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SUMMARY

 

To investigate the immunological state in amyloidosis, mice were twice intraperitoneally injected (2-
week interval) with casein emulsified in complete Freund’s adjuvant. Two weeks after the treatment,
amyloid deposits were detected in the spleen and other organs of these mice. The number of lympho-
cytes yielded by the liver and spleen increased significantly. The most affected lymphocyte subset was
found to be B cells, namely, the total number of B cells increased and unusual B220

 

low

 

 B cells were newly
generated in the liver and spleen. In other words, not only normal B220

 

high

 

 B cells but also unusual
B220

 

low

 

 B cells were detected in these organs of mice with amyloidosis. In parallel with this phenome-
non, autoantibodies against denatured DNA were detected in sera. Since such autoantibodies are
known to accompany the functional activation of NKT cells, NKT cell-deficient mice were used for the
induction of amyloidosis. Such mice showed less formation of amyloidosis and lower levels of autoan-
tibodies in sera. Athymic nude mice were NKT cell-deficient but NK1·1

 

–

 

TCR

 

int

 

 cells were present.
These athymic mice showed an intermediate induction of amyloidosis. The cytokine profile seen in mice
with amyloidosis was the Th0 type, showing simultaneous production of IL-4 and IFN

 

g

 

. These results
suggest that the generation of B220

 

low

 

 B cells and the production of autoantibodies in aid of primordial
T cells may be major immunological mechanisms in amyloidosis mice.
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INTRODUCTION

 

Amyloidosis is often accompanied by certain autoimmune dis-
eases (e.g. rheumatoid arthritis) in humans [1–5]. It is speculated
that some autoimmune states induce or accelerate the deposition
of amyloid proteins into tissues. However, there is a possibility
that amyloid deposition itself induces or accelerates autoimmune
diseases by modulating the immunological state in the body.
Indeed, experimental amyloidosis (e.g. casein-induced amyloido-
sis) in mice has been reported to induce an autoimmune state [6].
For example, mice with experimental amyloidosis showed the
activation of B cells and the production of certain autoantibodies.
A similar phenomenon has been reported in a human case pre-
senting Sjögren’s syndrome [7].

In light of these findings, we further investigated what kinds of
B cells were activated and then produced autoantibodies and
what kinds of T cells supported such functions of B cells. These
questions are raised from the fact that autoantibody-producing B

cells (i.e. B-1 cells) require the help of primordial T cells rather
than that of conventional T cells [8–10]. Conventional T cells are
generated through the mainstream of T-cell differentiation in the
thymus. On the other hand, primordial T cells, including natural
killer T cells (i.e. NKT cells) and NK1·1

 

–

 

 intermediate TCR cells
(i.e. NK1·1

 

–

 

TCR

 

int

 

 cells), are generated by an alternative intrathy-
mic pathway [11–13] and by the extrathymic pathway in the liver
[14,15], respectively.

We therefore used several types of NKT cell-deficient mice as
well as normal mice to characterize immunological states in
casein-induced amyloidosis. It was found that the activation of
unique B cells (i.e. B220

 

low

 

 B cells) was always accompanied by
the onset of amyloidosis and that this phenomenon was induced
in aid of primordial T cells.

 

MATERIALS AND METHODS

 

Mice

 

C57BL/6 (B6), CD1d(–/–) [16,17] and J

 

a

 

281(–/–) mice [18],
originally obtained from Jackson Laboratory, Inc. (Tokyo,
Japan) were maintained in the animal facility of Niigata Univer-
sity under specific pathogen-free conditions. CD1d(–/–) and
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J

 

a

 

281(–/–) mice were of B6 background. They were used at 7–
12 weeks of age.

 

Induction of amyloidosis

 

Amyloidosis can be induced in mice with two intraperitoneal
injections, with a 2-week interval, of a casein emulsified in com-
plete Freund’s adjuvant (CFA) (with a 2-week interval) [6]. In this
procedure, amyloidosis was noted in mice two weeks after the sec-
ond injection.

CFA was the product of Difco Laboratories (Detroit, MI,
USA). Hammerstein casein was obtained from Nutritional Bio-
chemical Corp. (Cleveland, OH, USA). Emulsions of the adju-
vant with or without casein were prepared as follows: equal
volumes of CFA and phosphate buffered saline (PBS) were added
to a weighed amount of casein (8 mg/ml) and emulsified at 4

 

∞

 

C
under sterile conditions. Under aseptic conditions, 0·3 ml of the
emulsion was injected intraperitoneally twice.

