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Abstract

 

In humans, autologous transplants derived from bone mar-
row (BM) usually engraft more slowly than transplants
derived from mobilized peripheral blood. Allogeneic BM
transplants show a further delay in engraftment and have
an apparent requirement for donor T cells to facilitate en-
graftment. In mice, Thy-1.1

 

lo

 

Lin
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/lo

 

Sca-1
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 hematopoietic
stem cells (HSCs) are the principal population in BM which
is responsible for engraftment in syngeneic hosts at radio-
protective doses, and higher doses of HSCs can radioprotect
an allogeneic host in the absence of donor T cells. Using the
mouse as a preclinical model, we wished to test to what ex-
tent engraftment kinetics was a function of HSC content,
and whether at high doses of c-Kit
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Thy-1.1
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Lin
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Sca-1
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(KTLS) cells rapid allogeneic engraftment could also be
achieved. Here we demonstrate that engraftment kinetics
varied greatly over the range of KTLS doses tested (100–
10,000 cells), with the most rapid engraftment being ob-
tained with a dose of 5,000 or more syngeneic cells. Mobi-
lized splenic KTLS cells and the rhodamine 123

 

lo

 

 subset of
KTLS cells were also able to engraft rapidly. Higher doses
of allogeneic cells were needed to produce equivalent en-
graftment kinetics. This suggests that in mice even fully al-
logeneic barriers can be traversed with high doses of HSCs,
and that in humans it may be possible to obtain rapid en-
graftment in an allogeneic context with clinically achievable
doses of purified HSCs. (

 

J. Clin. Invest. 

 

1998. 101:961–966.)
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Introduction

 

The use of mobilized peripheral blood (MPB)

 

1

 

 transplants in
place of bone marrow (BM) has reduced the time required for
engraftment (1). As a result, patients suffer fewer infections,
require fewer platelet transfusions, and leave the hospital ear-

lier (1). The reduction in engraftment time could be attributed
to many factors, including mobilization of nonstem cell pro-
genitors, or mobilization of increased numbers of hematopoie-
tic stem cells (HSC), or both. Using a mouse model, we dem-
onstrated previously that BM HSC, defined by the phenotype
Thy-1.1
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/lo
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 (TLS) and c-Kit
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Thy-1.1
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Sca-1
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(KTLS), were responsible for radioprotection and long-term
multilineage reconstitution (2–4). KTLS BM cells include
long-term multilineage reconstitution HSC, short-term HSC,
multipotent progenitors, and some lymphoid progenitors (4).
We previously transplanted 10

 

6

 

 BM cells (which contain 

 

z

 

 500
TLS cells) in comparison with 500 purified TLS cells, and the
recovery kinetics of white blood cells (WBC), platelets, and
hematocrit were essentially indistinguishable (5). Here we
transplanted higher doses of BM KTLS cells or mobilized
KTLS cells; these high doses lead to dramatically reduced en-
graftment times. Even a primitive HSC subset was capable of
rapid engraftment. These results contradict the notion that pu-
rified HSC are incapable of early engraftment, and provide a
basis for understanding the efficacy of MPB transplants.

In humans, T cell–depleted BM transplants often fail to en-
graft across minor or major histocompatibility barriers. In the
mouse, pure Thy-1.1

 

lo

 

Lin

 

2

 

/lo

 

Sca-1

 

1

 

 allogeneic BM cells can en-
graft, but the protective dose for 95–100% of mice (PD95) was
10–50 times the usual dose for syngeneic transplants. To test
whether high-dose allogeneic KTLS transplants could both en-
graft and contribute to early appearance of WBC and plate-
lets, we transplanted 10

 

3

 

–10

 

4

 

 KTLS cells from C57Bl/Ka (H-2

 

b

 

)
into fully allogeneic BALB/c (H-2

 

d

 

) hosts; at higher doses,
there was rapid engraftment without indication of graft-versus-
host disease. A comparison of the dose-dependent engraft-
ment kinetics of syngeneic versus allogeneic KTLS cells re-
vealed that a 10-fold barrier existed for radioprotection, and
beyond that barrier the dose–response kinetics of engraftment
for allogeneic HSC is less. These results provide preclinical ev-
idence that purified HSC transplants can be used for syngeneic
(autologous) and allogeneic transplants with rapid and sus-
tained engraftment and without graft-versus-host disease.

 

Methods

 

Mouse strains and mobilization.

 

The C57Bl/Ka-Thy-1.1 (H-2

 

b

 

, Thy-
1.1, Ly-5.2), C57Bl/Ka (H-2

 

b

 

, Thy-1.2, Ly-5.2), and C57Bl/Ka-Thy-1.1
Ly-5.1 (H-2

 

b

 

, Thy-1.1, Ly-5.1) were bred and maintained in the ani-
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mal care facility at SyStemix (Palo Alto, CA). BALB/c mice (H-2

 

d

 

,
Thy-1.2, Ly-5.2) were purchased from Simonsen (Gilroy, CA) and
Taconic Farms (Germantown, NY). For mobilization treatment, mice
were injected intraperitoneally with cyclophosphamide (200 mg/kg)
(Cytoxan; Bristol Myers-Squibb, Princeton, NJ). The next day, the
mice were anesthetized and implanted with osmotic minipumps (Alza
Corp., Palo Alto, CA), for continuous infusion of G-CSF (190 

 

m

 

g/kg/d)
(Filgrastim; Amgen, Thousand Oaks, CA) for 7 d.

