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Abstract. It is known that the liver is a major hematopoietic organ at fetal stages, but the hematopoiesis of this
organ ceases at birth. However, the liver is still found to comprise c-kit* stem cells and gives rise to extrathymic
T cells, NK cells, and even granulocytes after birth. Extrathymic T cells generated in the liver of mice are
identified asintermediate TCR (TCR™) cells, which include the NK1.1*'TCR™ (i.e. NKT cells) and NK1.1"TCR™
subsets. Although extrathymic T cells are few in number during youth, they increase in number with advancing
age. The number and function of extrathymic T cells are aso elevated under conditions of stress, infections,
malignancy, pregnancy, autoimmune diseases, chronic GV H diseases, etc. Under these conditions, the mainstream
of T cell differentiation in the thymus, which produces conventional T cells, is inversely suppressed. Extrathymic
T cells comprise sdlf-reactive forbidden clones and mediate cytotoxicity against abnormal self-cells. Therefore,
they might be beneficial for the elimination of such cells. However, over-activation of extrathymic T cells might

be responsible for the onset of certain autoimmune diseases.
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I ntroduction

We have been characterizing the nature of extra-
thymic T cellsin the liver of humans and mice** %
67.78. 8 \We initiated these studies since we found that
unusual T cell populations, such as double-negative (DN)
CD478 afT cells or CD8* ydT cells, are abundant in
the liver of mice? % % %, These T cell populations aso
exist in the liver of congenitaly athymic nude mice® %,
We speculated that these T cells might be generated
through extrathymic pathways and that the liver might
be one of the major sites for the extrathymic pathways
of T cell differentiation. We have determined that both
DN afT cells and CD8* ydT cells in the liver share
common properties, including the phenotypes of

IL-2RB", intermediate TCR (TCR™), NK1.1" (approxi-
mately 50%), CD44", L-selectin™, etc.* " 0, We term
them TCR™ cells. Based on these criteria, conventional
T cells (i.e. thymus-derived T cells) are termed TCR"9"
cells, carrying the phenotypes of IL-2RB~, TCRMd",
NK1.1°, CD44, L-selectin®, etc., under resting condi-
tions.

In parallel with these studies, two series of murine
studies on unusua T cells were ongoing. First, many
investigators observed and characterized DN CD4 78"
afT cells with or without the expression of NK1.1
antigen. A small number of these cells were found to
be present in the thymusll 15, 18, 20, 21, 41, 63, 64, 77, 87, 90
and periphery, eg. the spleen® % 6 66 72" |ymph
nodes** * and bone marrow®. Subsequently, BENDELAC

Abbreviations used: TCR™ cells — intermediate TCR cells, TCR™9" cells — high TCR cells, NKT cells — natural killer T cells, DN

— double-negative, DP — double-positive.
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et a.” ° reported that some of these T cells express the
NK1.1 antigen and that these NK1.1" a3 T cells, includ-
ing DN and CD4* afiT cells, recognize non-MHC
gene-encoded MHC class I-like molecules, CD1d.
These T cells are termed natural killer T (NKT) cells.
In another series of studies by TanicucHi and his col-
leagues, it was found that some suppressor T cell hy-
bridomas preferentially use an invariant TCRa chain,
Va14-Jo281, and that such Va14* T cells are detected
in the liver, thymus and other organs® . They also
demonstrated that most Va14* T cells, if not all, coin-
cide with NKT cells and are extrathymically generated
in the liver®,

NKT cells belong to a subset of TCR™ cdlls, i.e.
TCR™ cells consist of both NK1.1* and NK 1.1~ subsets
at aratio of 1:1, especialy in the liver and thymus® &2,
Moreover, it has been found that TCR™ cells (including
NKT cells) are generated extrathymically in the liver
and through an aternative intrathymic pathway'® 7. In
contrast, conventional T cells are generated through the
mainstream of T cell differentiation in the thymus. In
light of these findings, we further characterize TCR™
cells and NKT cells in the liver and other organs in
terms of their phenotype, morphology, function and de-
velopment in this review.