 

Cell preparations

 

Hepatic mononuclear cells (MNC) were isolated by an improved
method previously described [19]. Briefly, mice anaesthetized
with ether were sacrificed by exsanguination by means of cardiac
puncture. To obtain MNC, the liver was removed, pressed through
200-gauge stainless steel mesh, and suspended in PBS (0·1 

 

M

 

,
pH 7·2). After being washed once with PBS, MNC were isolated
from hepatocytes and hepatocyte nuclei were obtained by the
Percoll (35% Percoll containing 100 U/ml heparin) gradient cen-
trifugation method. The MNC collected from the interface were
then suspended in MEM medium supplemented with 2% fetal
calf serum. The preparations of hepatic MNC contained less than
4% Kupffer cells. Splenocytes were obtained by pressing the
spleen through 200-gauge steel mesh. Bone marrow cells were
obtained by flushing bilateral femurs with the medium. Spleen
cell suspensions and bone marrow cell suspensions were depleted
of erythrocytes with 0·83% ammonium chloride-Tris buffer
(0·17 

 

M

 

, pH 7·6).

 

Immunofluorescence tests

 

The surface phenotype of cells was identified using mAbs in
conjunction with two-colour immunofluorescence tests [20].
FITC- or PE-conjugated anti-CD3 (145–2C11), anti-NK1·1
(PK136), B220 (RA3–6B2), anti-IgM, and anti-IgG mAbs were
obtained from PharMingen Co. (San Diego, CA, USA). Biotin-
conjugated reagents were developed with PE-conjugated
streptavidin (Becton-Dickinson, Mountain View, CA). To pre-
vent nonspecific binding of mAbs, CD32/16 (24G2) was added
before staining with labelled mAbs. The fluorescence-positive
cells were analysed with FACScan using Lysis II software
(Becton-Dickinson).

 

Identification of autoantibodies

 

To detect anti-DNA antibodies, the ELISA method was applied
[21]. Materials were coated with denatured DNA derived from
salmon. The activity of such anti-DNA antibodies was divided
into IgM and IgG fractions in sera by using isotype-specific anti-

 

m

 

 chain mAb and anti-

 

g

 

 chain mAb as secondary antibodies
(PharMingen). The titre was determined by using a positive con-
trol of sera (100 U/ml) from MRL-

 

lpr

 

/

 

lpr

 

 mice after the onset of
autoimmune disease (at the age of 25 weeks). We also examined
the titre of anti-hepatocyte antibodies by the ELISA method.
Instead of denatured salmon DNA, materials were coated with

denatured B6 hepatic tissue. The excess tissue was washed out by
PBS.

Autoantibodies were also detected by using a Hep2 cell line in
conjunction with an immunofluorescence test [21]. Sera obtained
from the various mice were used after a dilution 1/20. FITC-
conjugated anti-mouse Ig (PharMingen) was used as a secondary
antibody.

 

ELISA assay for the detection of IL-4, IL-10 and IFN

 

g

 

Pooled sera were used to detect the concentrations of IL-4, IL-10
and IFN

 

g

 

 by ELISA assay using Opt EIA mouse IL-4, IL-10 and
IFN

 

g

 

 sets (PharMingen).

 

Statistical analysis

 

Statistical differences were analysed by Student’s 

 

t

 

-test.

 

RESULTS

 

Induction of experimental amyloidosis

 

Mice were sacrificed at 4 weeks after an initial treatment and his-
tology of the spleen was examined by Congo-red staining
(Fig. 1a,b). In comparison with normal tissue (Fig. 1a), the spleen
isolated from treated mice showed swelling of tissues (indicated
by an arrow) which were positive to Congo-red (i.e. the extracel-
luar matrix became red) (Fig. 1b).

In addition to the development of amyloidosis, the number of
lymphocytes yielded by the liver and spleen increased (Fig. 1c).
This was significant in the spleen (

 

P

 

 

 

<

 

 0·05) when mice were
treated with both CFA and casein.

 

Characterization of lymphocyte subsets which expanded in the 
liver and spleen

 

Two-colour staining for CD3 and NK1·1 was conducted in the
liver and spleen of control and amyloidosis mice (Fig. 2a). This
staining simultaneously identified NK cells (CD3

 

–

 

NK1·1

 

+

 

), NKT
cells (CD3

 

int

 

NK1·1

 

+

 

), and conventional T cells (CD3

 

high

 

NK1·1

 

–

 

)
[15]. All these lymphocyte subsets were found to remain
unchanged or to rather decrease in both the liver and spleen of
amyloidosis mice. In other words, the proportion of CD3

 

–

 

NK1·1

 

–

 

cells (mainly B cells) seemed to increase in the liver and spleen.
The absolute numbers of each lymphocyte subset were calculated
by repeated experiments (

 

n

 

 = 4). It was demonstrated that the
number of CD3

 

–

 

NK1·1

 

–

 

 cells increased in both the liver and
spleen of amyloidosis mice (Fig. 2a, right column).