 

Purification of c-Kit

 

1

 

Thy-1

 

lo

 

Lin

 

2

 

/lo

 

Sca-1

 

1

 

 cells.

 

KTLS cells were
isolated from normal BM or spleens after mobilization treatment.
The antibodies used to remove cells with lineage markers included:
RA3-6B2 for the B lineage marker B220; RM.-5 (CD2), GK. 1.5
(CD4), 53-7.3 (CD5), and 53.6.72 (CD8) for T cell markers; RB6-8C5
(GR-1) and M1/70.15.11.5 (Mac-1) for myelomonocytic markers; and
TER-119 for erythrocytes. Antibodies specific for the lineage mark-
ers were obtained from PharMingen (San Diego, CA) and were de-
tected with phycoerythrin-conjugated polyclonal anti–rat antibody
(Caltag, South San Francisco, CA). The cells were incubated with bio-
tinylated Sca-1 mAb. Sca-1

 

1

 

 cells were positively selected using the
MACS

 

®

 

 magnetic bead system (Miltenyi Biotec, Auburn, CA). The
positively selected cells were further stained with fluorescein–conju-
gated-19XE5 (Thy-1.1), allophycocyanin–conjugated-2B8 (c-Kit), and
steptavidin Texas red (BioMeda, Foster City, CA). The labeled cells
were analyzed and sorted with a three laser FACS

 

®

 

 (Becton Dickin-
son, San Jose, CA). After sorting, the purity of KTLS cells was reana-
lyzed by flow cytometry. In a set of experiments, the sorted KTLS
cells were incubated with 0.2 

 

m

 

g/ml of rhodamine 123 (Rh123) dye
(Molecular Probes, Eugene, OR) for 30 min at 37

 

8

 

C. The cells were
washed and incubated at 37

 

8

 

C for 40 min to allow efflux of the Rh123
dye. KTLS cells were further separated into Rh123

 

lo

 

 and Rh123

 

mid-hi

 

subsets. About 15% of the KTLS cells were in the Rh123

 

lo

 

 gate. Since
the frequency of KTLS cells in BM is 

 

z

 

 0.04–0.09% in C57Bl-Thy-1.1
mice, Rh123

 

lo

 

 KTLS cells represent 

 

z

 

 0.006–0.01% of BM cells.

 

Stem cell transplantation and PB cell analysis.

 

Mice were lethally
irradiated 1 d before transplantation. For congenic transplants,
C57Bl/Ka mice were exposed to 1,100 rads in two split doses of 550
rads with a 3-h interval; for allogeneic transplants, BALB/c mice were
exposed to 900 or 950 rads in two split doses with a 3-h interval. The
next day, sorted KTLS or KTLS subsets were injected intravenously
into the retroorbital plexus. PB from the transplanted mice was ob-
tained (250 

 

m

 

l/mice) from the retroorbital sinus. 4–10 mice from each
group per time point were analyzed and in most cases, mice were bled
at only one time point. WBC, platelet, and hematocrits were counted
with a CELL-DYN 3500 (Abbott Diagnostics, Mt. View, CA) cali-
brated for mouse blood samples. The statistical significance of the dif-
ferences of hematological parameters between different doses of
HSC transplanted was determined by the two-tailed 

 

t

 

 test using Stat-
View (Abacus Concepts, Berkeley, CA).

 

Results

 

High doses of BM stem cells lead to rapid engraftment in synge-
neic (CD45 congenic) hosts.

 

Graded doses (100–10,000) of pu-
rified C57Bl/Ka-Thy1.1 KTLS cells were injected into lethally
irradiated C57Bl/Ka mice, and we monitored the number of
days it took for the level of cells in the blood to reach 10%
(500 WBC/

 

m

 

l of blood) and 20% (200,000 platelets/

 

m

 

l of
blood) of preirradiation values for WBC and platelets. Fig. 1 

 

A

 

shows a dose-dependent kinetic recovery of WBC: the mice
had reconstituted 500 WBC/

 

m

 

l on day 22 with 100 KTLS cells
(the PD95); on day 15 with 1,000 KTLS cells; and on day 11
with both the 5,000 and 10,000 cell doses. BM transplants in
humans usually achieve a WBC count of 500 cells/

 

m

 

l, from 14–
28 d after reconstitution, while MPB transplants can reach this
level 9–11 d after transplant (1, 6, 7). 5,000 mouse KTLS cells
reconstituted 200,000 platelets/

