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Hematopoietic stem cells (HSCs) reside predominantly in bone marrow, but low 
numbers of HSCs are also found in peripheral blood. We examined the fate of 
blood-borne HSCs using genetically marked parabiotic mice, which are surgi- 
cally conjoined and share a common circulation. Parabionts rapidly established 
stable, functional cross engraftment of partner-derived HSCs and maintained 
partner-derived hematopoiesis after surgical separation. Determination of the 
residence time of injected blood-borne progenitor cells suggests that circulating 
HSCsIprogenitors are cleared quickly from the blood. These data demonstrate 
that HSCs rapidly and constitutively migrate through the blood and play a 
physiological role in, at least, the functional reengraftment of unconditioned 
bone marrow. 

Bone marrow (BM) transplantation is a com- 1). Thereafter, blood chimerism remained sta- 
mon procedure wherein suspensions of cells are ble, with no significant difference between chi- 
harvested from marrow cavities and intrave- merism of CD45.1 and CD45.2 partners (8). 
nously injected into patients or animals whose To test for engrafhnent of unconditioned 
blood-forming system is compromised by radio- BM by circulating HSCs, we separated estab- 
andlor chemotherapy. The donor cells colonize lished pairs of parabiotic mice for 7, 10, or 22 
the ablated marrow and reconstitute blood-form- weeks before analysis of their blood and BM 
ing capacity (1). It is not clear, a priori, why BM for chimerism. BM was analyzed by flow cy- 
transplantation should work. Why should hema- tometry for the presence of partner-derived 
topoietic stem and progenitor cells isolated from long-term (LT) HSCs, defmed by the surface 
resting BM accurately home to hematopoietic phenotype Thy-1. 1I0Lineage-Sca- 1 'c-Kit+ 
BM niches? Is this simply a random event or are (9-13), and blood was analyzed for the pres- 
the cells taking advantage of a normal physio- ence of partner-derived mature blood cells (Fig. 
logical process--blood to BM homing-that 2 and Table 1). After 7 weeks of parabiosis, 
exists in the absence of BM ablation? To inves- surgical separation, and an additional 7 weeks 
tigate these questions, we examined the behav- as individuals, nine of nine surviving mice from 
ior of the hematopoietic stem and progenitor five pairs had chimeric granulocyte compart- 
cells that normally exist in the blood. ments (Table 1, experiment 1). Because gran- 

Although most adult HSCs reside in BM ulocytes are short lived [life-span -1 day (14)] 
and marrow is the principal site of adult hema- and maturation of these cells from nonrenewing 
topoiesis, it has been known for nearly 40 years progenitor cells requires less than 4 weeks (15), 
that hematopoietic precursors are also present partner-derived granulocytes present 7 weeks 
in the peripheral blood of normal animals (2- after separation must have been generated from 
4). However, whether blood-borne HSCs play a BM engrafting LT-HSCs, which give rise to 
role in BM or extramedullary hematopoiesis granulocytes for life, or from short-term HSCs 
has remained unclear. To evaluate the physio- (ST-HSCs), which give rise to granulocytes for 
logical relevance of circulating HSCs, we gen- only -6 to 8 weeks (9). 
erated pairs of parabiotic mice, in which part- Ten or 22 weeks after separation, previously 
ners differed at the CD45 locus (CD45.1 and parabiosed mice were killed and analyzed for 
CD45.2) (5-7). Cross circulation was estab- chimerism of BM LT-HSCs (Fig. 2 and Table 
lished by day 3 after surgical joining, and blood 1). In five of five surviving mice from three 
chimerism reached -50% by days 7 to 10 (Fig. pairs analyzed after 22 weeks of separation, all 
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In mice that have received granulocyte col- 
ony-stimulating factor (G-CSF) or cyclophos- 
phamide (Cy) plus G-CSF to mobilize HSCs 
and progenitors into blood, the spleen becomes 
a major homing site of mobilized cells (11, 17). 
However, the spleen is only a low-efficiency 
site of hematopoiesis (18), and so, in parabiotic 
pairs 2 and 3 (Table I), we splenectomized one 
partner before parabiosis to attempt to enhance 
our ability to detect partner-derived marrow 
LT-HSC engrafhnent and hematopoiesis (19). 
The splenectomized CD45.1 partner of pair 2 
died before analysis, but the surviving CD45.2 
partner had high levels of granulocyte and BM 
LT-HSC chimerism 22 weeks after separation 
(1 5% and 20%, respectively). In pair 3, both the 
splenectomized CD45.2 mouse and its CD45.1 
partner exhibited peripheral blood granulocyte 
chimerism (0.3% and 5.2%, respectively). The 
relatively high levels of chlmerism in partners 
of splenectomized mice are consistent with pre- 
vious reports describing increased numbers of 
circulating progenitors after splenectomy (20). 
Furthermore, these data indicate that the spleen 
is not required as a source of circulating HSCs 
for BM cross engrafhnent. 