IL-2Rs*NK1.1*

IL-2Rs"NK1.1"
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Tissue Distribution of TCR™™ Cells and NKT Ceélls

Two-color staining for CD3 and I1L-2Rp or for CD3
and NK 1.1 was conducted to identify TCR™ (CD3™)
cellsor NKT cellsin mice. NK cells were identified as
IL-2RB*CD3", TCR™ cells as IL-2RB*CD3™, and con-
ventiona T cells as IL-2RB"CD3"%". Both NK cellsand
TCR™ cells consistently express IL-2R[3, while conven-
tional T cells lack the expression of IL-2RB®. It is con-
ceivable that conventional T cells acquired a resting
form of lymphocytes in phylogeny (i.e. IL-2RaT3").
After antigenic stimulation they begin to express a high
affinity IL-2R (i.e. IL-2Ra*B"). Reflecting this situ-
ation, primitive lymphocytes respond more quickly
than others (NK cells— TCR™ cells— TCR"9" cells)®,
Among these, however, the magnitude of response is
the greatest in TCR"" cells.

The distribution of CD3™ cells and NKT cells in
various organs was almost the same, namely, both were
abundant in the liver but few in number in other organs.
However, the proportion of NKT cells was always
smaller than that of TCR™ cells in all tested organs.
Concerning the fact that NKT cells had a lower density
of TCR-CD3 complex (i.e. TCR™ cells), NKT cellsare
present within the population of TCR™ cells. The pro-

IL-2R6"NK1.1™ IL-2R8"NK1.1~

CD47CD8"

NK cells

Intermediate TCR cells

High TCR cells

Fig. 1. Phylogenetic development of lymphocytes of a NK/T cell lineage. TCR™ cells comprise IL-2RB*NK1.1* and IL-2RB*NK 1.1~ subsets
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portion of NKT cells among TCR™ cells was >50% in
the liver and thymus, whereas that of NKT cells among
TCR™ cells was approximately 20% in the spleen,
lymph nodes and bone marrow?®.

Characterization of the Phenotype of NK Célls,
TCR™ Cells and TCR"9" Cells

A possible line of the phylogenic development of
lymphocytes of a NK/T cell lineage is represented: NK
cells— TCR™ cells— TCR"" cells (Fig. 1). Depending
on the development, lymphocytes acquired a resting
form of morphology and phenotype. According to this
change, well-developed T cells have the morphology of
small resting lymphocytes and acquire a long life-span.
Once they encounter corresponding antigens, they
undergo cell-division to expand the clones. It is pres-
umed that this kind of clonal expansion is not accom-
panied by NK cells and is only dightly accompanied
by TCR™ cells.

The subsets of TCR™ cells comprise cells with
a diginct phenotype (see the top of Fig. 1). The
IL-2RB*NK1.1* subset (i.e. NKT cells) mainly consists
of DN CD48 cells and CD4" cells, whereas the
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SPLEEN
(Red pulp)

= ¥

83

IL-2RB*NK 1.1~ subset mainly consists of CD8" cells*.
It is speculated that the IL-2RB'NK1.1" subset is
amore primitive form than the IL-2RB*NK1.1" subset.
Interestingly, it has been reported that the former sub-
set, namely NKT cells, recognize CD1 molecules (i.e.
a non-classical or monomorphic MHC dlass I-like anti-
gen)”°. On the other hand, the CD8'IL-2RB*NK 1.1~
cells among TCR™ cells seem to recognize some pep-
tides together with a polymorphic MHC class | antigen.
In the case of athymic nude mice, TCR™ cellsand NKT
cells are few in number, although all of them are classi-
fied as TCR™ cells® %8 Moreover, the majority of both
NKT cells and NK1.1"TCR™ cells express the CD8*
phenotype instead of the DN or CD4" phenotype.

Differentiation of TCR™ Cells or NKT Cells
in the Liver and Thymus

It is interesting to know how TCR™ cells or NKT
cells are generated in the bodies of mice. Since al
T cells in congenitally athymic nude mice are TCR™
cells, it is obvious that TCR™ cells are generated extra-
thymically3™ %, In both athymic mice and normal eu-

High TCR cells

} ©

Intermediate TCR cells

—Forbidden clone (-)

Primitive T cells:
=Forbidden clone (+)