 

m

 

l by days 11–12, while the

PD95 (100 KTLS) reached these levels at 22–23 d after trans-
plant (Fig. 1 

 

B

 

). In fact, as early as 9 d after transplant, mice
transplanted with 5,000–10,000 KTLS cells displayed signifi-
cantly higher levels of WBC and platelets compared to mice
receiving 100 or 1,000 KTLS cells. As shown in Fig. 1 

 

C

 

, the
same pattern is repeated for the hematocrit levels; at high
KTLS doses the hematocrit never drops below 30%. Since the
KTLS cells represent 

 

z

 

 0.04–0.09% of the cells in BM of
C57Bl-Thy-1.1 mice, 5,000 KTLS cells would be contained in
5 

 

3

 

 10

 

6

 

–10

 

7

 

 cells. Host mice receiving 10

 

7

 

 BM cells displayed
recoveries of 856

 

6

 

55 WBC/

 

m

 

l and 426,000

 

6

 

82,000 platelets/

 

m

 

l
on day 11, both of which are higher than engraftment with
5,000 KTLS cells.

Figure 1. Hematopoietic re-
covery in lethally irradiated 
syngeneic mice transplanted 
with different cell doses of pu-
rified KTLS cells. Irradiated 
C57BL/Ka mice were injected 
with 100 (closed circles), 1,000 
(open triangles), 5,000 (closed 
triangles), or 10,000 (squares) 
KTLS cells from normal BM. 
The purity of KTLS popula-
tions was 94–99% by reanaly-
sis. The irradiation control 
mice were bled on days 0, 1, 3, 
5, 7, 9, 11, 12, and 14 (gray line, 
n 5 6–21 mice per point). 
WBC (A), platelet (B), and he-
matocrit (C) recovery kinetics 
are shown. The data represent 
the mean6SE obtained from 8 
independent experiments with 
4–10 mice/group in most cases. 
The dashed horizontal line 
represents recovery of blood 
levels to 500 WBC/ml (10% of 

preirradiation value), 200,000 platelets/ml (20% of preirradiation 
value), and 30% hematocrit (see Results). The statistical analyses 
were performed with data obtained from groups of mice that were in-
jected with KTLS cells, as compared to controls that were not in-
jected. WBC, no cells versus KTLS: 10,000 KTLS on day 9 (P , 
0.001), 5,000 KTLS on day 9 (P , 0.0001), 1,000 KTLS on day 11
(P , 0.0005), and 100 KTLS on day 14 (P , 0.0005). Platelets, no 
cells versus KTLS: 10,000 KTLS on day 9 (P , 0.0005), 5,000 KTLS 
on day 9 (P , 0.0005), 1,000 KTLS on day 9 (P , 0.01), and 100 
KTLS on day 14 (P , 0.001). Hematocrit, no cells versus KTLS: 
10,000 KTLS on day 11 (P , 0.0001), 5,000 KTLS on day 11 (P , 
0.0001), 1,000 KTLS on day 11 (P , 0.0001), and 100 KTLS on day 11 
(P , 0.001). WBC, 1,000 vs. 5,000 KTLS on day 9 (P , 0.001),
day 11 (P , 0.0001), and day 14 (P , 0.005). 100 vs. 1,000 KTLS on 
day 11 (P , 0.05), day 14 (P , 0.0001), day 16 (P , 0.0005), day 18
(P , 0.001), and day 21 (P , 0.0001). Platelets, 1,000 vs. 5,000 KTLS 
on day 11 (P , 0.0001) and day 14 (P , 0.005). 100 vs. 1,000 KTLS on 
day 11 (P , 0.05), day 14 (P , 0.001), day 16 (P , 0.0001), day 18
(P , 0.005), and day 21 (P , 0.001). Hematocrit, 1,000 vs. 5,000 
KTLS on day 11 (P , 0.005) and 1,000 vs. 10,000 on day 14 (P , 
0.05); 100 vs. 1,000 KTLS on day 14 (P , 0.05), day 16 (P , 0.0005), 
and day 18 (P , 0.05). There was no statistically significant difference 
in WBC, platelet, and hematopoietic recovery between 5,000 KTLS 
vs. 10,000 KTLS transplanted throughout this study (P . 0.05).
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High doses of mobilized HSC also engraft rapidly. In mice,
KTLS cells are mobilized to blood and spleen (8, 9). In Fig.
2 A, 5,000 mobilized spleen KTLS cells, as well as 5,000 BM
KTLS cells contributed to WBC and platelet recovery by day
11. No statistically significant differences were observed in
WBC, platelet, and hematocrit recovery between 5,000 KTLS
cells, whether from normal BM or mobilized KTLS popula-
tions. Thus, mobilized HSC are approximately equivalent to
BM HSC, and both are able to generate clinically relevant lev-
els of blood elements by day 11.