Slightly increased chimerism of BM LT- 
HSCs was observed after longer intervals of 
parabiosis. Whereas mice joined for 16 weeks 
(experiment 2) exhibited LT-HSC chimerism 
about equivalent to that of animals joined for 
only 7 weeks, two animals from a pair joined 
for 39 weeks showed 8.1 and 8.8% BM LT- 
HSC chimerism (Table 1, experiment 3). 

Numerous cytokines and mediators of in- 
flammation can increase the number of cir- 
culating progenitors and HSCs in the mouse 
[for review, see (21)l. To control for the 
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Days post-surgery 

Fig. 1. Rapid establishment of cross circulation 
after parabiosis. Peripheral blood chimerism of 
parabiotic mice was determined by CD45 allo- 
type analysis. Data were obtained by flow cy- 
tometry and are plotted as the percentage of 
partner-derived blood leukocytes for a repre- 
sentative pair. W, CD45.1 cells in CD45.2 part- 
ner; 0,CD45.2 cells in CD45.1 partner. 
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Fig. 2. Cross engraftment of 
partner-derived LT-HSCs in BM 
of parabiotic mice. Mice were 
joined for 7 weeks and separat- 
ed 10 weeks before analysis. 
Contour and dot plots show 
staining profiles and gating of 
BM cells for CD45.1 and CD45.2 
LT-HSC. Boxes and irregular 
polygons indicate gates-the 
left-hand lot shows whole BM. 
the cente; plot shows only Thy- 
1.I1OLineage- cells, and the 
right-hand plot shows only Thy- 

0 1  1 10 100 1000 0.1 1 10 100 1000 0 1  1 10 100 
Lineage Sca-1 CD45.2 

l.llOLineage-Sca-l +c-Kitt cells (LT-HSCs). Numbers within plots represent the percentages of cells in the plot falling in gated areas. 

possibility that enhanced mobilization of LT- 
HSCs could be induced by parabiosis surgery 
or by the state of parabiosis, we compared the 
LT-HSC content of blood obtained from 
parabiotic pairs with that of blood from un- 
manipulated animals (22, 23) (Web fig. 1) 
(24). No significant differences were ob-
served in the levels of donor cell engraftment 
of animals competitively repopulated with 
parabiont blood (collected 24 hours, 72 
hours, or 10 days after surgery) or with con- 
trol blood. These data strongly suggest that 
enhanced LT-HSC mobilization is not re-
quired for BM cross engraftment, although 
we cannot exclude a potential effect of para- 
biosis on the kinetics of HSC exchange be- 
tween marrow and blood. 