To identify what kind of lymphocytes expanded, two-colour
staining for CD3 and B220 was then conducted (Fig. 2b). A
unique population of possible B cells was identified as CD3

 

–

 

B220

 

low

 

 cells in both the liver and spleen. Conventional B cells
with CD3

 

–

 

B220

 

high

 

 phenotype were also identified in control and
amyloidosis mice. This result was confirmed by repeated experi-
ments (

 

n

 

 = 4) in which the absolute number of B220

 

high

 

 and
B220

 

low

 

 cells was calculated.

 

Association of NKT cells and autoantibody production with the 
onset of amyloidosis

 

In parallel with a study of B6 mice, we conducted amyloidosis
experiments in NKT-cell deficient mice, including CD1d(–/–) and
J

 

a

 

281(–/–) mice (Fig. 3a). It was found that the induction of amy-
loidosis was less prominent in these NKT-cell deficient mice (data
not shown). Interestingly, B220

 

low

 

 B cells did not appear in these
mice.
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Since it is known that NKT cells sometimes activate B-1 cells
which produce autoantibodies [8–10], one such autoantibody
(i.e. anti-DNA antibody) was estimated in sera of control (CFA
alone) and amyloidosis mice (CFA + casein) by the ELISA
method (Fig. 3b). High titres of anti-DNA autoantibody (both
IgG and IgM types) in sera were detected in B6 mice with amy-
loidosis. Although such titres in sera also increased in NKT-cell

deficient mice, the magnitude was lower in these mice than in B6
mice.

Sera were obtained from control (Fig. 3c), MRL-

 

lpr

 

/

 

lpr

 

(Fig. 3d) and amyloidosis (Fig. 3e) mice. After a 1 : 20 dilution of
sera, the reactivity against Hep2 cells was compared. Interest-
ingly, sera of 

 

lpr

 

 mice reacted with the nucleus but that of amy-
loidosis mice reacted mainly with the cytoplasm.

 

Characterization of B220

 

low

 

 B cells appeared in mice with 
amyloidosis

 

To further characterize B cells which newly appeared in mice with
amyloidosis, three-colour staining for B220, IgM and IgD was
conducted (Fig. 4a). The staining pattern of B220 was very inter-
esting. The appearance of B220

 

low

 

 B cells was confirmed in the
spleen, whereas two peaks of B220 staining seen in the bone mar-
row of control mice became a single peak, namely, only the
B220

 

low

 

 peak. Gated analysis showed that B220

 

low

 

 B cells were
mainly IgM

 

–

 

D

 

–

 

. On the other hand, B220

 

high

 

 B cells in both control
and amyloidosis mice were a mixture of IgM

 

+

 

D

 

+

 

 and IgM

 

+

 

D

 

–

 

.
B220

 

low

 

 B cells in the bone marrow were also mainly IgM

 

–

 

D

 

–

 

.
An immunofluorescence test of purified B (and T) cells was

then conducted in control and amyloidosis mice (Fig. 4b) and
showed that, all B220

 

+

 

 B cells in control mice and B220

 

high

 

 B cells
were small and had cytoplasmic IgM

 

+

 

. In contrast, B220

 

low

 

 B cells
in amyloidosis mice were large and had cytoplasmic IgM

 

+

 

.

 

Appearance of B220

 

low

 

 B cells even in athymic nude mice after 
the induction of amyloidosis

 

Usually, antibody production requires the help of conventional T
cells while autoantibody production needs the help of extrathy-
mic T cells. Athymic nude mice carry extrathymic T cells but lack
conventional T cells [22]. Using these athymic mice, the induction
of amyloidosis was found to be successful (data not shown). Inter-
estingly, the IgM type of anti-DNA antibody was detected in sera
of athymic mice injected with CFA + casein (Fig. 5a). The appear-
ance of B220

 

low

 

 cells was also detected in the spleen and bone
marrow of these mice (Fig. 5b). Similar to the case of euthymic
mice, B220

 

low

 

 B cells in both the spleen and bone marrow were
mainly IgM

 

–

 

D

 

–

 

, although they contained low levels of IgM

 

+

 

D

 

+

 

 and
IgM

 

+

 

D

 

–

 

.

