ School of Health Sciences, Faculty of Medicine,

Niigata University, Niigata, Japan; the Division of Cellular and

Molecular Immunology, Center of Molecular Biosciences,†

University of the Ryukyus, Nishihara, Okinawa, Japan; and the

Center for Immunology,¶ The University of Texas Southwestern

Medical Center, Dallas, Texas

Apoptosis inhibitor expressed by macrophages (AIM)
inhibits apoptosis of CD4�CD8� (CD4/CD8) double-
positive thymocytes, and supports the viability of
these cells on the thymic selection. However, pleio-
tropic functions of AIM have been suggested. In this
study, heat-killed Corynebacterium parvum (C. par-
vum) was injected into mice carrying the homozygous
mutation (AIM�/�) and wild-type (AIM�/�) mice, to
investigate the role of AIM in the formation of hepatic
granulomas. In AIM�/� mice, the size and the number
of hepatic granulomas were larger, and the resorp-
tion of granulomas was more delayed than in AIM�/�

mice. The production of interleukin-12 was more
prominent in AIM�/� mice than in AIM�/� mice. In
the liver of AIM�/� mice, expression of AIM messen-
ger ribonucleic acid (mRNA) increased after C. par-
vum injection. In situ hybridization demonstrated
that AIM mRNA was expressed in Kupffer cells and
exudate macrophages in the liver, especially in gran-
ulomas. Larger numbers of T cells and natural killer T
(NKT) cells underwent apoptosis in the granulomas
of AIM�/� mice, suggesting that AIM prevents apopto-
sis of NKT cells and T cells in C. parvum-induced
inflammation. Recombinant AIM (rAIM) protein sig-
nificantly inhibited apoptosis of NKT cells and T cells
obtained from C. parvum-stimulated livers in vitro.
These results indicate that AIM functions to induce
resistance to apoptosis within NKT cells and T cells,
and supports the host defense in granulomatous in-
flammation. (Am J Pathol 2003, 162:837–847)

Apoptosis inhibitor expressed by macrophages (AIM) is a
murine macrophage-specific 54-kd secreted protein, and
belongs to the macrophage scavenger receptor cysteine-
rich domain superfamily (SRCR-SF).1 Thymic small lympho-
cytes, commonly known as thymocytes, are highly radio-
sensitive. Notably, immature thymocytes such as
CD4�CD8� (CD4/CD8) double-positive T cells easily un-
dergo apoptosis within a few hours after irradiation2–4 and
the administration of glucocorticoid.5–9 The CD4/CD8 dou-
ble-positive thymocytes in AIM-deficient mice (AIM�/�)
were strikingly more susceptible to apoptosis by irradiation
and dexamethasone in vivo. Recombinant AIM (rAIM) pro-
tein inhibited cell death of these cells in response to a
variety of stimuli in vitro. Thus, AIM functions in the thymus
as the inducer of resistance to apoptosis within CD4/CD8
double-positive thymocytes, and as the supporter of the
viability of these cells before thymic selection.1 AIM also
induces growth inhibition of B lymphocytes.10 Recently, it
was also demonstrated that AIM supports macrophage sur-
vival and enhances phagocytic function of macrophages in
Corynebacterium parvum (C. parvum)-induced hepatitis.11

Thus AIM has been suggested to exhibit different functions
to various types of target cells.

Granuloma formation is a kind of inflammatory process
accompanied by focal accumulation of inflammatory
cells and production of several cytokines.12–13 Macro-
phages, lymphocytes, and other inflammatory cells play
a central role in granulomatous inflammation through hu-
moral and cell-cell interaction mechanisms. Apoptosis of
inflammatory cells as well as tissue cells also plays a
pivotal role in inflammation.14–22 Both positive and neg-
ative regulation of apoptosis of cells influence the initia-
tion, progression, or healing of tissue damage and the
balance of these two regulations may critically influence
the inflammatory process. Fas-Fas ligand and TNF-�-
mediated mechanisms are involved in the inflammatory
tissue damage. We have shown that AIM was expressed
in a subset of macrophages in bacillus Calmette Guérin
(BCG)-induced hepatic granulomas.1 Although extracel-
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lular apoptosis inhibitory elements have not been well
defined so far, AIM appears to mediate inhibitory signals
for apoptosis of some inflammatory cells and modulate
the inflammatory process.

In this report, we have applied a mouse model to address
potential involvement of AIM in the process of gramuloma-
tous inflammation in vivo. In addition, we present a novel
function of AIM associated with apoptosis inhibitory effect
on natural killer T (NKT) cells and T lymphocytes.

