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Age-dependent variation in the proportion and number of intestinal lymphocyte
subsets, especially natural killer T cells, double-positive CD4™ CD8™ cells
and B220" T cells, in mice
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SUMMARY

The age-dependent variation in the proportion and number of lymphocyte subsets was examined
at various extrathymic sites, including the liver, small intestine, colon and appendix in mice. In
comparison with young mice (4 weeks of age), the number of total lymphocytes yielded by all
tested organs was greater in adult (9 weeks) and old (40 weeks) mice. The major lymphocyte
subset that expanded with age was interleukin-2 receptor (IL-2R) §* CD3™ cells (50% of them
expressed NK1.1) in the liver, whereas it was CD3" IL-2Rf~ NK1.1™ cells at all intraepithelial
sites in the intestine. Although NK1.1* CD3™* cells were present at intraepithelial sites in the
intestine, the proportion of this subset was rather low. The ratio of CD4 to CD8 tended to
decrease among natural killer T (NKT) cells and T cells at all intraepithelial sites in the
intestine with age. A unique population of double-positive CD4* CD8* cells in the small
intestine increased in old mice. B220™ T cells were found mainly in the appendix and colon, and
the proportion of these T cells decreased in old mice. Conventional NKT cells were very few in
Ja2817/~ and CD1d™/~ mice in the liver, while NKT cells which existed in the appendix remained
unchanged even in these mice. This was because unconventional CD8* NKT cells were present
in the intestine. The present results suggest that despite the fact that both the liver and intra-
epithelial sites in the intestine carry many extrathymic T cells, the distribution of lymphocyte
subsets and their age-associated variation are site-specific.
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INTRODUCTION

Congenitally athymic nude mice carry only a small number
of lymphocytes when young (i.e. up to 10 weeks), but
acquire a considerable number of lymphocytes (i.e. extra-
thymic T cells) in the liver and at the intraepithelial site of
the intestine when old.' This is because of the phenom-
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enon in which extrathymic T cells tend to increase as a
function of age.* In the case of euthymic mice, extra-
thymic T cells expand with ageing when thymic involution
occurs. It is therefore recognized that the number of
extrathymic T cells surpasses that of thymus-derived T cells
in various immune organs of mice with ageing.®

To detect extrathymic T cells, two-colour staining is
often used for CD3 and interleukin-2 receptor f§ (IL-2Rf)
and for CD3 and NKI.1 in the liver and intestine. This is
because most extrathymic T cells, if not all, preferentially
express IL-2R 8 and NK1.1 on their cell surface.'> We also
stain for other extrathymic T cells, including y6T-cell
receptor (TCR) or CD4™ CD8" double-positive cells,
especially in the intestine. Such staining was applied in the
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present study, mainly in C57BL/6 (B6) mice, which express
NKI1.1 antigens genetically. Double-positive cells which
exist in the small intestine are unique because they are more
mature than those in the thymus. Therefore, we focused on
these cells.

In light of these facts, in the present study we examined
how the distribution of lymphocyte subsets varied at the
extrathymic sites of immune organs in mice with ageing. In
parallel with lymphocytes from the liver, we isolated
lymphocytes from intraepithelial sites of the intestine,
including the small intestine, colon and appendix.
Depending on the extrathymic sites it was found that
unique lymphocyte subsets were present and that the pro-
portion of such lymphocytes varied with ageing.” In addi-
tion to euthymic mice, Jo2817 and CD1d™”" mice were
used which lack conventional natural killer T (NKT) cells
(i.e. NKI1.I" TCR™ cells) carrying an invariant chain of
Val14J0281 for TCR-0.5 ! The finding of age-dependent
variation in the proportion and number of intestinal
lymphocytes was of interest in both normal mice and NKT
cell-deficient mice.