 

Cytokine profiles in mice with amyloidosis

 

Serum levels of IL-4, IL-10 and IFN

 

g

 

 were measured by ELISA
assay in mice with amyloidosis (Fig. 6). In these experiments, B6,
CD1d(–/–) and J

 

a

 

281 mice were injected with CFA + casein and
sera were obtained at the indicated points of time. The level of
both IL-4 and IFN

 

g

 

 increased, showing a peak at 3 weeks after the
injection in all tested mice. However, the level of IL-10 remained
almost unchanged. These results showed that the administration
of CFA + casein induced a Th0 type of cytokine profile but that
this response was not restricted to B6 mice which showed the
onset of amyloidosis.

 

DISCUSSION

 

In the present study, we demonstrated that B220

 

low

 

 B cells were
newly generated in the liver and spleen of mice with experimental
amyloidosis. Since the majority of B220

 

low

 

 B cells lacked the
expression of IgM and IgD on the cell surface, these B cells might
be an immature type of B cell lineage. In parallel with this phe-
nomenon, the titre of anti-DNA antibody became positive in sera.

 

Fig. 1.

 

Induction of experimental amyloidosis (a) Histology of the spleen
of normal mice, (b) Histology of the spleen of mice injected with CFA and
casein, (c) Number of lymphocytes yielded by the liver and spleen. Mice
were injected twice with either CFA alone or CFA + casein (2-week
interval). Two weeks after the final injection, the liver tissues were isolated.
The mean and one SD in the number of cells were produced from 4 mice
in each experiment.

(a)

(b)

(c)
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We have previously reported that the production of autoantibod-
ies is often accompanied by the activation of primordial T cells
such as NKT cells [8–10]. The present results also suggest that
NKT cells are associated with the production of autoantibodies in
mice with experimental amyloidosis. Thus, NKT cell-deficient
mice showed neither the onset of amyloidosis nor the appearance
of B220

 

low

 

 B cells. Taken together, these findings indicate that the
onset of amyloidosis itself was able to induce an autoimmune
state, accompanied by the activation of B220

 

low

 

 B cells in the pres-
ence of NKT cells.

B220

 

low

 

 B cells were primarily absent and only B220

 

high

 

 cells
were present in the liver and spleen of normal mice, whereas

B220

 

low

 

 B cells as well as B220

 

high

 

 B cells were present in the
bone marrow (Fig. 4a). The majority of B220

 

low

 

 B cells were
IgM

 

–

 

D

 

–

 

 on the surface, but the majority of B220

 

high

 

 B cells were
IgM

 

+

 

D

 

+

 

. Therefore, the immature type of B cells were esti-
mated to be generated in the liver and spleen in amyloidosis
mice.  Since  B220

 

low

 

 B  cells  became  abundant  even  in  the
bone marrow of amyloidosis mice, the activation of B cell-
differentiation  is  considered  to  have  occurred  at  various sites
of these mice. At present, it is still unknown whether the
B220

 

low

 

 B cells which appeared in the periphery of amyloidosis
mice were derived from the bone marrow or were generated 

 

in
situ

 

 in the periphery.

 

Fig. 2.

 

Phenotypic characterization of lymphocytes in the liver and spleen of control and amyloidosis mice. (a) Two-colour staining for
CD3 and NK1·1, and time-kinetics in the variation of lymphocyte subsets. (b) Two-colour staining for CD3 and B220, and time-kinetics in
the variation of lymphocyte subsets. Representative results of three experiments are depicted in the case of immunofluorescence tests. The
mean and one SD in the number of lymphocyte subsets were produced from 3 mice.
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Both IgM and IgD types of anti-denatured DNA antibody
were detected in sera of amyloidosis mice. These sera also had
reactivity against the cytoplasm in perinuclear areas as shown by
immunofluorescence tests using fixed cells. It is widely known that
amyloidosis accompanies certain autoimmune diseases [1–5].
The present results also suggest that the deposition of amyloid

proteins itself has the ability to induce autoimmune states. It is
conceivable that both conditions of autoimmune diseases and
amyloidosis may interact with each other.

It is well known that some autoantibody-producing B cells
express CD5 antigen on the cell surface and are termed as B-1a
cells, especially in autoimmune prone NZB/W 

 

F1 mice [23–25].