Materials and Methods

Animals

Mice deficient in AIM were generated by disruption of exon
3 of the AIM gene, which encodes the second scavenger
receptor cysteine-rich domain (SRCR domain) of AIM.1

E-14.1 embryonic stem (ES) cells containing the disrupted
AIM gene by pMC1-neo-polyA (Stratagene, La Jolla, CA)
plasmid, were isolated as G418-resistant, screened by
polymerase chain reaction (PCR) and Southern blotting,
were injected into C57Bl/6 (B6) (Charles River Japan, Inc.,
Yokohama, Japan) blastocysts, and chimeric male off-
spring were mated to B6 females. Mice carrying the muta-
tion in the heterozygous state (AIM�/�) were intercrossed to
produce homozygous mutants (AIM�/�). Eight-to-12-week-
old AIM�/� mice and wild-type (AIM�/�) B6 mice were
used for analysis.

Heat-killed C. parvum (Propionibacterium acnes; P. ac-
nes) (The Van Kampen Group, Inc., North Chicago, IL),
0.5 mg, was injected into the tail vein. All mice were killed
under diethyl ether anesthesia at 1, 3, 5, 7, 10, 14, 17, 21,
and 28 days after injection, and their livers, spleens,
kidneys, lungs, hearts, and appendixes were removed.
Body and liver weights were measured for each mouse. A
part of each liver was frozen in liquid nitrogen and stored
for messenger ribonucleic acid (mRNA) analysis; the oth-
ers were fixed for morphological studies.

Histology and Evaluation of Hepatic Granulomas

Tissue was fixed in 10% formaldehyde and embedded in
paraffin. Paraffin sections were stained with hematoxylin
and eosin for light microscopy. Hepatic granulomas were
defined as being composed of more than 10 white blood
cells.23–25 The number of granulomas per 1-mm2 section
was counted. In each section, 50 granulomas were ran-
domly selected, and then their mean diameters were mea-
sured. Based on the mean diameter, the mean area size of
the granulomas was calculated. Neutrophils were stained
by the naphthol AS-D chloroacetate esterase method.26

The number of gram-positive rods in macrophages was
counted in the liver at 1 day after C. parvum injection.

Immunohistochemistry

Liver tissues were fixed in 2% periodate-lysine-parafor-
maldehyde (PLP) solution at 4°C for 4 hours, washed for
6 hours with phosphate buffer solution containing 10%,
15%, and 20% sucrose, finally washed for 30 minutes

with phosphate buffer solution (PBS) containing 20% su-
crose and 5% glycerin, embedded in OCT compound
(Sakura, Tokyo, Japan), frozen at �80°C, and cut by a
cryostat (Bright, Huntington, UK) into 6-�m-thick sec-
tions. After inhibition of endogenous peroxidase activity
by the method of Isobe et al,27 we performed immuno-
histochemistry using the anti-mouse macrophage mono-
clonal antibody F4/8028 (BMA Biomedicals, August, Swit-
zerland), anti-mouse T lymphocyte monoclonal antibody
Thy1.2, anti-mouse B lymphocyte monoclonal antibody
B220 (Becton Dickinson, Mountain View, CA). As sec-
ondary antibody, we used anti-rat Ig-horseradish perox-
idase-linked (ab’)2 fragment (Amersham, Poole, UK) to
F4/80, Thy1.2, and B220. After visualization with 3,3�-
diaminobenzidene (Dojin Chemical Co., Kumamoto, Ja-
pan), the sections were stained with methylene green for
nuclear staining and mounted with resin.

Enzyme-Linked Immunosorbent Assay for the
Detection of Interferon-�, Interleukin-4,
Interleukin-10, and Interleukin-12

Sera obtained from each mouse were used to detect the
concentrations of interferon-� (IFN-�), interleukin-4 (IL-4),
interleukin-10 (IL-10) and interleukin-12 (IL-12) by en-
zyme-linked immunosorbent assay (ELISA) using the Opt
EIA mouse IFN-� and IL-4 sets (Pharmingen, San Diego,
CA) and the ENDOGEN Mouse Interleukin-10 and Inter-
leukin-12 Total ELISA kits (Endogen, Woburn, MA).

