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Summary 
Livers o f  the adult mice contain c-kit + stem ceils that can reconstitute thymocytes, multiple 
lineage cells, and bone marrow (BM) stem cells. Transfer of  1 • 107 hepatic mononuclear cells 
(MNC) and 5 • 104 hepatic c-kit + cells o f  BALB/c  mice induced DP thymocytes within a 
week in four Gy-irradiated CB17/-SCID mice, but 2 wk were required for BM cells or BM c-kit + 
cells to produce DP thymocytes. Moreover,  B cell-depleted BM cells or liver M N C  of  SCID 
mice that had been rescued by hepatic M N C  of  BALB/c  mice again reconstituted thymus and 
B cells o f  other irradiated SClD mice. C D 3 -  IL-2R[3- populations o f  both BM cells and he- 
patic M N C  of  C57BL/6 (136) mice could generate T cells with intermediate TCR. (mostly 
N K I . 1 - )  in the liver o f  irradiated B6 SCID mice before thymic reconstitution (extrathymic T 
cells). Furthermore, transfer o f  liver c-kit + cells of  B6-Ly 5.1 mice into irradiated B6 SCID 
(Ly5.2) mice revealed that liver c-kit + cells can reconstitute myeloid and erythroid lineage 
cells. These results strongly suggest that the liver contains pluripotent stem cells and serves an 
important hematopoietic organ even into adulthood. 

B M cells contain c-kit + stem cells (1, 2) which can give 
rise to multiple leukocyte lineages. Murine T cell pre- 

cursor from bone marrow (BM) 1 migrate to the thymus 
and differentiate into mature thymocytes, which are the or- 
igin of  most peripheral T cells. Recently, however, it has 
been demonstrated that T cell can differentiate in extrathy- 
mic sites. Several groups o f  researchers proposed that the 
intestine is such a site (3-7), and we demosntrated that the 
liver is also a candidate (8-13). Extrathymically developed 
ot[3 T cells in the liver are NKI .1  + or N K I . 1 -  T cells with 
intermediate TCP,. (13). However, it was not known whether 
the liver contains hematopoietic precursor cells. During an 
investigation as to how liver mononuclear cells (MNC) of  
nomaal mice transferred into SClD mice migrate and re- 
populate, we found that the liver M N C  from normal adult 
mice could transiently reconstitute thymus accompanied by 
the appearance o f  double positive (DP) thymocytes in non-  
irradiated SCID mice. Since SCID mice can not rearrange 
either the T C R  gene or the immunoglobulin gene (14), 
these mice are a proper model to examine whether or not a 
population o f  cells has a capacity to reconstruct T and B 
cells by radiation bone marrow chimera. In addition, B6- 
Ly5.1 mice (15) enabled us to determine whether or not 
myeloid and erythroid lineage cells are reconstituted by 

1Abbreviations used in this paper: B6, C57BL/6; BM, bone marrow; DP, 
double positive; MNC, mononuclear cells. 

liver c-kit + cells. Here, we demonstrate that hepatic M N C  
of  adult normal mice contain c-kit + cells which can recon- 
stitute thymocytes, multiple lineage cells and BM stem cells 
o f  irradiated SCID mice. 

Materials and Methods 
Mice. Male CBI7/-SCID mice (H-2a), BALB/c mice (H-2 a) 

and C57BL/6 mice (H-2b), 6-8 weeks of age, were purchased 
from CLEA Japan Inc. (Tokyo, Japan). C57BL/6-SCID (H-2 b) 
were purchased from Central Institute for Experimental Animals 
(Kanagawa, Japan). C57BL/6-Ly5.1 (B6-Ly5.1, H-2 b) mice were 
kindly provided by Dr. K. Kishihara (Medical Institute of Bioreg- 
ulation, Kyushu University, Fukuoka, Japan). All mice were fed 
under the specific pathogen-free condition. 

Cell Preparations. Mice were euthanized by exsanguination 
from the subclavian artery and vein, and liver and spleen were re- 
moved. The spleen was pressed on a 200-gauge stainless steel 
mesh and washed. The pellet was treated with RBC lysis solution 
(155 mM NH4CI, 10 mM KHCO3, 1 mM EDTA, 170 mM 
Tris, pH 7.3). Hepatic MNC were prepared as previously de- 
scribed (16, 17). Briefly, the liver was pressed through a stainless 
steel mesh and suspended in Eagle's MEM medium supplemented 
with 5 mM Hepes and 2% FCS. After one washing, the cells were 
resuspended in 30-35% Percoll solution containing 100 U/ml 
heparin and centrifuged at 2,000 rpm for 15 rain at room temper- 
ature. An appropriate density of Percoll solution should be deter- 
mined between 30 and 35% in each laboratory. The pellet was 
resuspended in RBC lysis solution, then washed twice with me- 
dium. BM cells were obtained by flushing femurs with medium. 
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The cell suspensions were filtrated through a 200-gauge nylon 
mesh to remove debris. Thymocytes were obtained by forcing 
thymus through a 200-gauge steel mesh. Peripheral blood cells 
were used after lysing red blood cells. 