Intermediate TCR cells =

Fig. 2. Pathways of T cell differentiation in the thymus and liver. The major intrathymic pathway produces conventional T cells through
astage of DP CD4*8" cells. This pathway eliminates forbidden clones by negative selection. On the other hand, an alternative intrathymic
pathway and the extrathymic pathways in the liver (and spleen) produce primitive T cellswhich contain forbidden clones due to incompl ete

negative selection
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Fig. 3. Schemafor the major pathway (mainstream) and alternative
pathway of T cell differentiation in the thymus. The thymus com-
prises both the major pathway (the mainstream) and an alternative
pathway of T cell differentiation: the alternative pathway becomes
rather prominent when mice are recovering from acute thymic
atrophy

thymic mice, the mgjor site appears to be the liver (Fig.
2). We have demonstrated that c-kit* stem cells exist in
the parenchymal space of the liver and that such stem
cells give rise to extrathymic T cells, forming clusters
of many lymphoid cells** 8. These c-kit* cells have the
potential to give rise not only to lymphoid cells, but
also to other hematopoietic cells such as granulocytes
and erythrocytes® 8, Extrathymic T cells and granulo-
cytes, but not erythrocytes, are generated in the paren-
chymal space of the liver and then migrate to the sinu-
soidal lumen after maturation™ 8, IL-7 functions as
a cytokine for the initial maturation of extrathymic
T cels®, but IL-12, IL-15 and I1L-18 may function as
cytokines for the functional maturation® 2% 26,

TCR™ cells or NKT cells are also generated
through an alternative intrathymic pathway (Fig. 2 top).
Although a few TCR™ cells and NKT cells are scat-
lered throughout the cortex region, the mgjority of these
T cells exists in the medullary region®. On the other
hand, the mainstream of T cell differentiation for the
generation of conventional T cells occurs in the cortex
region. Similar to the case of extrathymic T cellsin the
liver, TCR™ cells and NKT cells in the thymus are
generated into three subsets, i.e. DN CD48", CD4" and
CD8", without passing through a double-positive (DP)
CD4'8* stage. Since TCR"Y" cells and NKT cells are
generated without passing through a DP CD4*8" stage,
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their negative selection for the elimination of forbidden
clones is aways incomplete, as determined in the Mls
system™: 5% € To detect the forbidden clonesin the Mls
system, we have to use mice other than C57BL/6 (B6)
mice or (B6xother strains) F, mice.

The dternative pathway of T cell differentiation in
the thymus is minor in youth. However, this pathway
becomes prominent when the hosts recover from acute
thymic atrophy (Fig. 3). DN CD48 TCR cdls
become CD4°"TCR™ cells or DN TCR™ cells*. More
importantly, these TCR™ cells generated through the
aternative pathway contain self-reactivity. In these ex-
periments, we induced acute thymic atrophy by irradi-
ation (6.5 Gy) or by the administration of hydrocorti-
sone (10 mg/mouse). In addition of these conditions, it
is speculated that some microbial infections or physical
(or mental) stress could induce acute thymic atrophy.
We propose the possibility that the generation of self-
-reactive TCR™ cells might be intimately associated
with the onset of autoimmune diseases. The pro-
minence of TCR™ cells during recovery from thymic
atrophy is due to the recovery of the TCR™ cells, which
is quicker than that of conventional TCR"Y" cells. It
should be emphasized that there was no |leakage of for-
bidden clonesinto conventiond T cells at this time % 5L,
Irrespective of NK1.1'TCR™ cells or NK1.1"TCR™
cells, the association of these primordia T cells should
be concerned with the mechanism underlying autoim-
mune diseases.

Independent Generation of Extrathymic T Célls
in Various Sites

TCR™ cells or NKT cells are also generated extra-
thymically in the spleen (possibly the red pulp region)
(Fig. 2). The extrathymic pathways for the generation
of TCR™ cells and NKT cells occur at multiple sitesin
the body>*. Such sitesinclude the uterus*” 2 40 42 smal|
intesting!® 17 19 % 52 gnd exocrine glands such as the
salivary glands™ and lacrimal glands. In the small in-
testine, CD8a3 yoT cellsand DP CD4*8* af3T cellsare
uniquely present. All of these extrathymic T cells lack
the expression of NK1.1 antigen. In certain phylogenic
periods, extrathymic T cells in the liver and small in-
testine develop in a Smilar way, but then develop in-
dependently. In the case of the appendix, an unusual
population of T cells (i.e. B220*T cells) seen in auto-
immune MRL-Ipr/lpr mice are present®. This T cell
population might also be extrathymic T cells.