Reverse Transcriptase-Polymerase Chain
Reaction

Total cellular ribonucleic acid (RNA) was isolated from
liver tissues by the acid guanidium thiocyanate-phenol-
chloroform method. Two micrograms of total RNA was
converted to complementary DNA (cDNA) by reverse
transcription using a SuperScript Preamplification kit
(Gibco BRL, Gaithersburg, MD) with the oligo(dt) primer.
PCR amplification of synthesized cDNA was conducted
using 2 �l of each cDNA added to a reaction mixture
containing 5 �l of PCR amplification buffer, 2 �l of 25
mmol/L MgCl2, 4 �l of 2.5 mmol/L deoxyribonucleotide
3-phosphates mix (dNTPs mix), 2 �l of 20 mmol/L each
primer, 0.3 �l of 5 units/�l Taq polymerase (Promega,
Madison, WI), and 32.7 �l double-distilled water in a
reaction volume of 50 �l. The primers used in this study
are shown in Table 1. Thirty-five cycles consisted of 1
minute at 94°C, 2 minutes at 55°C, and 2 minutes at 72°C.
These PCR amplifications were performed with using a
Program Temp Control system PC-700 (ASTEC, Tokyo,
Japan). A 10-�l production of each amplified product
was examined by 2% agarose gel electrophoresis con-
taining 0.5 �g/ml ethidium bromide. Bands were visual-
ized and photographed by ultraviolet transillumination.

In Situ Hybridization

Mice were perfused through the heart with 4% parafor-
maldehyde and, after removal, the liver was refixed in the
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same fixative for 24 hours. Tissues were dehydrated in
ethanol, cleared in chloroform, and embedded in low-
melting-point paraffin (Tissue Prep, No. T565, melting
point 56 to 57°C, Fisher Scientific, Fair Lawn, NJ). Sec-
tions were cut and mounted onto 3-aminopropyl-triethox-
ysilane- (Aldrich Chemical Co., Milwaukee, WI) coated
slides. Paraffin sections of the liver were subjected to in
situ hybridization by using digoxigenin-labeled (Boehr-
inger-Mannheim, Mannheim, Germany) hybridizing (anti-
sense) and non-hybridizing (sense) RNA probes tran-
scribed from AIM cDNA subcloned in pBluescript
streptokinase (SK)(�) (Stratagene) plasmid by T3 or T7
RNA polymerases. Sections were then treated with anti-
digoxigenin-alkaline phosphatase, and developed by
4-nitroblue tetrazolium chloride.

Terminal Deoxynucleotidyl Transferase-
Mediated Deoxyribonucleoside Uridine
Triphosphate-Biotin Nick End Labeling Assay

The terminal deoxynucleotidyl transferase (TdT)-medi-
ated deoxyribonucleoside uridine triphosphate (dUTP)-
biotin nick end labeling (TUNEL) method, which based
on the specific binding of TdT to the 3�-OH ends of DNA,
was performed for detection of cells undergoing apopto-
sis.29 To inactivate endogenous peroxidase, each PLP-
fixed section was covered with 2% H2O2 for 5 minutes at
room temperature as well as immunohistochemistry.
Then, the sections were rinsed and immersed in TdT
buffer (30mmol/L Trizma base, pH 7.2, 140 mmol/L po-
tassium cacodylate, 1 mmol/L CaCl2) containing biotinyl-
ated dUTP, introduced by TdT, and stained with avidin-
conjugated peroxidase. The negative controls were
stained by omitting TdT from the TdT buffer to ensure that

endogenous peroxidase was adequately inactivated. For
nuclear staining, the sections were stained with methyl-
ene green after visualization with 3,3�-diaminobenzidene
(Dojin).

Cell Preparations and Cell Cultures

Mice were sacrificed by exsanguination from the subcla-
vian artery and vein, and then the liver was removed.
Hepatic mononuclear cells (MNC) were prepared as pre-
viously described.30 Briefly, the liver was pressed
through stainless steel mesh and suspended in Eagle’s
minimum essential medium (MEM) supplemented with 5
mmol/L HEPES and 2% fetal calf serum (FCS). After
washing once, the cells were resuspended in 35% Per-
coll solution containing 100 units/ml heparin and centri-
fuged at 2000 rpm for 15 minutes. The cell pellet resus-
pended in red blood cell lysis solution (155 mmol/L
NH4Cl, 10 mmol/L KHCO3, 1 mmol/L EDTA, 170 mmol/L
Tris, pH 7.3) and then washed twice with medium. For
analyzing the surface phenotype of cultured cells, MNC
(1 � 107 cells per well) were cultured in 24-well micro-
culture plates with or without rAIM protein for 24 hours.