mAbs, Flourytometric Analysis and Cell Sorting. Anti-CD4 (RM4--5), 
anti-CD8 (53-6.7), anti-CD3 (145-2Cll) ,  anti-IL-2RI3 chain 
(TM-[31), an t i -NKl . l  (PK136), anti-B220 (tLA3-6B2), anti- 
Mac-1 (M1/70), anti-mouse IgM (R6-60.2), anti-Gr-1 (RA3- 
8C5), TER.119 (erythroid lineage marker), and anti-c-kit (3C1) 
Abs were all purchased from PharMingen (San Diego, CA). 
Mouse anti-Ly5.1 Ab(A20. 1.7) was kindly provided by Dr. T. 
Kina (Chest Disease Research Institute, Kyoto University, Kyoto, 
Japan). All mAbs were used with FITC-, PE-, or biotin-conju- 
gated fore1. Biotinylated reagents were developed with FITC or 
PE-conjugated streptavidin (Becton-Dickinson Co., Mountain 
View, CA) or TRI-COLOtL-conjugated streptavidin (CALTAG 
Lab., San Francisco, CA). To prevent nonspecific binding of 
mAbs, CD32/16 (24G2) was added before staining with labeled 
mAbs. Cell suspensions (10 s to 2 • 10 (') were stained with mAbs 
and analyzed by FACScan (Becton-Dickinson). Dead cells were 
excluded by forward scatter, side scatter, and PI gating, c-kit + 
Lin- (CD3-, B220-, Mac-1-,  Gr-1-,  and TERA 19-) cells of  he- 
patic MNC and BM cells were sorted by FACS | Vantage (Bec- 
ton-Dickinson). In some cases, CD3 + or B220 +, and/or IL- 
2R[3 + ceils were also depleted from hepatic MNC or BM cells by 
sorting. 

Cell Transfer. After 4 Gy irradiation (18), equal number (1 • 
107) of BM cells, hepatic MNC and splenocytes of BALB/c mice 
were injected intravenously into CB17/-SCID mice. In some ex- 
perintents, 5 • 104 sorted c-kit + Lin- cells of hepatic M NC  or of 
BM cells, sorted 2 • 1()~' CD3-  B220- cells, or 2 • 1if' c-kit- 
cells were injected into different mice groups. 2 • 1if' sorted 
CD3-IL-2I<[3- cells of  liver or BM cells of  C57BL/6 mice were 
also transferred into C57BL/6-SCID nfice in another experi- 

ment. Further, 2 • 105 c-kit + Lin- cells of liver of B6-Ly5.1 
mice were transferred into irradiated B6 SCID mice. 

R e s u l t s  

Thymus Reconstruction in Irradiated SCID Mice. Liver M N C  
could transiently reconst i tute thymocytes  o f  non- i r radia ted  
SCID mice  (Fig. 1). Since it was reported that low-dose  ir- 
radiation o f  SCID mice is required for effective B M  recon-  
st i tut ion (18), 4 Gy irradiation C B 1 7 / - S C I D  mice  were 
transferred wi th  liver M N C  or B M  cells o f  B A L B / c  mice. 
The  results demonstra ted that liver M N C  as well as B M  
cells could fully reconsti tute thymocytes  (Fig. 1, Table  1). 
In addit ion,  hepatic M N C  could reconstruct  thymus more  
rapidly than B M  cells. After transfer o f  hepatic M N C  from 
normal  mice,  D P  thymocytes  emerged in the thymus of  
SCID mice wi th in  1 wk, whereas 2 wk  were required for 
B M  cells to induce  D P  thymocytes  (Fig. 1). 4 wk  after liver 
or B M  M N C  transfer, T cells (CD3 +) and B cells (B220 +) 
were detected in the spleen. In the case o f  l iver M N C  
transfer, IL-2P,[3 + in termediate  C D 3  + cells as well  as 
IL2R[3-  bright C D 3  + cells appeared in the spleen, while  
B M  cells transfer induced  only  a small popula t ion  o f  IL- 
2 R ~  + in termediate  C D 3  + cells. These T and B cells may 
inc lude  cells expanded from T and B cells conta ined  in 
transferred liver M N C  or B M  cells or normal  mice as well 
as cells from their precursors. C B 1 7 / - S C I D  mice that re- 
ceived either B M  cells or hepatic M N C  o f  BALB/c  nfice 
were still alive 4 m o  later, whereas mice that received sple- 
nocytes died wi th in  2 wk. 
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Figure 1. (a) Liver MNC in- 
duce DP thymocytes in non- 
irradiated and irradiated SCID 
mice. 107 hepatic MNC of 
BALB/C mice were injected 
into non-irradiated SCID mice 
(1st panel). CD4 and CD8 ex- 
pression of thymocytes of 4 Gy 
irradiated SCID mice 7 d after 
injection of 107/hepatic MNC 
of t3ALB/C mice (2rid panel). 
CD4 and CD8 expression of 
thymocytes of irradiated SCID 
mice 7 and 14 d after injection of 
1{) 7 BM cells of BALB/C mice 
(3rd and 4th panels). (b) Transfer 
of liver and BM MNC of normal 
mice could induce T cells and B 
cells in the spleen. 4 wk after 
transfer, spleens were examined. 



