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Abstract
Objective—To develop an efficient method for single hematopoietic stem cell (HSC)
transplantation for high-level hematopoietic engraftment.

Methods—We combined single cell sorting with short-term culture of putative HSCs. Mouse bone
marrow cells that had been highly enriched for HSCs were individually deposited into 96 well culture
plate and incubated in the presence of mouse c-kit ligand and either mouse interleukin-11 or human
recombinant granulocyte colony-stimulating factor. One week later, the resulting clones of cells were
individually transplanted into lethally irradiated recipients. We also carried out time course analysis
of proliferation of the individual clones. Finally, we used micromanipulation of the paired progenies
of the single cells and studied self-renewal and differentiation potentials of HSCs again in
combination with transplantation.

Results—There was a correlation between clone size at day 7 of culture and engraftment at two
months post-transplantation. Small clones, such as those consisting of fewer than 15 cells, often
showed high-level multi-lineage engraftment while clones consisting of 40 or more cells showed
very low levels of engraftment. Daily observation of cell divisions of individual clones revealed that
some HSCs are the in G0 state for as long as 1 week despite the presence of permissive cytokines.
Studies using micromanipulation of paired progenies documented the ability of an HSC to generate
two HSCs as well as asymmetric cell divisions.

Conclusions—Single cell sorting combined with short-term culture of individual putative HSCs
provides an efficient method for single HSC transplantation. Analyses of the kinetics of individual
HSCs provided direct evidence for HSC cell cycle dormancy, self-renewal and expansion.
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Introduction
Controversies abounded in the stem cell plasticity research area for almost a decade, as amply
documented in this issue of Experimental Hematology. Numerous reports expressed

Address correspondence to: Makio Ogawa, MD, PhD, Department of Veterans Affairs Medical Center, 109 Bee Street, Charleston, SC
29401-5799, Tel (843) 789-6712, Fax (843) 876-5381; ogawam@musc.edu.
Conflict of Interest Disclosure
No financial interest/relationships with financial interest relating to the topic of this article have been declared.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Hematol. Author manuscript; available in PMC 2011 July 1.

Published in final edited form as:
Exp Hematol. 2010 July ; 38(7): 603–608. doi:10.1016/j.exphem.2010.03.013.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



diametrically opposing views about the ability of stem cells, including hematopoietic stem cells
(HSCs), to cross organ/tissue boundaries. Several years ago, we also became interested in the
tissue reconstituting abilities of HSCs and, to obtain unequivocal information on the plasticity
of HSCs, planned a strategy for single HSC transplantation. Analysis of the tissue constructing
ability of HSCs requires an efficient method for single HSC transplantation that yields high-
level, multi-lineage engraftment. When we tested the two published methods for single HSC
transplantation [1,2], neither provided the efficiency and the nature of engraftment required
for our endeavor in our laboratory, perhaps due to subtle differences in the specific sorting
conditions. Rather, our efficiencies of single HSC engraftment by direct transplantation of
individual single sorted cells were closer to the results described by Smith et al [3]. We,
therefore, devised a method combining single cell deposition and short-term (one week) cell
culture of putative HSCs. We reasoned that, because HSCs in the steady state bone marrow
(BM) are cell cycle dormant, selection of small clones after one-week culture for
transplantation would raise the efficiency of generating the desired mice. Using this method,
we were able to consistently generate mice showing high-level, multi-lineage hematopoietic
engraftment that could last over a year. Availability of the tissues of mice engrafted with a
single HSC from transgenic enhanced green fluorescent protein (EGFP) mice enabled us to
uncover the significant tissue reconstituting capability of HSCs as described in this issue. In a
series of clonal HSC transplantation studies, we discovered that HSCs can generate the
connective tissues including various types of fibroblasts/myofibroblasts [4] and adipocytes
[5].