Flow Cytometric Analysis and Detection of Cells
Undergoing Apoptosis

The surface phenotype of cells was analyzed using
monoclonal antibodies (mAbs) in conjunction with a two-
or three-color immunofluorescence test.30 Fluorescein
isothiocyanate (FITC)-, phycoerythrin (PE)-, or biotin-con-
jugated anti-CD3 (145–2C11) and anti-NK1.1 (PK136)
mAbs were obtained from PharMingen. Biotin-conju-
gated reagents were developed with tricolor-conjugated

Table 1. Sequences of Oligonucleotide Primers Used for RT-PCR

mRNA Primers (5�–3�) Sequences (5� to 3�) Products (bp)

AIM Sense TTG GAG AAC AAC TGT ACC CAT GGC 468
Anti-sense AGG CTG AGG GAA AGG TGT CTA AAG

IL-1� Sense CTC TAG AGC ACC ATG CTA CAG AC 309
Anti-sense TGG AAT CCA GGG GAA ACA CTG

IL-4 Sense CGA AGA ACA CCA CAG AGA GTG AGC T 180
Anti-sense GAC TCA TTC ATG GTG CAG CTT ATC G

IL-6 Sense TGG AGT CAC AGA AGG AGT GGC TAA G 166
Anti-sense TCT GAC CAC AGT GAG GAA TGT CCA C

IL-10 Sense TAC CTG GTA GAA GTG ATG CC 255
Anti-sense CAT CAT GTA TGC TTC TAT GC

IL-12 Sense CGT GCT CAT GGC TGG TGC AAA G 314
Anti-sense CTT CAT CTG CAA GTT CTT GGG C

IFN-� Sense AGC GGC TGA CTG ACC TCA GAT TGT AC 213
Anti-sense GTC ACA GTT TTC AGC TGT ATA GGG

TNF-� Sense GGC AGG TCT ACT TTG GAG TCA TTG C 309
Anti-sense ACA TTC GAG GCT CCA GTG AAT TCG G

MIP-2 Sense CAA AGG CAA GGC TAA CTG 532
Anti-sense TGT TCT ACT CTC CTC GGT

MCP-1 Sense CTC ACC TGC TGC TAC TCA TTC 350
Anti-sense GCA TGA GCT GGT TGT GAA AAA

MCP-3 Sense GTG CCT GAA CAG AAA CCA ACC T 150
Anti-sense CAT TCC TTA GGC GTG ACC ATT

M-CSF Sense ACT GTA GCC ACA TGA TTC G 410
Anti-sense GCT GTT GTT GCA GTT CTT G

�-actin Sense TGG AAT CCT GTG GCA TGC ATG AAA C 348
Anti-sense TAA AAC GCA GCT CAG TAA CAG TCC G
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streptavidin (Calrag Laboratories, San Francisco, CA). To
prevent non-specific binding of mAbs, CD32/16 (2.4G2)
(Pharmingen) was added before staining with labeled
mAbs. The fluorescence-positive cells were analyzed by
FACScan (Becton Dickinson). Dead cells were excluded
by forward scatter, side scatter, and propidium iodide
(PI) gating. To determine the percentage of cells under-
going apoptosis, FITC-labeled Annexin V (Pharmingen)
was used following the manufacturer’s instructions.31 Iso-
lated cells and cultured cells were stained with those
anti-CD3 and anti-NK1.1 mAbs. After washing with PBS
(pH 7.4) twice, these cells were stained with FITC-conju-
gated Annexin V and analyzed by flow cytometry.

AIM Transfectants and Recombinant AIM

AIM cDNA was subcloned into an expression vector, which
contains cytomegarovirus enhancer, chicken �-actin pro-
moter, and rabbit �-globin exons and intron. The resulting
construct (pAc-AIM) was contransfected with pMC1-neo-
polyA (Stratagene) into Chinese hamster ovary (CHO) cells
by electroporation. Three resistant clones, which were se-
lected by G148 and detected high amounts of AIM protein
production by Western blot analysis using an anti-AIM an-

tibody, were obtained. One of them was used as an AIM
transfectant. Conditioned medium from this transfectant, as
well as from non-transfected CHO cells as a control, was
used for in vitro functional analysis of AIM. Approximate
concentration of rAIM in the conditioned medium from trans-
fectants was evaluated by Western blotting using titrated pu-
rified rAIM generated by Trichoplusia ni egg cells as controls.1

Statistical Examination

Values were expressed as means � standard deviation
(SD). Then each mean values of each group were com-
pared by the use of Mann-Whitney-U-test. The mean num-
bers of C. parvum per macrophage were statistically evalu-
ated by unpaired Student’s t-test.