Transplantation of high numbers of a primitive subset of
HSC also leads to early engraftment. Rh123 is mainly excluded
from a primitive subset of HSC (10), partly due to the action of
the MDR-1 encoded P-glycoprotein, but also because this is a
mitochondrial dye and Rh123lo cells have fewer and/or less ac-
tive mitochondria (11–16). It was of interest to test whether
Rh123lo KTLS cells could give rise to early engraftment, or
whether engraftment would be delayed due to the need for
these primitive HSC to mature into more developed progeni-
tors. Therefore, 5,000 KTLS from BM were compared with ei-
ther 5,000 Rh123mid-hi KTLS or 5,000–6,000 Rh123lo KTLS sub-
sets (Fig. 2 B). The results (Fig. 2 C) show that on day 12 after
transplant the Rh123lo subset performed as well as either the
unfractionated or the Rh123mid-hi KTLS subset when WBC
counts were analyzed (all . 400 WBC/ml). Similarly, the trans-
plantation of 5,000–6,000 Rh123lo KTLS cells reconstituted
220,000 platelets/ml on day 12, whereas the Rh123mid-hi subset
and 5,000 unfractionated BM KTLS cells reconstituted 281,000
and 224,000 platelets/ml, respectively. Thus, high cell doses of
the Rh123lo HSC subset are equivalent to KTLS for early he-
matopoietic recovery. It is not yet known if rigorous selection
of the most primitive LT-HSCs will show the same effect.

High doses of BM stem cells lead to rapid engraftment in al-
logeneic hosts. It was shown that 1,000–6,000 mouse TLS cells
lacking detectable T cells can overcome barriers to transplan-
tation of hematopoietic cells across several allogeneic strain
combinations (17). In the following studies, purified C57Bl/
Ka-Thy1.1 KTLS (H-2b) cells were injected into lethally irradi-
ated (900–950 rads) fully allogeneic BALB/c mice (H-2d). This
HSC-host strain combination requires stem cells to engraft
across both minor and major histocompatiblilty barriers. As
predicted, 100 allogeneic KTLS cells did not radioprotect 95%
of the lethally irradiated BALB/c hosts, but a dose of 1,000
KTLS cells did provide radioprotection, as long as BALB/c
mice were free from colonization with bacteria such as Pas-
teurella pneumotropica or b-strep group B, which can cause
opportunistic infections after irradiation. When BALB/c mice
were transplanted with 1,000 KTLS cells, donor-derived mye-
loid cells were detected in PB as early as 9 d after transplant,
although the levels of WBC were still below 100 WBC/ml (Fig. 3
A). On day 14, virtually all myeloid cells were donor–derived
(8568% SE, n 5 4). Donor-derived B cells, but not T cells,
were detected as early as 17 d after transplant (Fig. 3 B). The
appearance of donor-derived T cells was first detected at low
levels 4 wk after transplant, and increased to normal levels
thereafter. We tested long-term blood cell reconstitution in
these animals. Long-term multilineage reconstitution is shown
in Fig. 3 D; the majority of B, myeloid, and T cells were of do-
nor origin 37 wk after transplant.

To test whether increasing the stem cell dose also resulted
in a rapid engraftment of the allogeneic host, graded doses
(1,000–10,000) of purified C57Bl/Ka-Thy1.1 KTLS cells were
injected into lethally irradiated BALB/c mice, and the mice
were monitored for the production of donor-derived cells. We

Figure 2. Transplantation of a high 
cell dose of mobilized KTLS and 
primitive Rh123lo KTLS into le-
thally irradiated mice. Lethally irra-
diated mice were transplanted with 
either 5,000 normal BM KTLS or 
cyclophosphamide/G-CSF mobi-
lized KTLS. Upon reanalysis, the 
purity of the KTLS population was 
97% for BM and 95% for mobi-
lized spleen. The data represent 
mean6SE of WBC, and platelet re-
covery on day 11 after transplant 
was shown (A). The difference be-
tween these two KTLS populations 
in reconstituting WBC and platelets 
is not significant (P . 0.2). The 
sorted KTLS cells from normal BM 
were further subdivided based on an 
Rh123 staining profile as shown in 
reanalysis (B). Lethally irradiated 
mice were transplanted with 5,000 
KTLS, 5,000–6,000 Rh123lo (96% 
pure on reanalysis), or 5,000 

Rh123mid-hi KTLS cells (97% pure on reanalysis). WBC and platelet recoveries on day 12 after transplant are shown (C). Among the group re-
ceiving 5,000–6,000 Rh123lo KTLS cells, 5,000 Rh123lo KTLS cells gave rise to 523695 WBC/ml and 196,000640,000 platelets/ml (n 5 2), while 
6,000 Rh123lo KTLS cells gave rise to 620635 WBC/ml and 237,000680,000 platelet/ml (n 5 4). No statistically significant difference was seen in 
the recovery of WBC and platelets between 5,000 KTLS vs. 5,000–6,000 Rh123lo KTLS, 5,000 KTLS vs. 5,000 Rh123mid-hi KTLS, and 5,000–6,000 
Rh123lo KTLS vs. 5,000 Rh123mid-hi KTLS cells (P . 0.05).
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found a similar pattern of dose-dependent kinetic recovery
with both WBC and platelets. The level of WBC reached 10%
of the preirradiation level (500 WBC/ml) more rapidly when
the dose of KTLS cells was increased: on day 22 with the 1,000
cell dose; on day 16 with the 5,000 KTLS cell dose; and on day
11 with the 10,000 cell dose (Fig. 4 A). The highest cell dose,
10,000 KTLS cells, reconstituted 200,000 platelets/ml by 11–12 d
after transplant, while mice which received the 5,000 and 1,000
KTLS cell dose reached these levels at 16 and 22 d, respec-
tively (Fig. 4 B).