T a b l e  1. Number of Cells Obtained fiom Irradiated CB 171-SCID Mice Reconstituted with Liver M N C  or BM Cells of BALB/c Mice 

Number  of ceils in organs 
Transferred Days after 

Mouse cells transfer Liver Spleen Thymus 

BALB/c None 

SCID None 

SCID (4Gy) Liver M N C  

BM 

5( I06 + SD 

4.8 + 0.8 157.9 -+ 59.9 225.0 -- 61.3 

1.1 +-- 0.2 10.0 + 3.6 5.0 + 1.6 

7 0.8 + 0.1 21.7 -4- 5.7 0.3 --+ 0.0 

14 2.1 + 0.1 31.5 +-- 4.5 33.5 ---+ 9.5 

21 2.7 + 0.4 45.0 + 5.1 220.0 + 45.0 

82 10.4 + 0.9 227.0 + 55.3 121.0 + 20.0 

7 0.8 + 0.2 15.8 -+ 2.7 0.1 -+ 0.0 

14 1.2 + 0.1 18.5 + 3.9 8.8 + 2.9 

21 9.0 -+ 1.0 17.4 + 2.3 284.0 + 38.2 

107 liver MNC and BM cells of BALB/c mice were transferred into 4 Gy irradiated SCID mice, the cell numbers in livers, spleens and thymus were 
examined on indicated days after transfer. Data shown are mean - SD of five individual mice. 

c-kit + Cells are Present Not Only in BAll but Also in the La'ver. 
T h e  fact that l iver M N C  can reconst i tute  thymus  and ex-  
t ra thymic T cell deve lopmen t  takes place in  the liver (8-  
13) led us to search for precursors in  the liver. It was found  
that a small p ropor t ion  o f  c-ki t  + cells are also present  in  the 
liver o f  no rma l  mice,  wh i c h  were  main ly  detected in  a 
large blastic popu la t ion  (Fig. 2). These c-ki t  + cells in the 
l iver are lineage marker  negat ive (CD3 , B 2 2 0 - ,  M a c - l - ,  
G r - l - ,  and T E K 1 1 9 - )  (Fig. 2). T h e  popula t ion  o f  hepatic 
c-ki t  + cells was unaffected by  perfusion o f  the l iver wi th  
PBS f rom portal vein,  as was previously demonst ra ted  in 
the case o f  o ther  l ympho id  cells in the l iver (16) (not 
shown).  

Induction of D P  Thymocytes by Hepatic c-kit+Cells and 
C D 3 - B 2 2 0 -  Fraction but Not c-kit- Ceils. Transfer  o f  he -  
patic c-ki t  + cells and C D 3 - B 2 2 0 -  cells could induce  pro-  
duc t ion  o f  D P  thymocytes  wi th in  1 wk,  while  B M  c-kit  + 
cells took  2 w k  to generate D P  thymocytes  (Fig. 3). It is 
no tewor thy ,  however ,  that hepatic c-ki t  + cells alone could  

no t  effectively reconst i tute thymocytes;  hepatic c -k i t -  cells 
were also needed  to efficiently reconstruct  the thymus,  es- 
pecially at early per iod o f  reconst i tut ion,  as revealed by  a 
greatly reduced thymus  size w h e n  c -k i t -  cells were absent 
(Table 2). Interestingly,  splenocytes could no t  fulfill the 
suppor t ing  role played by hepatic c -k i t -  cells (Table 2). 