Results

Granuloma Formation in the Liver of AIM�/�

and AIM�/� Mice

In untreated AIM�/� mice, Kupffer cells were specifically
immunostained with F4/80. Three days after C. parvum in-

Figure 1. Immunohistochemistry of C. parvum-injected livers of homozygous mutant (AIM�/�) (B and D) and wild-type (AIM�/�) mice (A and C) at 17 days after
injection. A and B: Accumulations of F4/80� macrophages and granuloma formation are more prominent in an AIM�/� mouse (B) than in an AIM�/� mouse (A).
Original magnification, �100. C and D: Infiltration of Thy1.2� T cells in the granulomas of an AIM�/� mouse (D) is less remarkable than that of an AIM�/� mouse (C).
Original magnification, �200.
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jection, a few clusters of neutrophils, macrophages, and
lymphocytes were found in the liver of AIM�/� mice. Gran-
uloma formation followed (Figure 1A). The number of gran-
ulomas increased until 7 days, gradually decreased, and
was mostly diminished at 21 days (Figure 2A). The area size
of granulomas was largest at day 7 (Figure 2B). The number
of F4/80-positive (F4/80�) cells in the liver and in the gran-
ulomas increased until 7 days after injection (Figure 2, C
and D). In the granulomas, F4/80� cells occupied about
30% of the granuloma-constituting cells at 3 days and were
doubled at 7 days. Each size of the macrophages became
larger, and macropahges transformed into epithelioid cells
and multinuclear giant cells after 7 days, but had mostly di-
minished at 17 days (Figure 1A and Figure 2, C and D). Most
of infiltrated lymphocytes were Thy-1.2-positive (Thy1.2�)
cells. Thy1.2� T lymphocytes were detectable in and around
the granulomas (Figure 1C). They were mainly situated at the
periphery of the granulomas. The number of Thy1.2� cells in
the liver increased by 7 days (Figure 2E) and Thy1.2� cells
occupied about 18% of the granuloma-constituting cells. Only
a few B220-positive (B220�) B lymphocytes were present in
the granulomas all through the series.

In AIM�/� mice, the number of granulomas was largest
also at 7 days (Figure 2A). Granulomas often fused to
each other after 7 days in the liver of AIM�/� mice (Figure

1B). The number and the area size of granulomas in
AIM�/� mice were larger than those in AIM�/� mice
(Figure 2, A and B). The numbers of macrophages in the
granulomas of the AIM�/� mice became larger than
those of AIM�/� mice after day 7 (Figure 1, A and B, and
Figure 2, C and D). On the numbers of T cells in the liver,
there were not any remarkable differences between
AIM�/� and AIM�/� mice until day 10 (Figure 2E). But the
numbers of T lymphocytes in the granulomas were
smaller in the AIM�/� mice than those in the AIM�/� mice
after day 3 (Figure 1, C and D, and Figure 2F).

As for the numbers of C. parvum in macrophages at 1
day after injection, the average number of phagocytized
bacilli in macrophage of AIM�/� mice was 12.2 � 3.8,
while that of AIM�/� mice was 8.8 � 2.8, P � 0.0013),
indicating that phagocytic capacity of macrophages was
deficient in AIM�/� mice.

Figure 3. Serum concentrations of IFN-� (A), IL-4 (B), IL-10 (C), and IL-12
(D) in AIM�/� and AIM�/� mice after C. parvum injection. Serum levels of
IL-12 and IFN-� were higher in AIM�/� than in AIM�/� mice. Serum levels
of IL-10 were lower in AIM�/� than AIM�/� mice. Data are shown as the
mean � SD of three mice. *, P � 0.05.

Figure 4. Expression of AIM, cytokines, and �-actine mRNAs of AIM�/� and
AIM�/� mice after C. parvum injection. The result from one of three similar
experiments is shown.

Figure 2. The number (A) and area size (B) of granulomas in livers, the
numbers of macrophages in the liver (C) and in the granulomas (D), and the
numbers of Thy 1.2� T cells in the liver (E) and in the granulomas (F) of
AIM�/� and AIM�/� mice after C. parvum injection. A and B: AIM�/� mice
develop larger numbers of granulomas than AIM�/� mice. C and D: Larger
numbers of macrophages were present in the liver and granulomas in
AIM�/� mice than AIM�/� mice. E and F: The numbers of T cells had not
remarkable difference in the liver, but there were smaller numbers of T cells
in the granulomas of AIM�/� than in AIM�/� mice. Data are shown as the
mean � SD of five mice. *, P � 0.05.
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Serum Cytokine Levels of AIM�/� and
AIM�/� Mice

The serum levels of IFN-� and IL-12 were higher in
AIM�/� mice than in AIM�/� mice (Figure 3, A and D).

The serum concentrations of IL-10 were lower in AIM�/�

mice than in AIM�/� mice, especially from day 1 to 14,
there were significant differences between both groups
(Figure 3C). However, the level of serum IL-4 was not
remarkably different between both mice (Figure 3B).