To estimate the magnitude of hematopoietic 
stem and progenitor cell flux through the blood, 
we determined the rate of disappearance from 
circulation of intravenously transferred day 12 
colony-forming units-spleen (CFU-S,,) (25). 
In the BM, CFU-S,, colonies derive from LT- 
HSCs, ST-HSCs, multipotent progenitors 
(MPPs), common myeloid progenitors (CMPs), 
and megakaryocyte-erythroid progenitors 
(MEPs) (9, 26-28). In blood, the majority of 
CFU-S,, activity is contained within the Sca- 
1- fraction of blood cells. which is relatively 
enriched for myeloid committed progenitors 
(CMPs and MEPs) and depleted of Sca-lf 
HSCs; however, a low level of CFU-S,, activ- 
ity is also detected in the Sca-lf fraction of 
blood (Web fig. 2) (24). 

To assay the blood residence time of multi- 
potent and oligopotent progenitors and HSCs, 
we obtained lineage-depleted (Lit-) peripheral 
blood cells (29) from 10 primary donor mice 
and injected them intravenously into anesthe- 
tized primary recipients, whose blood was sam- 
pled through the tail vein before injection (pre- 
bleed) and at two time points (30 s and 6 min) 
after cell transfer. To measure CFU-S,, clear- 
ance, we injected collected blood from the pri- 
mary recipient into lethally irradiated secondary 
recipient mice and counted spleen colonies in 
secondary recipients 12 days later. 92.8% of 
CFU-S,, activity contained in peripheral blood 
of donor mice was cleared from the circulation 
within 30 s, and 99.6% was cleared within 6 
min (Fig. 3) (30) (see also Web fig. 3) (24). 

Table 1. Stable engraftment of B M  of unconditioned partners by LT-HSCs after 7 weeks of parabiosis. 
Pairs of mice were parabiosed for 7, 16, and 39 weeks in experiments 1, 2, and 3, respectively. In 
experiment 1, pairs were surgically separated for 7, 10, or 22 weeks before analysis. Data are presented 
as percentage of partner-derived granulocytes in peripheral blood (PB) or as percentage of partner- 
derived LT-HSC in BM.  No statistically significant differences in granulocyte or LT-HSC chimerism of 
CD45.1 versus CD45.2 mice were observed. 

Chimerism (%) 
Pair 
no. 

Weeks after 
separation 

Tissue 
analyzed CD45.1 

partner 
CD45.2 
partner 

Experiment 1 1 

Experiment 2 	 1 
2 
3 

Experiment 3 	 1 

*Animal died before the date of analysis. ?The partner of this animal was splenectomized before parabiosis surgery. 
:This animal was splenectomized before parabiosis surgery. §Sample lost. 

These data suggest rapid flux of HSCslprogen- 
itor cells in the circulation of normal animals. 

On the basis of phenotypic and functional 
analyses, we estimate that there are 100 to 400 
LT-HSCs in the blood of a mouse (1 7) (Web 
fig. 1) (24). This pool of blood-borne HSCs is 
relatively stable in frequency (Web fig. 4) (24), 
indicating that the flux of HSCs into the blood 
from BM and other tissues and the flux of HSCs 
out of the blood must be essentially the same. 
Thus, the rapid clearance from circulation that 
we observed for injected stendprogenitor cells 
may imply that large numbers of HSC pass 
through the bloodstream each day. However, 
our data do not exclude the possibility that a 
substantial component of this clearance rate may 
relate to an exchange of cells between a freely 
circulating state and a "marginated state, in 
which HSCs are effectively removed from cir- 
culation but remain in the vascular space 
through adherence to lumenal endothelial sur- 
faces. Marginated HSCs could immediately ex- 
travasate into tissue or, alternatively. could re- 

lease from the vessel wall to reenter the freely 
circulating pool. In this circumstance, each 
blood-borne HSC likely transits into and out of 
circulation several times, thereby reducing the 
absolute number of individual HSCs in the cir- 
culating pool. Thus, the rapid clearance of 
blood-borne HSCs from the free circulation 
does not necessarily imply eqivalent migration 
into and out of the marrow, and the marrow to 
blood influx rate of HSCs, as well as the fraction 
of blood-borne HSCs that are derived from mar- 
row versus extramedullary tissues, must still be 
determined. 