Increase of c-kit + Ceils in the Liver and B M  of SCID Mice af- 
ter Transfer of Liver M N C .  2 w k  after transfer o f  hepatic 
M N C  into  irradiated SCID mice,  c-ki t  + cells markedly in -  
creased no t  only  in  the l iver bu t  also in  BM,  wh ich  suggest 
that c-ki t  + cells were actively proliferating in  bo th  sites 
(Fig. 4). 

Hepatic M N C  Can Reconstitute B M  Stem Cells. T o  test 
whe the r  or no t  hepatic M N C  can reconst i tute  B M  stem 
cells that are com m i t t ed  to T and B cells, and to conf i rm 
that B cells found  in the per iphery o f  S C l D  mice was no t  
mere ly  the result o f  expansion o f  B cells conta ined  in he -  
patic M N C  of  normal  mice,  B M  cells as well  as liver M N C  
from S C l D  mice,  wh ich  had been  rescued wi th  hepatic 
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Figure 2. c-kit + cells are pres- 
ent in hepatic MNC as well as in 
BM cells of BALB/c mice. P,1 
gated a large blastic population 
and P,2 gated a population of 
smaller cells. These c-kit + cells 
are Lin-. 
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Figure 3. Transfer of c-kit + 
cells and the fraction of non-T 
and non-B cells of BALB/c 
mice, but not c-kit cells, in the 
liver induced DP thymocytes 
within a week. Transfer of BM 
c-kit + cells of BALB/c mice re- 
quires 2 wk or more to induce 
DP thymocytes. 5 X 104 sorted 
c-kit + Lin- cells, 2 • 106 
CD3-B220 cells and 2 • 106 
c-kit Lin- cells in the liver of 
BALB/c mice were transferred 
into 4Gy irradiated SCID mice 
(1st to 3rd panels) and CI)4 and 
CI)8 staining of thymocytes was 
examined at indicated day. 5 X 
104 BM c-kit + cells were also in- 
jected and thymocytes were ex- 
amined on day 2~ (411t panel). 

M N C  from normal mice 12 wk before, were further trans- 
ferred into other irradiated SClD mice after depletion of  B 
cells. The  result showed that thymus was efficiently recon- 
stituted and B cells (13220 + as well as surface Ig M +) could 
again emerge within 4 wk (Fig. 5). 

Hepatic c-kit + Cells Can Reconstitute Myeloid as Well as 
Erythroid Lineage Cells. To examine the capability of  he- 
patic c-kit + cells to produce multiple lineage cells, hepatic 
c-kit + cells o f  B6-Ly5.1 mice were transferred into irradi- 
ated B6 SCID (Ly5.2) mice. Donor  derived cells (except 
mature erythrocytes) can be descriminated by anti-Ly5.1 
Ab from host Ly5.2 + cells. Within 4 wk after transfer, 

Table 2. Number of thymocytes in CB17 / -SCID Mice 
Reconstituted with Liver c-kit + Cells of BALB/c  Mice 

Mean no. of  
Transferred cells Days after transfer thymocytes 

Liver c-kit + 

Liver c-ki t -  

Liver c-kit + + c-ki t -  

Liver c-kit + + splenocytes 

x 70 s 

7 1.4 

14 2.0 

21 9.7 

7 1.0 

10 1.9 

7 1.8 

i4  14.5 

21 140.0 

7 2.0 

14 1.8 

21 5.2 

5 • 104 sorted hepatic c-kit + cells, and 5 • 104 c-kit + cells with either 
2 X 106 hepatic c-kit- cells or 2 • 106 splenocytes were transferred 
into irradiated SCID mice. The number of liver MNC, splenocytes and 
thymocytes were counted on indicated days after transfer. SCID mice 
reconstituted by liver c-kit- cells died within 2 wk. Repeated experi- 
ments showed similar results. 

Ly5.1 + myeloid as well as erythroid lineage cells appeared 
in  B M  or  pe r iphe ra l  b l o o d  (Fig. 6). S ignif icant  popu la t ions  

o f  B M  Gr-1  + cells (g ranulocy te  l ineage)  and  T E R - 1 1 9  + 

cells ( e ry th ro id  l ineage)  appea red  in  the  B M  and  per iphera l  
b lood.  LyS.1 + M a c - 1  + G r - 1 -  cells ( m a c r o p h a g e  l ineage)  

w e r e  also de t ec t ed  in  B M  b y  t h r e e - c o l o r  f l o w c y t o m e t r i c  

analysis. T h e s e  results s t rongly  suggest  tha t  l iver  c -k i t  + cells 

are i n d e e d  p l u r i p o t e n t  s t em cells. 