MATERIALS AND METHODS

Mice

C57BL/6 (B6), Jo281~" (B6 background)® and CD1d™”~
(B6 background) mice®'® were used at the ages of 4, 9 and
40 weeks to examine age-associated changes of intraepit-
helial lymphocytes (IEL) in the intestine. All mice were
maintained under specific pathogen-free conditions in the
animal facility of Niigata University (Niigata, Japan).

Cell preparations

Mice were anaesthetized with ether and killed after com-
plete exsanguination through incised axillary arteries and
veins, and the liver, small intestine, colon and appendix
were removed. The liver was pressed through 200-gauge
stainless mesh and then suspended in Eagle’s minimum
essential medium (Nissui Pharmaceutical Co., Tokyo,
Japan) supplemented with 5 mm HEPES and 2% heat-
inactivated newborn calf serum. After washing, the cells
were fractionated by centrifugation in 15 ml of 35% Per-
coll solution (Pharmacia Fine Chemicals, Piscataway, NJ)
for 15 min at 420 g.'? The resulting pellet was resuspended
in erythrocyte-lysing solution (155 mm NH4CI, 10 mMm
KHCO;, 1 mm sodium ethylenediaminetetraacetate, and
170 mm Tris—-HCI, pH 7-3). The appendix,'? small intes-
tine and colon were removed and flushed with Dulbecco’s
phosphate-buffered saline (D-PBS, pH 7:6) to eliminate
the luminal contents. The mesentery, Peyer’s patches and
appendix lymphoid follicles were then resected. To obtain
IEL, the intestine was cut longitudinally and then into
1- to 2-cm pieces. These fragments were incubated for
15 min in 15 ml Ca®"-free and Mg? " -free PBS containing
55 mMm ethylenediaminetetraacetic acid, in a 37° shaking-
water bath. The supernatant was then collected. The cell
suspension was collected and centrifuged in a discontinu-
ous 40%/80% Percoll gradient solution at 830 g for
25 min. Cells from the 40%/80% interface were collected.

Since the number of cells yielded by one mouse was few,
cells were pooled from two to six mice, the resulting number
of cells then being divided by the number of mice used. The
mean and one SD of the number of cells were produced by
three or four separate experiments.

Flow cytometric analysis

The surface phenotype of cells was analysed using mono-
clonal antibodies (mAbs) in conjunction with two-colour or
three-colour immunofluorescence.'* The mAbs used in this
study included fluorescein isothiocyanate (FITC)-, phyco-
erythrin (PE)-, biotin- and Cy-chrome-conjugated reagents
of anti-CD3¢ (145-2C11), anti-IL-2R 8 (IL-2R -chain; TM-
p1), anti-NK1.1 (PK136), anti-B220 (RA3-6B2), anti-CD4
(RM4-5), anti-CD8« (53-6:7) anti-TCR-f (H57-597), anti-
TCR-y6 (GL3), and anti-CD45 (30F11) mAbs (PharMin-
gen Co., San Diego, CA). Biotin-conjugated reagents were
developed with PE- (PharMingen), or TRI colour- (Caltag
Laboratory, San Francisco, CA) conjugated streptavidin.
To prevent non-specific binding of mAbs, CD16/32 (2.4G2)
was added before staining with labelled mAb. Dead cells
were excluded by forward scatter and side scatter gatings.
To analyse lymphocytes, CD45" cells were gated. The
fluorescence-positive cells were analysed by FACScan
using LysIs II software (Becton Dickinson Co., Mountain
View, CA).

Statistical analysis
The difference between the values was determined by
Student’s 7-test.