Figure 5. AIM mRNA expression in the liver by in situ hybridization (A-C), electron micrograph of an apoptotic lymphocyte (D), and TUNEL-staining of apoptotic
cells (E and F). A–C: AIM mRNA is weakly expressed in a few round or spindle cells along the hepatic sinusoids of untreated AIM�/� mice (A). At day 17 after
C. parvum injection, AIM expression is augmented in macrophages (B), especially in granulomas. However, signal-positive cells were not detected in the liver
of C. parvum-injected and non-injected AIM�/� mice (C). Original magnification, �400. D: Electron micrograph of a lymphocyte in the granuloma with small
electron-dense intracytoplasmic granules. Condensed nucleus suggests apoptosis of this granular lymphocyte. Original magnification, �12,000. E and F: At 17 days
TUNEL-labeled cells are more abundant in the liver of AIM�/� mice (F) than in AIM�/� mice (E). Original magnification, �40.
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Expression of Cytokine Messenger Ribonucleic
Acids in the Liver of AIM�/� and AIM�/� Mice

Expressions of interleukin-1� (IL-1�), IL-4, interleukin-6
(IL-6), IL-10, IL-12, IFN-�, tumor necrosis factor-� (TNF-
�), macrophage inflammatory protein-2 (MIP-2), mono-
cyte chemoattractant protein-1 (MCP-1), monocyte che-
moattractant protein-3 (MCP-3), and macrophage
colony-stimulating factor (M-CSF) mRNA were enhanced
in both mice after C. parvum injection. Most of the cytokine
mRNA expression patterns were similar between both mice.
Comparing the groups, IL-10 mRNA expression was less
remarkable in the liver of AIM�/� mice. On the other hand,
IL-12 and MCP-1 mRNA expressions were enhanced in the
liver of AIM�/� mice (Figure 4).

Expression of AIM and In Situ Expression of
AIM mRNAs in the Liver of AIM�/� and AIM�/�

Mice

Reverse transcriptase-polymerase chain reaction (RT-
PCR) analysis demonstrated that expression of AIM
mRNA was not detected in the livers of non-treated
AIM�/� mice and AIM�/� mice. At 3 days after injection,
AIM expression in the livers of AIM�/� mice was en-
hanced and reached a maximum level at day 10, and
was followed by gradual decreases (Figure 4).

In situ hybridization revealed that there are a few AIM
mRNA expressing cells along the hepatic sinusoids in the
untreated AIM�/� mice (Figure 5A). Three days after C.
parvum injection, a larger number of cells in the sinusoid
showed the positive signals of AIM mRNA. The number of
AIM expressing cells at 10 days was largest and these
positive cells decreased unsubstantially (Figure 5B).
These cells were mononuclear, round or spindle in
shape, and scattered in the sinusoid and in the peripheral
area of granulomas. No expression of AIM mRNA was
confirmed in endothelial cells or hepatocytes. In AIM�/�

mice, AIM mRNA was not expressed in any cells in the
liver throughout the experimental period (Figure 5C).

Detection of Apoptosis in C. parvum-Induced
Granulomatous Inflammation

The number of apoptotic cells as detected by TUNEL
method increased after C. parvum injection in both mice.
The number of apoptotic cells in the liver of AIM�/� mice
increased until day 3, then was followed by gradual de-
creases (Figure 6). However, the numbers of apoptotic
cells in AIM�/� mice increased up to day 14 and were
significantly larger than those in AIM�/� mice after day 14
(Figure 5, E and F, and Figure 6). Electron microscopi-
cally apoptosis of several inflammatory cells were ob-
served. Lymphocytes including granular lymphocytes
also underwent apoptosis (Figure 5D).

NKT and T Cell Disappearance and Apoptosis
Detected by Flow Cytometric Analysis

In untreated conditions, the proportion of CD3�NK1.1�

NKT cells in the liver was slightly smaller in AIM�/� mice
than in AIM�/� type mice (Figure 7A). In contrast, the
proportion of CD3�NK1.1� conventional T cells in the
AIM�/� mice was slightly larger than that in AIM�/� mice
(Figure 7A). But, as for the absolute numbers of these
cells, there were no significant differences between both
groups (Figure 8). There were numerical increases of
conventional T cells after C. parvum injection in the liver of
both types of mice, peaking at day 7 (Figure 8A). The
numbers of natural killer (NK) and NKT cells also in-
creased in both types of mice (Figure 8, B and C). After
day 7 the numbers of NKT cells in AIM�/� mice remained
at high levels, but there was a rapid decrease of those in
AIM�/� mice (Figure 8C).