Liver Intermediate T C R  Cells Differentiate Extrathymically in 
the Liver. N e x t ,  C D 3 - I L - 2 R [ 3 -  popu la t i ons  o f  hepa t ic  
M N C  or  B M  cells o f  C 5 7 B L / 6  mice  we re  t ransfer red  in to  

i r radia ted B 6  S C I D  mice .  10 d after  transfer,  m a n y  C D 3  + 
IL-2P,.[3 + cells (most ly  N K 1 - )  appea red  in  the  liver. He re ,  

the  in tens i ty  o f  T C R  is i n t e r m e d i a t e  level ,  as c o m p a r e d  to 

t h y m u s  de r ived  IL-2IL[3-  b r igh t  T C t L  cells; i n t e r m e d i a t e  
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Figure 4. 

13 i, 
B 2 2 0  

Appearance of a large number of c-kit + cells in the liver and 
BM of irradiated SCID mice after transfer of hepatic MNC. 2 wk after 
transfer of 1 • 107 of total hepatic MNC into irradaited SCID mice, BM 
and liver MNC were examined. 
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Figure 5. Induction ofDP thy- 
mocytes and 13 ceils in the irradi- 
ated SCID mice by hepatic 
MNC or BM cells of SCID 
mice, which had been rescued 
by hepatic MNC. B cell depleted 
107 hepatic MNC or BM cells of 
SCID mice that had been irradi- 
ated and rescued by hepatic 
MNC of BALB/c mice were 
further transferred into other ir- 
radiated SCID mice. 2 wk after 
transfer, thymocytes were exam- 
ined for their CD4 and CD8 ex- 
pression ( lst and 2nd panels), and 
splenocytes were examined for 
their CD3 and B220 or surface 
IgM expression 4 wk after wansfer. 

T C R  is characteristic o f  extrathymic T cells, as shown pre-  
viously (11-13) and demonstrated here (Fig. 7). Namely,  
although control  liver T cells consist o f  lL-2RI3 + in terme-  
diate TCR. cells and IL-2RI3-  bright T C R  cells, virtually 
all liver T cells o f  SCID mice reconsti tuted with C D 3 - I L -  
2R13- liver or  B M  cells were intermediate T C R  cells 
(mainly IL-2R.I3 +) (Fig. 7). The  number  o f  these T cells in 
the hver reconsti tuted by hepatic C D 3 - I L - 2 R I 3 -  cells o f  
normal mice was much greater than that induced by B M  
C D 3 - I L - 2 R I 3 -  cells (Fig. 7), while a larger populat ion o f  
N K  cells were induced by the transfer o f  B M  C D 3 - I L -  
2R]3-  cells than the transfer o f  hepatic CD3-IL-21L~3- 
cells (Fig. 7). A smaller populat ion o f  intermediate T C R  
cells (but not  bright T C R  cells) was also found in the 
spleen at an early stage o f  reconstruction, but  after thymic 
reconstitution (beyond 2 wk  after liver or  B M  M N C  trans- 
fer) accompanied by the appearance o f  single positive T 
ceils with bright TCP. ,  bright TC1L cells gradually in-  
creased in the spleen and periphery as well as in the liver 
(data not  shown). 

Discussion 
It is well known  that the fetal liver is a major hematopoi -  

etic organ (19, 20), whereas the hematopoiet ic  function o f  
the liver seems to be abrogated at later stage o f  the fetus in 
humans and after birth in mice. In this report,  however ,  we 
demonstrate that the adult mouse liver M N C  contain not  
only c-kit  + thymocyte  precursors but  also c-ki t  + stem cells 
that can reconstitute multiple lineage cells in SCID mice. 