RESULTS

Age-associated increase in the number of lymphocytes
yielded by the liver and intestine

To examine the age-dependent variation of the number of
lymphocytes at the extrathymic sites, lymphocytes were
isolated from the liver and IEL in the small intestine, colon
and appendix (Fig. 1). Mice were used at the ages of 4, 9
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Figure 1. Age-associated increase in the number of lymphocytes
yielded by the liver and intraepithelial sites of the small intestine,
colon and appendix. Mice were used at the ages of 4, 9 and
40 weeks. The mean and one SD were produced from four separate
experiments. *, P<0-05.
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Figure 2. Phenotypic characterization of lymphocytes in immunofluorescence tests. Two-colour staining for CD3 and IL-2Rf
and that for CD3 and NK1.1 were conducted in mice at the ages of 4, 9 and 40 weeks. Numbers in the figure represent the
percentages of fluorescence-positive cells in corresponding areas. Data representative of three experiments are depicted.

and 40 weeks. At all tested sites, the number of lympho-
cytes increased as a function of age (P < 0-05). Such age-
associated increase began at an early age (9 weeks) in all
tested organs.

Identification of lymphocyte subsets in immunofluorescence
tests

To identify the phenotype of lymphocytes, two-colour
staining for CD3 and IL-2Rf and that for CD3 and
NKI1.1 were conducted in various organs (Fig. 2). In the
case of the liver, a prominent increase was seen in
IL-2RAY CD3™ and its subset of NK1.1" CD3™ cells.
In the small intestine, the major lymphocyte population
was constituted of CD3" cells with the phenotype of
IL-2Rfi NKI1.1". This pattern did not significantly
change with ageing at this site.

On the other hand, IEL of the colon and appendix carried
both TL-2RA ™ and IL-2Rf" subsets of CD3 ™ T cells, espe-
cially in young mice (4 weeks). Among these T cells, a small
population (10-20%) expressed NKI1.1. With ageing,
the proportion of TL-2RA™ CD3™ cells and that of
NKI1.17 CD3" cells tended to decrease. The actual
percentage and the absolute cell number were found by
repeated experiments (n = 4) in mice at various ages (Fig. 3).
The most striking age-associated changes were seen in the
appendix, i.e. a decrease in the percentage of NK1.1" CD3™
cells, and in the liver, i.e. an increase in the number of
NKI1.1* CD3™ cells. Although the percentage of
NK1.1" CD3" cells decreased with ageing in the small

© 2004 Blackwell Publishing Ltd, Immunology, 113, 371-377
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Figure 3. Age-dependent variation of NKT cells in the percent-
age and cell number in various organs. The percentage of
NKI1.17 CD3™ cells and the absolute number of NK1.17 CD3™
cells were produced by repeated experiments (7 = 4). The mean and
one SD were produced at each age. *, P<0-05.

intestine and colon, the absolute number of these cells did
not decrease because of the increase in the total number of
cells.



374 Y. Ishimoto et al.
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Figure 4. Distribution of immunoparameters at extrathymic sites
of mice of various ages. (a) Distribution of lymphocyte subsets,
(b) ratio of CD4 to CD8 among NKT and T cells; (c) ratio of
TCR-af to TCR-y6 among NKT and T cells. The mean values
in each column are for four experiments. *P <0-05.

Comparison of the distribution of lymphocyte subsets
in various immune organs

In the final portion of these immunofluorescence experi-
ments, the distribution pattern of lymphocyte subsets (the
mean value) was evaluated by repeated experiments (n = 4)
(Fig. 4). As shown in Fig. 4(a), the distribution pattern
differed between the liver and intestine (including the small
intestine, colon and appendix). T and B cells were abundant
in the liver, whereas only T cells were abundant in the
intestine. The percentage of NKT cells in the liver increased
with ageing, while that in the intestine decreased with
ageing.

The ratio of CD4" and CD8" among NKT cells and
T cells was then estimated at various sites (Fig. 4b). In the

case of the liver, NKT cells were a mixture of double-
negative (CD4~ CDS8 ) and CD4 ™" . In sharp contrast, NKT
cells in the intestine (including the small intestine, colon and
appendix) were double-negative or CD8 . The percentage
of such double-negative cells decreased with ageing. In the
case of T cells, the liver contained both CD4" and CD8™".
However, the intestine contained mainly CD8 ™ cells. The
percentage of these CD8 " cells in the intestine (at all sites)
tended to increase with ageing. Only in the small intestine
was a significant number of double-positive (CD4 " CD8™)
cells found and this proportion increased with ageing.