We compared the dose of stem cell that it takes to achieve
delayed, intermediate, and rapid recovery of platelets and
WBC for allogeneic and syngeneic transplants (Fig. 5). De-
layed WBC and platelet recovery (i.e. . 21 d to reach 500
WBC/ml or 200,000 platelets/ml), occurred with 100 syngeneic
and 1,000 allogeneic KTLS cells (Fig. 5, A and E). Intermedi-
ate WBC and platelet recovery (i.e., 14–21 d to reach 500
WBC/ml or 200,000 platelets/ml) occurred with 1,000 KTLS

cells in syngeneic hosts, and 5,000 KTLS cells in allogeneic
hosts (Fig. 5, B and F). Rapid WBC and platelet recovery in
syngeneic mice could be achieved by 11 d with a dose of 0.5–1 3
104 KTLS cells, and by 11–12 d in allogeneic hosts with a dose
of 104 KTLS cells (Fig. 5, C, D, B, and H); in fact, for WBC and
platelets, both syngeneic and allogeneic hosts had similar re-
covery kinetics with a dose of 104 KTLS cells (Fig. 5, D and H).
Fig. 6 summarizes the effect of KTLS cell dose in syngeneic
versus allogeneic transplants, based on the number of days
that are required to engraft 500 WBC/ml. Ten times more allo-
geneic cells were needed at radioprotective doses to produce
equivalent engraftment kinetics, while only two times more
cells were required in dose ranges giving the most rapid en-
graftment. Thus, not only can allogeneic barriers be overcome
by increasing the HSC dose, but once the allogeneic barrier
has been breached, the dose-dependent kinetics of recovery
for allogeneic and syngeneic KTLS cells are similar (Fig. 5, D
and H).

Discussion

These results show that in both the syngeneic and allogeneic
setting, HSC can dramatically shorten engraftment times when

Figure 3. Hematolymphoid reconstitution of lethally irradiated allo-
geneic mice by transplanting purified 1,000 KTLS cells. BALB/c mice 
(H-2d, Ly-5.2) were transplanted with 1,000 allogeneic KTLS cells 
(H-2b, Ly-5.1). The PB cells from these mice were analyzed 9 d (A), 
17 d (B), 31 d (C), and 259 d (D) after transplantation. Ly-5–marked 
(Ly-5.1) donor-derived myeloid (Mac-1 and Gr-1), B (B220), and T 
(CD3) cells were determined by FACS® analysis. The percentage of 
Ly-5–marked donor cells in the Mac-1/Gr-11, B2201, and CD31 cells 
originating from transplanted KTLS cells is indicated in each panel. 
On day 9, PB from two mice was combined for FACS® analysis, due 
to low WBC numbers.

Figure 4. Hematopoietic re-
covery in lethally irradiated al-
logeneic mice transplanted 
with different cell doses of pu-
rified KTLS cells. Irradiated 
BALB/c mice were injected 
with 1,000 (triangles), 5,000 (di-
amonds), or 10,000 (squares) 
KTLS cells from normal BM. 
Irradiation control mice were 
bled on days 0, 1, 3, 5, 7, 9, 11, 
12, and 14 (gray line, n 5 3–9 
per time point). WBC (A), 
platelet (B), and red blood 
cells (RBC) (C) recovery ki-
netics were shown. Hemat-
ocrit values were not available 
due to changes in instrumental 
set up. The data represent the 
mean6SE obtained from 10 
independent experiments with 
4–10 mice/group in most cases. 
The horizontal line indicates 
500 WBC/ml (10% of preirra-