We then examined the apoptosis of NKT cells and
conventional T cells by flow cytometry using Annexin V.
The binding of Annexin V to both types of cells, especially
NKT cells, was more abundant in AIM�/� mice than in
AIM�/� mice at day 1, 3, and 17. It indicated to us that
larger numbers of NKT cells and conventional T cells in
the liver of the AIM�/� mice underwent apoptosis than in
AIM�/� mice (Figure 7B).

We next evaluated the inhibition effect of rAIM protein
in in vitro culture systems. The liver MNCs obtained from
C. parvum injected AIM�/� mice were cultured with or
without rAIM protein for 24 hours. The cells cultured with
rAIM protein were more diminished in the numbers and
mean fluorescence intensities of Annexin V-positive ap-
optotic cells, especially in NKT cells and conventional T
cells, than those without rAIM protein. In the fraction of
NKT cells, the percentages of Annexin V-positive cells
were slightly decreased from 11.4% to 9.2%, but the
mean fluorescence intensities were strikingly diminished
from 1493 to 1193 (Figure 7C).

Discussion

The present study confirmed that the expression of AIM
was greatly enhanced in macrophages of AIM�/� mice
during the stage of C. parvum-induced hepatic granu-
loma formation. AIM deficiency resulted in the enhance-

Figure 6. The numbers of TUNEL-labeled cells in the liver of AIM�/� and
AIM�/� mice after C. parvum injection. After 7 days, larger numbers of
apoptotic cells were present in the liver of AIM�/� mice than AIM�/� mice.
Data are shown as the mean � SD of three mice. *, P � 0.05.
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ment of the number and the size of the granulomas. In
AIM�/� mice, significantly larger numbers of NKT and T
cells underwent apoptosis in the early stage of granu-
loma formation and repopulation of NKT cells was de-
layed in the late stage. Recombinant AIM protein rescued
the apoptosis of NKT and T cells in vitro. These results
suggest that AIM plays an important role in the progres-
sion and resolution of granulomatous inflammation in part
via NKT- and T cell-mediated mechanisms.

The organization and structural maintenance of gran-
ulomas requires communication among granuloma-con-
stituting cells. Granulomas are composed mainly of mac-
rophages and lymphocytes. It is believed that T cells
within granulomas are crucial to granuloma formation and

close association of CD4� T cells and macrophages
represents the interaction of these two cell populations.
Beside T cells, NK cells have been detected in high
numbers during the early stages of granuloma formation
in mice infected with S. mansoni.32 NKT cells have been
also detected in Mycobacterium tuberculosis, fungal, and
intracellular protozoal infection.33–35 The reported data
suggest that NKT cells play a protective role in granulo-
matous inflammation.

The above-mentioned immunocompeting cells pro-
duce various cytokines and soluble factors and these
influence granuloma formation. Among cytokines exam-
ined in the present study, IL-12 production in AIM�/�

mice was larger than in AIM�/� mice after C. parvum

Figure 7. Phenotypic characterization of T cell in the liver of AIM�/� and AIM�/� mice by flow cytometric analysis for CD3 and NK1.1 (A) and for CD3, NK1.1,
and Annexin V expression (B) at 1, 3, and 17 days after C. parvum injection. Surface phenotype analysis of cultured cells; liver MNCs (1 � 107 cells per well)
were cultured in 24-well microculture plates with (lower) or without (upper) rAIM protein for 24 hours (C). A: Proportion of NKT cells were decreased in both
mice after C. parvum injection. However, repopulation of NKT cells was not observed in the knockout mice at 17 days. Numbers indicate the percentage of
fluorescence-positive cells in the corresponding squares. The right upper gates exhibit the population of NKT cells, and the right lower gates show these of
conventional T cells. Typical results from two experiments are shown. B: Apoptotic elimination of hepatic NKT cells and conventional T cells in the liver of AIM�/�

was more remarkable than that of AIM�/� mice, especially at 1 day and 17 days after C. parvum injection. Annexin V-positive NKT cells and conventional T cells
in the liver of both mice after C. parvum injection are represented by bold histograms, and Annexin V-positive NKT cells and conventional T cells in the liver of
each untreated mice are represented by thin histograms. Annexin V-positive cells are induced apoptosis. C: Cultured NKT cells with rAIM protein were more
diminished in the number and proportion of apoptotic cells, and a few conventional T cells, but not NK cells. Percentages of labeled cells with Annexin V are
shown in the histogram. Mean fluorescence intensities are shown in the brackets.
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injection in the middle and late stage of granuloma for-
mation. Stimulated antigen-presenting cells such as mac-
rophages or dendritic cells produce IL-12. NKT cells are
characterized by prompt production of IL-4 and IFN-�
after IL-12 stimulation and NKT cells have a regulatory
function in the IL-12 production by macrophages through
the production of IL-4.36,37 Thus IL-12 has supportive
functions for the activation, differentiation, and prolifera-
tion of NK and NKT cells.38,39 The cytokine profiles in the
present study indicate that NKT and/or NK cells are
closely involved in the C. parvum-induced granulomatous
inflammation.