The ratio of «fT and yoT cells among NKT and T cells
was calculated (Fig. 4c). ydT cells were few in the liver but
abundant in the intestine'® including the small intestine,
colon and appendix. This tendency was seen for both NKT
cells and T cells. The percentage of ydT cells among NKT
cells in the intestine tended to increase with ageing while
that among T cells in the intestine varied with ageing.

Variation of B220™ T cells in IEL of the appendix
with ageing

B220" T cells, namely, T cells with a B-cell marker, were
few in the liver and small intestine (< 30%). In contrast,
they were abundant in the appendix and colon. This result
was confirmed by two-colour staining for CD3 and B220
(Fig. S5a). Age-associated variation was then examined
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Figure 5. Identification of B220" CD3™ cells in the intestine and
liver. Two-colour staining for CD3 and CD220 was conducted in
IEL of the appendix and other sites. A representative profile of
B220" CD3™" cells in the appendix (a) and the age-dependent
variation in the percentages of B220" CD3 ™ cells (b) are depicted.
*P<005.
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Figure 6. Further characterization of B220" T cells. (a) Appendix
IEL, (b) age-dependent variation of B220" T cells in various
organs. To characterize B220 expression on T-cell subsets, three-
colour staining for TCR-off (or TCR-yd), NKI1.1 and B220 was
conducted. Numbers in the figure represent the percentages of
fluorescence-positive cells in corresponding areas. The experiments
for age-dependent variation were repeated (n =4) and the mean
and one SD are shown. *P <0-05.

by repeated experiments (n = 4). Generally speaking, the
proportion of B220" T cells in all tested organs tended to
decrease with ageing.

It is still unknown how B220" T cells express NKI.1
antigens. This subject was first examined in the appendix
(Fig. 6a). Three-colour staining of NKI1.1, TCR-aff (or
TCR-y0), and B220 was conducted for gated analysis of
B220. In the case of the appendix, both NKI1.1" and
NK1.1" subsets among TCR-af" and TCR-p5 " cells were
mainly B220".

Age-dependent variation in the expression of B220 on
T cells was further examined in various organs (Fig. 6b).
The majority of NK1.1" subsets among TCR-af™ cells
and TCR-y6" in the appendix, colon and small intestine
was B2207", irrespective of age. On the other hand,
NKI1.1" TCR-aff™ cells partially expressed B220 and

© 2004 Blackwell Publishing Ltd, Immunology, 113, 371-377
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Figure 7. Phenotypic characterization of lymphocytes in Jo281
and CD1d " mice. NK-cell-deficient mice were used at the ages of
4 and 9 weeks. Two-colour staining for CD3 and NKI1.1 was
conducted to identify NKT cells. Representative data of three
experiments are depicted.

tended to decrease its expression, especially in the colon. In
the case of NK1.I" TCR-y5 " cells, the expression level of
B220 remained unchanged with ageing. Lymphocytes in the
liver did not express B220 antigen.

The existence of NK1.17 T cells in the intestine, but not
the liver, was independent of Jx281 and CD1d

NKT cells were found to be abundant in the liver and
appendix. It was examined whether the existence of these
NKT cells was influenced by the lde of Ja281 and CD1d
(Fig. 7). In these experiments, Jo281 " mice and CDId "~
mice were used at the ages of 4 and 9 weeks. As expected,
the proportion of NKT cells was very low in these mice,
irrespective of age. On the other hand, a large proportion
(up to 20%) of NKT cells was found in the appendix of
both Ju281 " and CD1d”" mice. The majority of these
NKT cells were CD8™" (data not shown).