diation value) or 200,000 platelets/ml (20% of preirradiation value). 
The statistical analyses were performed with data obtained from 
groups of mice that were injected with KTLS cells, as compared to 
control mice that were not injected. WBC, no cells versus KTLS: 
10,000 KTLS on day 9 (P , 0.05), 5,000 KTLS on day 9 (P , 0.0001), 
and 1,000 KTLS on day 14 (P , 0.005). Platelets, no cells versus 
KTLS: 10,000 KTLS on day 9 (P , 0.005), 5,000 KTLS on day 9 (P , 
0.05), and 1,000 KTLS on day 14 (P , 0.0005). RBC, no cells versus 
KTLS: 10,000 KTLS on day 11 (P , 0.05), 5,000 KTLS on day 14
(P , 0.0001), and 1,000 KTLS on day 14 (P , 0.0001). WBC, 5,000 vs. 
10,000 KTLS on day 14 (P , 0.05). 1,000 vs. 5,000 KTLS on day 9
(P , 0.005), day 14 (P , 0.005), and day 17 (P , 0.05). Platelets, 
5,000 vs. 10,000 KTLS on day 14 (P , 0.005). 1,000 vs. 5,000 KTLS on 
day 11 (P , 0.005), and day 14 (P , 0.001). RBC, 5,000 vs. 10,000 
KTLS on day 14 (P , 0.01). 1,000 vs. 5,000 on day 11 (P , 0.05), day 
14 (P , 0.005), day 16 (P , 0.05), and day 17 (P , 0.01).
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given in high doses. Purified mouse BM HSC, mobilized KTLS
HSC, and the Rh123lo subset of HSC, all populations free of T
cells, were able to achieve this rapid engraftment. There ap-
pears to be no significant difference in engraftment times when
mobilized histocompatible KTLS HSC were compared with
BM KTLS HSC or even the primitive Rh123lo HSC subset.
The level of possible contamination of these cells with other
cells, for example, multilineage progenitors, was 1–6% at the
5,000 and 10,000 KTLS dose: these are clearly insufficient lev-
els to account for early engraftment (3). KTLS and Rh123lo

cells are devoid of day-8 CFU-S, but are highly enriched for
day-12 CFU-S, LTC-IC (CAFC), and up to 83% of these cells
respond to a cocktail of cytokines by forming methylcellulose
colonies (CFC); they do not respond to IL-3 alone, while most
nonstem cell progenitors can (2, 4, 12, 18). Thus they are cells
with a broad range of response potentials: they contain long-
term HSC, short-term HSC, multipotent progenitors, a rare
subset of CFC, and day-12 CFU-S. Although one can argue
the definition of HSC, from a clinical point of view these rare
KTLS cells are consistently able to generate a rapid and sus-

tained engraftment. Nibley and Spangrude have indepen-
dently characterized the engraftment ability of Thy-1.1lo

Lin2Sca-11Rh123lo and Thy-1.1loLinnegSca-11 Rh123hi BM
cells (19). In their study, 1,000 cells from both populations con-
tributed equally to WBC recovery up to day 12. Mice trans-
planted with 1,000 Thy-1.1loLinnegSca-11Rh123low cells also
provided sustained recovery of WBC levels, while transplants
with 1,000 Thy-1.1loLinnegSca-11Rh123high cells only provided
early, but not sustained WBC recovery (19), similar to the
Mac-1lo subsets of KTLS cells tested previously at the clonal
level (4).

We propose that the principal advantage of MPB versus
BM in autologous rapid engraftment is the higher HSC con-
tent of such transplants. While mobilization might also in-
crease progenitors that are not fully multipotent, the major ef-
fect in congenic transplants can be achieved by increasing the
KTLS dose by 50–100-fold over the PD95 (3). Dose–response
studies of human purified HSC transplants will likely reveal
the same sort of effect. Analysis of CD341 cell numbers in
transplants has shown that rapid engraftment is regularly
achieved at $ 2 3 106 CD341 cells/kg transplanted (6, 7, 20).
Archimbaud et al., using MPB Thy-11CD341Lin2 HSC, re-
ported rapid engraftment, i.e., ANC . 500/ml on day 11 and
platelet recovery on day 13 with 3 3 105–3 3 106 cells/kg (21).

These data confirm the importance of HSC content in
transplantation into myeloablated hosts. In vitro expansion of
hematopoietic cells from a defined number of input HSC can
lead to a dramatic increase in myeloerythroid progenitors, but
not yet to a net increase in HSC (22). When 1,000 normal BM
TLS cells were cultured for 7 d in the presence of IL-3, IL-6,
G-CSF, and SLF, there was a 2,062-fold expansion of total cell
numbers and 83-fold expansion of CFCs. Nevertheless, CD45
congenic transplants of these expanded progenitors from 1,000

Figure 5. Comparison of stem cell dose required to achieve early hematopoietic recovery in syngeneic versus allogeneic hosts. Syngeneic or allo-
geneic mice were transplanted with purified KTLS cells as described in Figs. 1 and 4, respectively. The kinetics were categorized into delayed, in-
termediate, and rapid recovery for both WBC and platelets. The graphs show the hematopoietic recovery of syngeneic mice that were trans-
planted with 100 (closed triangles) (A and E), 1,000 (closed circles) (B and F), 5,000 (open triangles) (C and G), and 10,000 (open squares) (D and 
H) KTLS cells compared to recovery of allogeneic mice transplanted with 1,000 (diamonds) (A and E), 5,000 (closed squares) (B and F), and 
10,000 (open circles) (C, D, G, and H) KTLS cells. The dashed horizontal line represents recovery of blood levels to 500 WBC/ml (10% of preir-
radiation value), and 200,000 platelets/ml (20% of preirradiation value).