In the previous study, we demonstrated enhanced
function of macrophages in AIM transgenic mice. More
macrophages accumulated in the liver of C. parvum- and
lipopolysaccharide (LPS)-induced hepatitis of AIM trans-
genic mice.11 AIM appears to be associated with hepa-
titis by supporting macrophage survival at inflammatory
sites via apoptosis inhibitory effect, which may contribute
to efficient clearance of dead cells and toxic reagents by
macrophages. In the present study, phagocytic function
of hepatic macrohages in AIM�/� mice was impaired
compared to that of AIM�/� mice, indicating that AIM
enhance phagocytic function by macrophages. How-
ever, granuloma formation was more remarkable in
AIM�/� mice than in AIM�/� mice. Because enhanced
production of MCP-1 was observed in AIM�/� mice after
C. parvum injection, it is probable that chemokine pro-
duction is involved in the function of AIM.

Another interesting finding in the present study was the
poor repopulation of NKT cells in the middle and late
stages of granuloma formation in AIM�/� mice compared
to AIM�/� mice. NKT cells are differentially distributed not
only in the liver but also in other tissues such as thymus
and spleen, but their physiological or pathological role in
the organs remains unclear. NKT cell population ex-
panded after Malaria40–42 and Leishmania infection.43 In
contrast, selective depletion of hepatic NKT cells was
observed in mice after injection of mycobacterial cord
factor, anti-CD3 mAb, IL-12, or �-galactosylceramide,
but NKT cells soon repopulate.33,44,45 In the present
study, NKT cells were depleted after C. parvum injection.
As to the factors inducing NKT cell recruitment, MIP-2
has been recently reported to recruit NKT cells to the
spleen during tolerance induction46 and NKT cells in-
creased in Cryptococal infection in a MCP-1-dependent
manner.35 Further studies are necessary to clarify the
regulatory role of AIM in chemokine production for mac-
rophages and NKT cell recruitment.

It is known that NKT cells have great sensitivity to
apoptosis.47,48 We have observed that NKT cells and T
cells underwent apoptosis at day 1 after C. parvum injec-
tion, suggesting that AIM is involved in regulating inflam-
mation progression by preventing apoptosis of NKT cells.
Using rAIM, we found a new AIM function as an apoptosis
inhibitor to NKT cells in vitro. In AIM�/� mice, NKT cells
were diminished by a lack of AIM, therefore IL-12 se-
creted from activated macrophages may stimulate only
NK cells. Activated NK cells should secrete IFN-�, and
further re-enhance macrophages by IFN-�. NK cells are
able to promote Th1 differentiation by IFN-� and NKT

Figure 8. The absolute cell numbers of conventional T cells (A), NK cells
(B), and NKT cells (C) in the liver of AIM�/� and AIM�/� mice after C.
parvum injection. The numbers of NKT cells in the liver of AIM�/� mice
became smaller than AIM�/� mice from 14 days after C. parvum injection.
The absolute cell numbers were calculated on total liver MNCs and the cell
subsets obtained from flow cytometric analysis with anti-CD3 and anti-NK1.1
staining. Data are shown as the mean � SD of three mice. *, P � 0.05.
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cells modulate the switching from Th0 to Th1, or to Th2,
by secreted IFN-� or IL-4, respectively.49–51 Low or equal
levels of IL-10 and IL-4 expressions in the liver and in the
serum of AIM�/� mice, compared to the AIM�/� mice,
suggested that switching from Th0 to Th2 was not effi-
ciently accomplished due to the diminished NKT cells.
Hence, it seemed reasonable to consider that diminish-
ing NKT cell enhanced Th1 type response in AIM�/�

mice. Higher IFN-� mRNA expression in the liver and
higher IFN-� serum concentration in AIM�/� mice may
support this assumption.

In summary, AIM produced by macrophages is in-
volved in C. parvum-induced granuloma formation. En-
hanced and prolonged granuloma formation in AIM�/�

mice indicate that AIM plays an important role in host
defense mechanisms against inflammation in the initial
and healing stage. It was also suggested that AIM regu-
lates NKT cell and T cell apoptosis and recruitment.
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