The  thymus o f  irradiated SCID mice could be fully re- 
constructed by the transfer o f  hepatic M N C  or B M  cells. In 
addition, hepatic M N C  or c-kit  + cells could reconstruct 
thymus more  rapidly than B M  cells or  B M  c-kit  + cells. B M  
cells as well as liver M N C  from SCID mice which had 
been rescued with  hepatic M N C  from normal nfice could 
further reconstitute thymus and B cells o f  other irradiated 
SCID mice, suggesting that liver M N C  can reconstitute 
B M  stem cells. Moreover ,  when liver c-ki t  + cells o f  B6- 
Ly5.1 mice were transferred into irradiated B6 SCID mice, 
Ly5.1 + myeloid and erythroid lineage cells were detected in 
peripheral blood or BM. Further, transfer of  CD 3- IL -2RI3 -  
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Figure 6. Liver c-kit + cells of 
B6-Ly5.1 mice could induce 
myeloid as well as erythroid lin- 
eage cells. 4 wk after transfer of 2 
• 10 s c-kit + cells of B6-LyS.1 
mice into irradiated B6 SCID 
mice (Ly5.2), peripheral blood 
cells (PB) and BM were stained 
by anti-Ly5.1, Gr-1, TER119, 
and Mac-1 mAbs. For Mac-I 
and Gr-1 staining, three-color 
flowcytometric analysis of cells 
was carried out after staining 
with anti-Ly5.1, Mac-1 and Gr-1 
mAbs. 
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Figure 7. Induction ofT cells with intermediate TCR and NK cells in 
the liver of B6 SCID mice from CD3 IL-2R~- cells of hepatic MNC or 
BM cells of B6 mice. 1 • 106 sorted CD3-IL-2R~- cells of hepatic 
MNC or BM cells of C57BL/6 mice were transferred into irradiated B6 
SCII) mice. 10 d after transfer, phenotype of liver MNC were examined. 
Control data is from a nomaal B6 mouse. 

populations o f  hepatic M N C  or B M  cells of  C57BL/6  
mice into irradiated B6 SCID mice resulted in the appear- 
ance of  many CD3+IL-2k13 + cells with intermediate T C R  in 
the liver before thymic reconstitution, confirming that liver 
is the site where extrathymic T cell differentiation occurs. 

The  pro to-oncogene ,  c-kit,  encodes a transmembrane 
receptor  o f  the tyrosine kinase gene family (21) and is re- 
ported to be an essential molecule for constitutive hemato-  
poiesis in B M  (22 ,  2 3 ) ,  and plur ipotent  stem cells in BM 
are surface c-kit  + (1, 2). This study strongly suggests that 
these c-kit  + pluripotent  stem cells are also present in the 
liver of  adult mice. In addition, the fact that the hepatic c-kit + 
cells can generate DP thymocytes faster than BM c-kit  + 
cells and that hepatic C D 3 - I L - 2 F q 3 -  M N C  could more 
efficiently produce hepatic CD3 + cells with intermediate 
TCI< than BM C D 3 - I L - 2 R I 3 -  cells indicates that the he-  
patic c-kit  + cells contain more  differentiated T cell progen-  
itors o f  both  intrathymic and extrathymic T cell lineages. 
Further, hepatic M N C  transfer could increase c-kit  + cells 

in BM. These findings suggest that hepatic M N C  contain 
stem cell populations at heterogeneous stages o f  differentia- 
tion. It was reported that c-ki t  + cells in the thymus also can 
reconstitute thymocytes faster than BM c-kit  + cells, al- 
though they were not  already pluripotential  (24-26). It is 
possible that a populat ion o f  liver c-kit  + cells preferentially 
migrate into thymus, while another population mainly mi-  
grates into B M  to reconstitute B M  c-kit  + ceils. A detailed 
comparison o f  surface markers o f  c-kit  + cells in the liver, 
B M  and thymus is now underway. 

Another  interesting point  is that hepatic c -k i t -  cells are 
needed to efficiently reconstruct thymus, because hepatic 
c-kit + cells alone could only reconstruct a thymus o f  much 
smaller size. However ,  the fact that this supporting effect o f  
c -k i t -  cells o f  the liver could not  be assumed by spleno- 
cytes indicates that effective thymic reconstruction, espe- 
cially in early per iod of  reconstitution, depends upon the 
interaction o f  thymic epithelial cells with certain cells in 
the liver different from splenocytes. It is also suggested that 
donor  liver derived c-kit  + cells in host B M  do not  need 
liver c -k i t -  cells any more,  because whole BM ceils o f  
SCID mice rescued by liver M N C  could effectively recon-  
stitute thymus o f  other irradiated SCID mice. 

The  present results raise the possibility that these stem 
cells may originate in bone marrow and migrate to the liver 
after birth. Another  possibility is that a small number  of  
stem cells in fetal liver remain in the liver even after birth. 
At present, it can not be decided which is the case. Accord-  
ing to a recent report  (27) some hepatic M N C  which 
firmly interact with hepatocytes have been detected in Disse's 
space and hepatocyte damage markedly decreased liver T 
cells. Considering the fact that the perfusion o f  the liver do 
not  change the populat ion o f  c-kit  + cells in the liver, the 
possibility is raised that the maturation and differentiation 
of  stem cells or precursor cells in the liver could occur in 
such parenchymal spaces rather than in the liver sinusoids. 