A final question in this section is how c-kit" stem
cells are supplied to the liver. To answer this question,
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we prepared B6.Ly5.1 and B6.Ly5.2 strains of para-
biotic mice™ ™ 6, By gated analysis in immunofluo-
rescence tests, we found that TCR™ cells and NKT
cells in the liver showed a low mixture of partner cells
after parabioss. On the other hand, conventiona
T cellsin al peripheral immune organs (e.g. the spleen
and lymph nodes) became a half-and-half mixture of
amouse's own cells and his partner’s cells by 14 days
after parabiosis. Thisisdueto the fact that conventional
T cells in the spleen and lymph nodes come from an-
other site, the thymus. If c-kit" stem cells in the liver
are consistently supplied from the bone marrow, TCR™
cellsand NKT cells should have mixed well with part-
ner cells. However, this was not the case. It is con-
cluded that c-kit* stem cellsin the liver are not supplied
from the bone marrow under normal conditions after
birth. Of course, if c-kit" stem cells are impaired in the
liver (e.g. by irradiation), such stem cells are efficiently
replaced by those of the bone marrow™.

A similar low mixture of partner cells was seen
even in the thymus™. In other words, c-kit* stem cells
in the thymus are not consistently supplied from the
bone marrow after birth. It is speculated that such stem
cells existing in the thymus might home to the thymus
at fetal stages as well.

Phylogeny of the Immune System

The concept of extrathymic T cells has given us
a clearer picture of how the immune system was de-
veloped (Fig. 4). The fundamental host defense system
in underdeveloped living creatures might have con-
sisted only of macrophages. However, some groups of
macrophages developed into lymphoid cells which lost
their phagocytic function but acquired an immune sys-
tem by use of some adhesion molecules (e.g. the im-
munoglobulin gene superfamily). Such sites for the de-
velopment of theimmune system might be the digestive
tract (or intestine) and the ectoderm. Indeed, the upper
portion in the digestive tract gave rise to the protothy-
mus (i.e. the gills and lymphoid cells under the gills),
whereas the lower portion in the digestive tract gave
rise to the intestina immune system. Since the liver
developed from the intestine, both the liver and intes-
tine became the sites for the presence of primitive lym-
phocytes such as NK cells and extrathymic T cells. In
the case of extrathymic T cdls in the small intestine,
amost all T cells at this site lost a NK marker, NK1.1:
NKT cells are absent in the small intestine of mice.
Morover, they acquired a high density of TCR
(TCR"™ and, if not completely, acquired the DP
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Fig. 4. Diagram of how the immune organs developed in phyloge-
ny. The primary immune system might have developed in the di-
gestive tract and the ectoderm. Subsequently, the immune system
was distributed to the liver, which originated from the intestine. The
thymus originated from a combination of the gills with the ectoder-
mal cleft

CD4'8" phenotype in the case of afT cdls'® 17 19 2. 52,
This unique development of T cells which occurred in
the intestine might be due to the high frequency of
antigenic stimulation at this site. On the other hand,
extrathymic T cells in the liver and even in the large
intestine still comprise T cells with the NK marker (i.e.
NKT cells)®’: these organs still carry a less-developed
subset of extrathymic T cells.

In the case of the protothymus, the gill holes (i.e.
the ectodermal cleft) combined with the gills when liv-
ing creatures went onto land. Therefore, the intact thy-
mus always consists of ectodermal tissues®. Such sites
are the capsule and medulla of the thymus. These ec-
todermal tissues are extremely important for negative
selection to eliminate self-reactive clones. This schema
(Fig. 4) dso explains the reason why the medullary
region comprises an alternative intrathymic pathway
for T cell differentiation: the medulla, which is derived
from the ectoderm, still contains the ancient extra-
thymic pathway of ectodermal (skin) origin. Even in
mice and humans, many extrathymic T cells are present
under the skin. If there is a genetic abnormality of the
skin, the formation of the thymusitself isalso impaired,
as shown in congenitally athymic nude mice.
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Antigen Recognition
by NK Cells and NKT Cells