Figure 6. Effect of stem cell 
dose on syngeneic and alloge-
neic transplants. Syngeneic or 
allogeneic mice were trans-
planted with purified KTLS 
cells as described in Figs. 1 and 
4, respectively. The dose of 
HSC and time that was re-
quired to achieve blood levels 
of 500 WBC/ml were compared 
in syngeneic (circles) and allo-
geneic (squares) hosts.
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normal BM TLS HSC were no better at early or sustained re-
constitution of lethally irradiated hosts than 1,000 TLS HSC
from normal mice (22). In contrast, WBC and platelet recov-
ery is delayed after transplanting Thy-1loSca-11H2-Khi HSC
isolated from 5-FU–treated mice (5-FU HSC): the delay can
be prevented by expanding 5-FU HSC ex vivo before trans-
plantation (22). It is clear that improvements in expansion con-
ditions will be required to increase their efficacy.

It has been reported that high doses of mouse TLS cells can
overcome barriers to transplantation of hematopoietic cells
across several allogeneic strain combinations (17, 23). In these
cases, doses of HSC on the order of 3,000–6,000 HSC alone
fully radioprotected and reconstituted lethally irradiated
MHC-mismatched allogeneic hosts. (In the experiments re-
ported here, a lower dose was required to radioprotect, pre-
sumably because KTLS fraction are more highly purified than
the TLS fraction, and also because the hosts received 900–950
rads rather than the 800 rads in the previous experiments [17].)
The doses of HSC that were required to radioprotect and fully
reconstitute lethally irradiated allogeneic hosts (17) are com-
parable to the doses used in the Ly-5 congenic experiments re-
ported here to accomplish rapid engraftment in congenic
hosts. We tested the KTLS dose-dependent kinetics of early
engraftment in allogeneic hosts. At the dose to achieve PD95
in these experiments (1,000 KTLS to allogeneic hosts; 100 to
congenic hosts), the time to achieve 500 WBC/ml or 200,000
platelets/ml was z 21 d. By increasing the number of KTLS
cells per dose, the doses that it took to achieve equivalent en-
graftment kinetics in syngeneic/congenic versus allogeneic set-
tings narrowed, up to a saturating dose of 10,000 KTLS cells
wherein no differences in the kinetics to recovery of WBC or
platelets could be detected. Thus, while a dose of 10–50 times
the PD95 KTLS dose was required for rapid engraftment in
the congenic model, rapid engraftment required at most a dose
of 10 times the PD95 of KTLS in this fully allogeneic situation.
These data indicate that the interaction between allogeneic
KTLS (and their progeny) with host barrier functions (cells)
are quantitative and finite, and that much is yet to be learned
about the nature of the interacting donor and host cells in
terms of cell phenotypes, cell functions, the time after KTLS
cell infusion when interactions are initiated and completed,
and the anatomical sites wherein such interactions occur. But
the major lesson from this preclinical model in terms of alloge-
neic BMT is that T cell–free donor–stem cell grafts within a
dose range that allows early autologous engraftment might
also lead to rescue and reconstitution of allogeneic hosts.

Acknowledgments

We would like to thank Dr. A. Schlageter for helping in the prepara-
tion and review of the manuscript. We also thank the SyStemix’ com-
parative medicine, animal care, and flow cytometry departments. We
are grateful to Drs. C. Juttner, K. Atkinson, and B. Chen for stimulat-
ing discussions and reviewing the manuscript, and L. Osborne and B.
Ford for technical support.

References

1. Juttner, C., and L. To. 1994. Autologous peripheral blood stem cell trans-
plantation: potential advantages, practical considerations, and initial clinical re-

sults. In Clinical Bone Marrow Transplantation: a Reference Text Book. K. At-
kinson, editor. Cambridge University Press, New York. 142.

2. Spangrude, G.J., S. Heimfeld, and I.L. Weissman. 1988. Purification and
characterization of mouse hematopoietic stem cells. Science. 241:58–62.

3. Uchida, N., and I.L. Weissman. 1992. Searching for hematopoietic stem
cells: evidence that Thy-1.1loLin-Sca-11 cells are the only stem cells in C57Bl/
Ka-Thy-1.1 bone marrow. J. Exp. Med. 175:175–184.

4. Morrison, S.J., and I.L. Weissman. 1994. The long-term repopulating sub-
set of hematopoietic stem cells is deterministic and isolatable by phenotype.
Immunity. 1:661–673.

5. Uchida, N., H.L. Aguila, W.H. Fleming, L. Jerabek, and I.L. Weissman.
1994. Rapid and sustained hematopoietic recovery in lethally irradiated mice
transplanted with purified Thy-1.1loLin-Sca-11 hematopoietic stem cells. Blood.
83:3758–3779.

6. Zimmerman, T.M., W.J. Lee, J.G. Bender, R. Mick, and S.F. Williams.
1995. Quantitative CD34 analysis may be used to guide peripheral blood stem
cell harvests. Bone Marrow Transplant. 15:439–444.