Although a complete description of the po- 
tential functions of blood-borne HSCs and oli- 
golineage hematopoietic progenitors will re-
quire further investigation, it is clear from the 
above data that at least some of these cells are 
capable of reengrafting BM. This possibility has 
been suggested by Quesenberry and colleagues, 
who reported high levels of donor BM chimer- 
ism after intravenous injection of large numbers 
of BM cells into unconditioned hosts (31, 32). 
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Fig. 3. Rapid clearance 
of peripheral blood 
CFU-S12 activity. Lin-
eage-depleted periph- 
eral blood cells col-
lected from 10 prima- 
ry donor mice were in- 
jected intravenously 
through the retroor-
bital sinus into anes-
thetized primary re-
cipients, whose blood 
was sampled through 
the tail vein before in- 
jection ("prebleed") Prebleed 30s 6m Direct 
and at two time transfer 
points after injection 
(30 sand 6 min). Blood collected from the primary recipient was injected intravenously into lethally 
irradiated secondary recipient mice, and spleen colonies in secondary recipients were counted 12 
days later. As a control, 5% of the lineage-depleted peripheral blood cells from the primary donor 
were injected directly into irradiated recipients ("direct transfer"), bypassing the primary recipient, 
so that the starting CFU-S12 content of the primary donors' blood could be determined. Data are 
presented as the mean number (?SD) of colonies per pl of transferred blood. n = number of 
secondary recipients transplanted in each group. Differences between "direct transfer" and each of 
the other experimental groups were statistically significant (P < 0.05). 

Our findings in parabionts considerably extend data also suggest a modification of current 
these observations. indicating that HSC engraft- thinking regarding mechanisms of induced 
ment of unconditioned BM does not depend on HSC and progenitor cell mobilization, as "mo- 
infusion of massive numbers of cells into the bilizing" agents may function not only by in- 
bloodstream and that cell turnover among BM creasing HSC emigration from BM but also by 
HSC niches in normal animals is likely greater inhibiting normal reenby of these cells into 
than previously appreciated. HSC migration tissues from the blood. Given the potential im-
may be important for redistribution of LT-HSCs portance of the constitutively circulating pool of 
within the BM compartment and may help to HSCs, further investigation of blood-borne 
maintain hematopoietic homeostasis by insuring HSCs phenotype, function, and evolutionary 
that HSC BM niches are not left unoccupied significance is of substantial interest. 
after HSC death or differentiation. Migratory 
HSCs may also function as an immediately 
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The thymus leukemia antigen (TL) is a nonclassical class I molecule, expressed 
abundantly on intestinal epithelial cells. We show that,  in contrast t o  other 
major histocompatibility complex (MHC) class I molecules that bind CD8aP, TL 
preferentially binds the  homotypic form of CD8a (CD8aa).  Thus, TL te t -  
ramers react specifically t o  CD8aa-expressing cells, including most intes- 
tinal intraepithelial lymphocytes. Compared with CD8aP, which recognizes 
the  same MHC as  the  T cell receptor (TCR) and thus acts as  a TCR coreceptor, 
high-affinity binding of CD8aa t o  TL modifies responses mediated by TCR 
recognition of antigen presented by distinct MHC molecules. These findings 
define a novel mechanism of lymphocyte regulation through CD8aa and 
MHC class I. 

Several nonclassical class I molecules are en- 
coded in the Tregion of the mouse MHC. These 
proteins are antigens and are named after the 
thymus leukemia antigen (TL) encoded by the 
T3/T18 gene pair (I). It is striking that TL 
displays nearly exclusive expression on epithe- 
lial cells of the small intestine (2). The expres- 
sion by intestinal epithelial cells has led to the 
hypothesis that TL could be recognized by 
TCRs expressed on intraepithelial lymphocytes 
(IELs) (3). IELs are an enigmatic subset of 
predominantly CD8+ T lymphocytes, which re- 
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side among epithelial cells. The unique location 
of these cells suggests that they may function in 
host defense, surveillance for damaged epitheli- 
um, or immune regulation. 