Finally, the present results may offer a new insight into 
the host tolerance after liver transplantation (28-31). Stem 
cells in the liver o f  the donor  may provide leukocytes to 
the host and create a donor  host chimera that may contr ib-  
ute for decreasing the rate o f  rejection o f  other organ trans- 
plantations in the host. 
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cine, Niigata 951 Japan. 

Received for publication 15January 1996 and in revised form 20 May 1996. 

References 
1. Ogawa, M., Y. Matsuzaki, S. Nishikawa, S. Hayashi, T. 

Kunisada, T. Sudo, T. Kina, H. Nakauchi, and S.-I. Nish- 
ikawa. 1991. Expression and function of c-kit in hematopoi- 
eric progenitor cells.J. Exp. Med. 174:63-71. 

2. Okada, S., H. Nakauchi, K. Nagayoshi, S. Nishikawa, S.-I. 
Nishikawa, Y. Miura, and T. Suda. 1991. Enrichment and 
characterization of murine hematopoietic stem cells that ex- 

press c-kit molecule. Blood. 78:1706-1712. 
3. Ferguson, A., and D.M. Parrott. 1972. The effect of antigen 

deprivation on thymus-dependent and thymus-independent 
lymphocytes in the small intestine of the mouse. Clin. Exp. 
Immunol. 12:477-488. 

4. Mosley, P,.L., D. Styre, andJ.R. Klein. 1990. Differentiation 
and functional maturation of bone marrow-derived intestinal 

692 Stem Cells in Adult Mouse Liver 



epitherial T cells expressing membrane T cell receptor in 
athymic radiation chimeras.J, lmmunol. 145:1369-1375. 

5. Mosley, R.L., D. Styre, and J.R. Klein. 1990. CD4+CD8 + 
murine intestinal intraepithelial lymphocytes. Int. Immunol. 2: 
361-365. 

6. Bandeira, A., S. Itohara, M. Bonneville, O. Burlen-Defra- 
noux, T. Mota-Santos, A. Coutinho, and S. Tonegawa. 
1991. Extrathymic origin of intestinal intraepithelial lympho- 
cytes bearing T-cell antigen receptor gamma delta. Proc. Natl. 
Acad. Sci. USA. 88:43-47. 

7. Rocha, B., P. Vassalli, and D. Guy-Grand. 1991. The V[3 
repertoire of mouse gut homodimeric ot CD8+ intraepithe- 
lial T cell receptor oL/13 + lymphocytes reveals a major ex- 
trathymic pathway of T cell differentiation. J. Exp. Med. 173: 
483-486. 

8. Ohteki, T., S. Seki, T. Abo, and K. Kumagai. 1990. Liver is a 
possible site for proliferation of abnormal CD3+4-8 - double- 
negative lymphocytes in autoimmune MRL-lpr/lpr mice. J. 
Exp. Med. 172:7-12. 

9. Seki, S., T. Abo, T. Masuda, T. Ohteki, A. Kanno, K. 
Takeda, H. Rikiishi, H. Nagura, and K. Kumagai. 1990. 
Identification of activated T cell receptor ",/8 lymphocytes in 
the liver of tumor-bearing hosts. J. Clin. Invest. 86:409-415. 

10. Ohteki, T., T. Abo, S. Seki, T. Kobata, H. Yagita, K. Oku- 
mura, and K. Kumagai. 1991. Predominant appearance of 3'8 
T lymphocytes of mice after birth. Eur.J. lmmunol. 21:1733- 
1740. 

11. Seki, S., T. Abo, T. Ohteki, K. Sugiura, and K. Kumagai. 
1991. Unusual et [3-T cells expanded in autoimmune lpr 
mice are probably a counterpart of normal T cells in the liver. 
J. hnmunol. 147:1214-1221. 

12. Abo, T., H. Watanabe, T. Iiai, M. Kimura, K. Ohtsuka, K. 
Sato, M. Ogawa, H. Hirahara, S. Hashimoto, H. Sekikawa, 
and S. Seki. 1994. Extrathymic pathways ofT-cell differenti- 
ation in the liver and other organs. Inter. Rev. Immunol. 11: 
61-102. 

13. Sato, K., K. Ohtsuka, K. Hasegawa, S. Yamagiwa, H. Wa- 
tanabe, H. Asakura, and T. Abo. 1995. Evidence for ex- 
trathymic generation of intermediate T cell receptor cells in 
the liver revealed in thymectomized, irradiated mice sub- 
jected to bone marrow transplantation, j .  Exp. Med. 182: 
759-767. 

14. Bosma, G.C., R.P. Custer, and M.J. Bosma. 1983. A severe 
combined immunodeficiency mutation in the mouse. Nature 
(Loud.). 301:527-530. 