Fig. 3. Experimental amyloidosis in NKT cell-deficient mice. (a) Two-colour staining for CD3 and B220. (b) Serum levels of the titre
against anti-DNA antibody. � CFA + casein; � CFA (c) Immunofluorescence test of normal sera against Hep2 cells. (d) Sera from lpr
mice. (e) Sera from amyloidosis mice. Numbers in the figure represent the percentages of fluorescence-positive cells in corresponding areas.
The mean and one SD in serum levels of the titre against anti-DNA antibody were produced from 4 mice. Immunofluorescence test of
sera was conducted using fixed Hep2 cells.

(a)

(b)

(c) (d) (e)
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However, B220low cells appeared in all tested organs (including
the peritoneal cavity) of B6 mice with experimental amyloidosis
lacked the expression of CD5 (data not shown). There was no
phenotypic difference among B cells in the spleen, liver and peri-
toneal cavity.

For a long time, it has been considered that autoreactive for-
bidden clones are generated by failure of their negative selection
through the mainstream of T-cell differentiation (TCRhigh cells) in
the thymus. However, in the autoimmune state the autoreactive
clones are always present among primordial T cells (i.e. TCRint

cells) which are generated extrathymically [26–28]. At this time,
thymic atrophy is somewhat present, showing the arrest in the
mainstream of T-cell differentiation [29,30]. In recent studies, the
activation of primordial T cells (e.g. NKT cells) and the produc-

tion of autoantibodies simultaneously were revealed to appear
under various autoimmune conditions [8–10]. In this regard, we
examined whether NKT cells are required to produce autoanti-
bodies in amyloidosis mice. The onset of amyloidosis and the
appearance of B220low B cells was less prominent in NKT cell-
deficient mice. NKT cells might be important for the differentia-
tion of autoantibody-producing B cells (i.e. B-1 cells).

In the case of NKT cells, mature cells or their precursors are
generated by an alternative intrathymic pathway and they home
to the liver thereafter [11–13]. Due to this situation, athymic nude
mice lack NKT cells. However, these athymic mice carry another
type of primordial T cells (i.e. NK1·1–TCRint cells) and these cells
expand as a function of age, possibly as a compensatory effect
[22]. In this study, athymic nude mice were found to produce

Fig. 4. Characterization of B220low B cells in the spleen and bone marrow of amyloidosis mice. (a) Three-colour staining for B220, IgM
and IgD. (b) Immunofluorescence test of lymphocyte subsets for IgM. After three-colour staining for B220, IgM and IgD, gated analysis
was conducted. Numbers in the figure indicate the fluorescence-positive cells in corresponding areas. Lymphocyte subsets were purified
from the spleen in amyloidosis mice by a cell sorter and the fixed subsets were stained with FITC-conjugated anti-m mAb.

(a)

(b)
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Fig. 5. Induction of amyloidosis in athymic nude mice. (a) Serum levels of the titre against anti-DNA antibody. (b) Three-colour staining
for B220, IgM and IgD in the spleen and bone marrow. The mean and one SD in serum levels of the titre against anti-DNA antibody were
produced from 4 mice. After three-colour staining for B220, IgM and IgD, gated analysis was conducted. Numbers in the figure indicate
the fluorescence-positive cells in corresponding areas.

Fig. 6. Serum levels of (a) IL-4, (b) IL-10 and (c) IFNg in various mice after the injection of CFA and casein. Serum levels of cytokines
were determined by ELISA assay. The mean and one SD were produced by 4 experiments at the indicated points of time.
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autoantibodies, which resulted in amyloidosis. It is speculated that
the activation of B220low B cells is also helped by NK1·1–TCRint

cells as well as by NKT cells. In any case, the activation of B220low

B cells and the production of autoantibodies may occur in aid of
primordial T cells.

We, as well as others, have reported that the activation of pri-
mordial T cells results in production of their cytokines, showing
Th0 [31,32] or Th2 type [33,34]. Since both IL-4 and IFNg were
detected in sera of amyloidosis mice, this pattern belonged to the
Th0 type. However, this pattern was not restricted to the onset of
amyloidosis. Irrespective of the onset of amyloidosis, repeated
injections of CFA and casein induced the Th0 type-cytokine pro-
file even in CD1d(–/–) and Ja281(–/–) mice.

Finally, it is concluded that the onset of amyloidosis itself
induced the autoimmune state, showing the generation of B220low

B cells in the periphery. Primordial T cells (i.e. NKT cells or
NK1·1–TCRint cells) were found to be intimately associated with
this phenomenon.
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