To identify T cells that might interact with 
TL, we generated TL tetramers using a baculo- 
virus expression system (4). As shown in Fig. 
lA, TL tetramers stained the majority of IELs, 
but not splenocytes, and only a small minority 
of thymocytes. Tetramer binding was indepen- 
dent of TCR specificity, and it bound TCRaP 
and TCRyG cells equally well (5). Thus, expres- 
sion of the TL recevtor bv IELs was distinct 
from the TCR. The staining of IELs with insect 
cell-derived TL indicates that tetramer binding 
was also independent of peptide loading to TL, 
consistent with previous evidence that TL does 
not bind peptides (6) .  

The a 3  domain of TL conserves the CD8a- 
binding motif defined for class I molecules (7). 
In light of the specific binding to IELs, which 
express the homodimeric form of CD8, CD8aa, 
we reasoned that TL tetramers might bind this 
invariant molecule. Consistent with thls, IELs 
from C D 8 a '  mice showed an almost complete 
absence of staining with the TL tetramer, where- 
as no reduction was observed on IELs from 
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C D 8 P '  mice (Fig. 1A). Similarly, thymocytes 
from C D 8 P '  mice, which in the absence of 
CD8P express CD8aa homodimers, showed 
elevated TL tetramer binding, as did the few 
remaining CD8+ splenocytes (Fig. 1A). Collec- 
tively, these data suggest that CD8aa, but not 
CD8aP, forms a specific receptor for the TL 

tetramer. TCR-deficient ~ ~ 5 1 4 7  The C D ~ - C D ~ - ,  
thymoma did not stain with TL tetramers unless 
first transfected with CD8a (Fig. lB), provid- 
ing fwther evidence that tetramer binding is 
not TCR-dependent or IEL-specific. Similarly, 
transfectants of the T cell hybridoma BI-141 
expressing CD8a alone reacted with the TL 
tetramer, whereas cells expressing CD4 did not 
(Fig. 1C). An antibody against TL (Fig. lB), as 
well as an antibody against CD8a (Fig. lC), 
could dub i t  tetramer binding. Unlike CD8aP- 
splenocytes, the TL tetramer bound the 
CD8ap+ transfectants too (Fig. 1C). However, 
multistep reciprocal irnmunoprecipitations ( 8 )  
revealed that large numbers of CD8aa mole- 
cules were coexpressed with CD8aP (Fig. 1D) 
and suggest that CD8aa might also be coex- 
pressed on the TL tetramer binding CD8apt 
IELs (5). 

To confirm the specific interaction of TL 
with CD8aa, direct binding studies were per- 
formed by surface plasmon resonance (9). TL 
monomer binding to CD8aa immobilized on a 
biosensor chip (10) exhibited fast association 
and disassociation rates, with an equilibriurn- 
binding constant (K,) of 12 FM (Fig. 2A). By 
contrast, saturation of TL binding with CD8aP 
could not be reached at the highest concentra- 
tion of TL (Fig. 2B). Consequently, an accurate 
K, value could not be determined, although 
scatchard analysis indicated a value of at least 
90 ILM (11). The class I molecule Kb did not 
show such a propensity and, in agreement with 
previous results, (10) bound with comparable 
affinity to CD8aa and CD8ap (Fig. 2). These 
data directly demonstrated a preferential and 
relatively high affinity binding of TL to CD8aa. 

We used a CD8a-deficient T cell hybridoma 
specific for SIINFEKLM-2Kb (12), and a 
CD8a-transfected variant, to examine the ef- 
fects of CD8aa-TL binding on TCR-mediated 
responses (13). OVA peptide-loaded RMA-H 
(TL-) thymoma cells, or TL-transfected vari- 
ants, were used to stimulate the T cells. Upon 
antigen activation by CD8aa-expressing target 
cells, TL' stimulator cells showed a significant- 
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