15. Scheid, M.P., and D. Triglia. 1979. Further description of the 
Ly-5 system, lmmunogenetics. 9:423-433. 

16. Fulop, G.M., and R.A. Phillips. 1986. Full reconstitution of 
the imnmne deficiency in scid mice with normal stern cells 
requires low-dose irradiation of the recipients. J. Imrnunol. 
136:4438-4443. 

17. Watanabe, H., K. Ohtsuka, M. Kimura, Y. Ikarashi, K. 
Ohmori, A. Kusumi, T. Ohteki, S. Seki, and T. Abo. 1992. 
Details of an isolation method for hepatic lymphocytes in 
mice. J. Immunol. Methods. 146:145-154. 

18. Goossens, P.L., H. Jouin, G. Marchal, and G. Milon. 1990. 

Isolation and flow cytometric analysis of the free lympho- 
myeloid cells present in murine liver. J. Immunol. Methods. 
132:137-144. 

19. Abramson, S., R.G. Miller, and R.A. Phillips. 1977. The 
identification in adult bone marrow of pluripotent and re- 
stricted stem cells of myeloid and lymphoid systems. J. Exp. 
Med. 145:1567-1579. 

20. Owen, J.J., and M.A. Ritter. 1969. Tissue interaction in the 
development of thymus lymphocytes. J. Exp. Med. 129: 
431-442. 

21. Qiu, F.H., P. Ray, K. Brown, P.E. Barker, S. Jhanwar, F.H. 
Ruddle, and P. Besmer. 1988. Primary structure of c-kit: re- 
lationship with the CSF-1/PDGF receptor kinase family- 
oncogenic activation of v-kit involves deletion of extracellu- 
lar domain and C terminus. EMBO (Eur. Mol. Biol. Organ.)J. 
7:1003-1011. 

22. Geissler, E.N., M.A. Ryan, and D.E. Housman. 1988. The 
dominant-white spotting (W) locus of the mouse encodes the 
c-kit proto-oncogene. Cell. 55:185-192. 

23. Chabot, B., D.A. Stephenson, V.M. Chapman, P. Besmer, 
and A. Bemstein. 19881 The proto-oncogene c-kit encoding 
a transmembrane tyrosine kinase receptor maps to the mouse 
Wlocus. Nature (Loud.). 335:88-89. 

24. Godfrey, D.I., A. Zlotnik, and T. Suda. 1992. Phenotypic 
and functional characterization of c-kit expression during in- 
trathymic T cell development.J. Immunol. 149:2281-2285. 

25. Wu, L., M. Antica, G.R. Johnson, R. Scollay, and K. Short- 
man. 1991. Developmental potential of the earliest precursor 
cells in the adult mouse thymus. J. Exp. Med. 174:1617- 
1627. 

26. Matsuzaki, Y., J. Gyotoku, M. Ogawa, S.-I. Nishkawa, Y. Kat- 
sura, G. Gachelin, and H. Nakauchi. 1993. Characterization 
of c-kit positive intrathymic stem cells that are restricted to 
lymphoid differentiation. J. Exp. Med. 178:1283-1292. 

27. Kawachi, Y., K. Arai, T. Moroda, T. Kawamura, H. Umezn, 
M. Naito, K. Ohtsuka, K. Hasegawa, H. Takahashi-Iwanaga, 
T. Iwanaga, et al. 1995. Supportive elements for hepatic T 
cell differentiation: T cell expressing intermediate levels of 
the T cell receptor are cytotoxic against syngeneic hepatoma, 
and are lost after hepatocyte damage. Eur. J. Immunol. 25: 
3452-3459. 

28. Kamada, N., H.S. Davies, and B. Koser. 1981. Reversal of 
transplantation immunity by liver grafting. Nature (Dud.). 
292:840-842. 

29. Starzl, T.E., A.J. Demetris, N. Murase, A.W. Thomson, M. 
Trucco, and C. Ricordi. Donor cell chimerism permitted by 
immunosuppressive drugs: a new view of organ transplanta- 
tion. 1993. Immunol. Today. 14:326-332. 

30. Calne, R., and H. Davies, 1994. Organ graft tolerance; the 
liver effect. Lancet. 343:67-68. 

31. Lu, L.,J. Woo, A.S. Rao, Y. Li, S.C. Watkins, S. Qian, T.E. 
Starzl, A.J. Demetris, and A.W. Thomson. 1994. Propagation 
of dendritic cell progenitors from normal mouse liver using 
grannlocyte/macrophage colony-stimulating factor and their 
maturational development in the presence of type-1 collagen. 
J. Exp. Med. 179:1823-1834. 

693 Watanabe et al. 