DISCUSSION

In the present study, we demonstrated that the number and
proportion of lymphocyte subsets existing at extrathymic
sites in the liver and intestine varied in specific manners
depending on each subset as a function of age. The most
striking change was an increase in the number of whole
lymphocytes in the liver, small intestine, colon and appen-
dix. This phenomenon is of interest because the number of
lymphocytes in the thymus, spleen and lymph nodes (i.e. the
sites for thymus-derived T cells) inversely decreases with
ageing. In the case of the liver, the number and proportion
of IL-2RA™ CD3!™ cells and its subset of NK1.17 CD3™
cells (i.e. NKT cells) increased with ageing. However, the
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proportion of IL-2Rf™ CD3™ cells and NK1.17 CD3™
cells in the intestine decreased with ageing. Since the total
number of lymphocytes increased in the intestine, the
number of IL-2RA* CD3™ cells and NK1.1" CD3™ cells
tended to increase in this organ.

As is well established, Jo2817 and CD1d™” mice lack
conventional NKT cells.*!' The majority of NKT cells in
the liver of normal mice were conventional NKT cells
which carried an invariant chain of Val4Ju281 and the
phenotype of CD4" or double-negative CD4~ CDS§".°
These NKT cells eventually disappeared in J#281 " and
CDI1d ™" mice in this study. In contrast, NKT cells in the
intestine did not decrease in proportion and number, even
in Jo281 and CD1d " mice, and comprised TCR-0" or
TCR-y6", which expressed CD$8 antigens. It was found
that these unconventional NKT cells were most abundant
in the appendix and decreased with ageing, especially in
proportion. Although the proportion of NKT cells was
smaller in the small intestine and colon, portions at these
sites were also found to decrease with ageing.

Why are both the liver and intestine extrathymic sites?
This is because the liver was primarily generated from the
intestine in phylogeny.'®!'7 Indeed, both epithelia in the
intestine and hepatocytes in the liver are regenerated
spontaneously under normal conditions.'® Therefore, it is
speculated that the liver and the intraepithelial sites in the
intestine became sites for the generation of extrathymic
T cells. However, the composition of lymphocyte subsets
was found to be somewhat different between the liver
and intestine, as summarized in Fig. 4(a). In the intestine,
B cells were abundant in the liver but scarce in the
intestine.

Another difference in the distribution of lymphocyte
subsets between the liver and intestine was the presence of
CD4" cells in the liver but their almost complete absence
from the intestine (see Fig. 4b). Instead, CD8™" cells and
double-negative CD4 CDS§ cells were abundant in the
intestine. Such CD8" T cells, including TCRaf" and
TCRyd " cells, increased in proportion with ageing. The
existence of double-positive CD4" CD8™ cells is unique
among T cells in the small intestine'**° and this population
increases prominently in old mice.?!

CD3™" T cells with a B-cell number (i.e. B220™ T cells)
were most abundant in the appendix''* and this popula-
tion was also present in the colon and small intestine. It
tended to decrease in proportion with ageing. These B220™
T cells were distributed in ofiT cells, as well as in NK1.1 *
and NK1.1" subsets. In the present study, we revealed the
distribution of lymphocyte subsets at extrathymic sites of
the liver and intestine and the age-dependent variation of
these lymphocyte subsets in normal mice and mice lacking
conventional NKT cells.

As previously mentioned, the most prominent increase
of lymphocyte subsets with ageing was found in the
number of NK1.1" CD3 in the liver and appendix (see
Fig. 3) and in the proportion of CD4" CD8" double-
positive cells (among ofT cells) and 0T cells (among
NKT cells) in the small intestine (see Fig. 4). Finally, we
speculated as to why these subsets increased with aging.

All these lymphocyte subsets are of extrathymic origin and
carry autoreactivity.”> ¢ Since the increase in the number
or proportion of these subsets occurred in parallel with
thymic involution in this study, it is indicated that the
immune system in aged mice requires autoreactivity
against the altered self-cells that are generated with ageing.
In contrast, the immune system in young mice requires
reactivity against foreign antigens (i.e. thymus-derived
T-cell clones eliminate autoreactivity and therefore carry
the reactivity against foreign antigens). It is speculated
that the present phenomenon seen in aged mice is benefi-
cial for the health of aged animals.
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