It is known that NK cells mainly recognize MHC
antigen-losing self-cells (e.g. maignant tumor cells)
while NKT cells recognize some self-antigens in the
context with monomorphic MHC class | (-like) anti-
gens. These monomorphic MHC class| (-like) antigens
include a non-MHC-encoded MHC class I-like mole-
cule, CD1d, and aMHC-encoded MHC class | antigen,
T lymphocytes® 33 8% On the other hand, human mon-
omorphic MHC class | (-like) antigens include CD1
antigens (including CD1a, CD1b, CD1c, and CD1d)
and non-classical HLA class | antigens (including
HLA-E, -F, and —G). There is another subset, NK1.1~
TCR™, among TCR™ cells®. This subset seemsto rec-
ognize some self-antigens in the context of both mon-
omorphic and polymorphic MHC class | antigens.
Details of the function of these NK1.1"TCR™ cells re-
main to be further investigated.

In the case of humans, CD56'T cells may corre-
spond to NK1.1*'TCR™ cells, while CD57'T cells may
correspond to NK1.1"TCR™ cells®® ¢ 8 Thisnotion is
based on their cytotoxic function and cell distribution,
e.g. CD56'T cells have potent cytotoxicity, and in the
fact that CD56'T cellsare mainly generated in theliver,
but CD57*T cells are mainly generated in the bone
marrow. When patients with leukemia receive bone
marrow transplantation after chemotherapy, newly re-
covered T cells are known to be CD57'T cells?> 2 32,
All of these T cells with NK markers in mice and hu-
mans have the morphology of granular lymphocytes®” &,

When NKL1'TCR™ cells (NKT cells) recognize
some self-antigens, amost al of the antigen presenting
cells seem to use the CD1d molecule” °. In this case,
one such antigen is a glycolipid, a-galactosylceramide
(a-GalCer)'* 12, The CD1d molecule presents not only
antigens such as a-GalCer, but also some peptide anti-
gensto NKT cells™. It is reported that the CD1d mole-
cule interacts with NK cell inhibitory receptors (NKIR
or Ly-49A) and presents suppressive signals of the cy-
totoxic function to NK cells®. In addition to a cross
relationship between NKT cells and the CD1d mole-
cule, amost al of these NKT cells use an invariant
chain of Va14Ja281 for TCRap* % . However,
some NK~ T cells using non-Va14Jo281 chains have
been found to recognize some self-antigens in the con-
text of the CD1d molecule',
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Reciprocal Change of the Differentiation
in TCR™ Cells and TCR"%" Cells

The number of TCR™ cells and NKT cells is ex-
tremely low in the liver and other organs at birth®.
These lymphocytes become detectable in the liver and
thymus approximately 4 weeks after birth in mice.
Thereafter, the number and proportion of TCR™ cells
and NKT cells increase with advancing age, especially
in parallel with thymic involution®. In other words, the
extrathymic pathway of T cell differentiation in the
liver and an alternative intrathymic pathway of T cell
differentiation appear to be inversely regulated in com-
parison with the mainstream of T cell differentiation in
the thymus. More importantly, thisis not only the case
in aging, but also in the cases of infections" 2 =,
stress™® 8, pregnancy®” ¢, malignancy®, chronic GVH
diseases® & ® etc. Even in youth, these conditions
induce acute thymic atrophy and simultaneously
augment the differentiation of TCR™ cells in the liver
and thymus. It is conceivable that this switching of the
immune system might be important in overcoming the
above-mentioned emergencies in hosts, in that the
autoreactive cytotoxicity mediated by TCR™ cells and
NKT cells might be essential for the elimination of
abnormal self-cells which are generated under the con-
ditions of emergency. However, if these responses are
continued for too long or are too strong, the generation
of TCR™ cells or NKT cells might be over-activated.
Since these primordia T cells aways comprise self-re-
active forbidden clones and mediate self-reactive cyto-
toxicity** 51 82 sych hosts are in danger of falling vic-
tim to autoimmune diseases™ ®. We have to emphasize
that, even under these immunosuppressive conditions,
there is no leakage of forbidden clones into conven-
tional T cdlls (i.e. TCR"9" cells) in the thymus and pe-
riphery* 4% 51 In other words, the autoreactive respon-
ses might be events mediated only by TCR™ cdlls, including
their subsets of NK1.1*TCR™ cells and NK1.1"TCR™
cells.
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