7. Negrin, R.S., C.R. Kusnierz-Glaz, B.J. Still, J.R. Schriber, N.J. Chao,
G.D. Long, C. Hoyle, W.W. Hu, S.J. Horning, B.W. Brown, et al. 1995. Trans-
plantation of enriched and purged peripheral blood progenitor cells from a sin-
gle apheresis product in patients with non-Hodgkin’s lymphoma. Blood. 85:
3334–3341.

8. Uchida, N., D. He, A. Friera, M. Reitsma, D. Sasaki, B. Chen, and A.
Tsukamoto. 1997. The unexpected G0/G1 cell cycle status of mobilized hemato-
poietic stem cells from peripheral blood. Blood. 89:465–472.

9. Morrison, S.J., D.E. Wright, and I.L. Weissman. 1997. Cyclophospha-
mide/G-CSF induces hematopoietic stem cells to proliferate prior to mobiliza-
tion. Proc. Natl. Acad. Sci. USA. 94:1908–1913.

10. Spangrude, G.J., D.M. Brooks, and D.B. Tumas. 1995. Long-term re-
population of irradiated mice with limiting numbers of purified hematopoietic
stem cells: in vivo expansion of stem cell phenotype but not function. Blood. 85:
1006–1016.

11. Bertoncello, I., G.S. Hodgson, and T.R. Bradley. 1985. Multiparameter
analysis of transplantable hemopoietic stem cells. I. The separation and enrich-
ment of stem cells homing to marrow and spleen on the basis of rhodamine-123
fluorescence. Exp. Hematol. 13:999–1006.

12. Spangrude, G.J., and G.R. Johnson. 1990. Resting and activated subsets
of mouse multipotent hematopoietic stem cells. Proc. Natl. Acad. Sci. USA. 87:
7433–7437.

13. Chaudhary, P.M., and I.G. Roninson. 1991. Expression and activity of
P-glycoprotein, a multidrug efflux pump, in human hematopoietic stem cells.
Cell. 66:85–96.

14. Udomsakdi, C., C.J. Eaves, H.J. Sutherland, and P.M. Lansdorp. 1991.
Separation of functionally distinct subpopulations of primitive human hemato-
poietic cells using rhodamine-123. Exp. Hematol. 19:338–342.

15. Zijlmans, J.M., J.W. Visser, K. Kleiverda, P.M. Kluin, R. Willemze, and
W.E. Fibbe. 1995. Modification of rhodamine staining allows identification of
hematopoietic stem cells with preferential short-term or long-term bone mar-
row-repopulating ability. Proc. Natl. Acad. Sci. USA. 92:8901–8905.

16. Uchida, N., J. Combs, S. Chen, E. Zanjani, R. Hoffman, and A. Tsuka-
moto. 1996. Primitive human hematopoietic cells displaying differential efflux
of the rhodamine 123 dye have distinct biological activities. Blood. 88:1297–
1305.

17. Shizuru, J.A., L. Jerabek, C.T. Edwards, and I.L. Weissman. 1996.
Transplantation of purified hematopoietic stem cells: requirements for over-
coming the barriers of allogeneic engraftment. Biol. Blood Marrow Transplant.
2:3–14.

18. Heimfeld, S., S. Hudak, I. Weissman, and D. Rennick. 1991. The in vitro
response of phenotypically defined mouse stem cells and myeloerythroid pro-
genitors to single or multiple growth factors. Proc. Natl. Acad. Sci. USA. 88:
9902–9906.

19. Nibley, W., and G. Spangrude. 1996. Patterns of myleoid engraftment
by progenitor cell subsets in mouse spleen, bone marrow, and blood. Blood. 88:
456a. (Abstr.)

20. Mavroudis, D., E. Read, M. Cottler-Fox, D. Couriel, J. Molldrem, C.
Carter, M. Yu, C. Dunbar, and J. Barrett. 1996. CD341 cell dose predicts sur-
vival, posttransplant morbidity, and rate of hematologic recovery after alloge-
neic marrow transplants for hematologic malignancies. Blood. 88:3223–3229.

21. Archimbaud, E., I. Philip, B. Coiffier, M. Michallet, G. Salles, C. Seb-
ban, N. Roubi, F. Lopez, L. Bessueille, P. Mazars, et al. 1996. CD341Thy11Lin2

peripheral blood stem cells (PBSC) transplantation after high dose therapy for
patients with multiple myeloma. Blood. 88:595a. (Abstr.)

22. Szilvassy, S., K. Weller, B. Chen, C. Juttner, A. Tsukamoto, and R.
Hoffman. 1996. Partially differentiated ex vivo expanded cells accelerate hema-
tologic recovery in myeloablated mice transplanted with highly enriched long-
term repopulating stem cells. Blood. 88:3642–3653.

23. Yu, Y.Y., V. Kumar, and M. Bennett. 1992. Murine natural killer cells
and marrow graft rejection. Annu. Rev. Immunol. 10:189–213.