The method described in this paper for enrichment for putative HSCs is the initial method we
described and incorporates preliminary enrichment based on use of magnetic beads [6]. To
improve the enrichment technique, we have subsequently made a number of modifications
such as use of Miltenyi microbeads [7] or sorting for side population (SP) cells [7,8] or tip SP
cells [2]. Regardless of the specific cell enrichment strategy for putative HSCs, the adoption
of short-term culture to identify the cells in cell cycle dormancy was critical for improving the
efficiency of obtaining mice with high-level multi-lineage hematopoietic engraftment. For
studies of the mechanisms of HSC differentiation, a genealogical approach based on single
stem cell transplantation is of critical importance. The clonal HSC engraftment method
described here is also likely to be a useful tool toward this aim.

In our pursuit of higher efficiency of clonal transplantation, we carried out daily examination
of the proliferation of the individual clones and made a direct observation of cell cycle
dormancy and self-renewal of HSCs. Further, micromanipulation of paired putative HSCs and
subsequent transplantation of the resulting clones revealed that a single HSC can generate two
HSCs. These observations provide not only the scientific rationale for the described clonal
engraftment method but also direct evidence for self renewal, expansion and cell cycle
dormancy of HSCs that are further elaborated in the Discussion.

Materials
Phycoerythrin (PE)-conjugated D7 (anti-Ly-6A/E [anti-Sca-1]; rat IgG2a), allophycocyanin
(APC)-conjugated 2B8 (anti-CD117 [anti-c-kit]; rat IgG2b), fluorescein isothiocyanate
(FITC)-conjugated or biotinylated RAM34 (anti-CD34; rat IgG2a), PE-conjugated or
biotinylated RB6-8C5 (anti-Ly-6G and Ly-6C [anti-Gr-1]; rat IgG2b), PE-conjugated or
biotinylated RA3-6B2 (anti-CD45R/B220; rat IgG2a), PE-conjugated 30-H12 (anti-CD90.2
[anti-Thy-1.2]; rat IgG2b), biotinylated TER-119 (anti-Ly776 [anti-TER-119]; rat IgG2b),
biotinylated GK1.5 (anti-L3T4 [anti-CD4]; rat IgG2b), biotinylated 53-6.7 (anti-Ly-2 [anti-
CD8a]; rat IgG2a) and PE-conjugated A20 (anti-CD45.1; mouse IgG2a) were purchased from
Pharmingen (San Diego, CA). PE-conjugated M1/70.15 (anti-Mac-1; rat IgG2b) were
purchased from Caltag Laboratories (Burlingame, CA). Hybridoma 14.8 (anti-B220; rat
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IgG2b), M1/70.15.11.5 (anti-Mac-1; rat IgG2b), GK1.5 (anti-CD4; rat IgG2b), and 53.6.72
(anti-CD8; rat IgG2b) were purchased from American Type Culture Collection (Rockville,
MD). Recombinant mouse c-kit ligand was kindly provided by Kirin Brewery Co., Tokyo,
Japan. Recombinant mouse interleukin-11 and recombinant human granulocyte colony-
stimulating factor (G-CSF) were purchased from R&D Systems (Minneapolis, MN).

Single HSC Transplantation
Transgenic EGFP mice (C57BL/6-CD45.2 background) [9] were kindly provided by Dr. M.
Okabe (Osaka University, Japan). Ten- to 12-week-old EGFP mice were used as donors. Ten-
to 14-week-old C57BL/6- CD45.1 mice (Jackson Laboratories, Bar Harbor, ME) were used as
irradiated recipients. These two strains of mice were bred and maintained at the Animal
Research Facility of the Veterans Affairs Medical Center. All aspects of the animal research
have been conducted in accordance with the guidelines set by the Institutional Animal Care
and Use Committee of the Department of Veterans Affairs Medical Center. BM cells were
flushed from the femurs and tibiae of EGFP mice and pooled. Cells were washed twice with
phosphate-buffered saline (PBS) containing 0.1% bovine serum albumin (BSA, Sigma-
Aldrich, St. Louis, MO), made into single-cell suspension by repeated pipetting, and filtered
through 40-μm nylon mesh. Mononuclear cells (MNCs) were isolated by density gradient
centrifugation using Lympholyte M (Cedarlane Laboratories Limited, Ontario, Canada). BM
cells binding to anti-Gr-1, anti-Mac-1, anti-B220, anti-CD4, anti-CD8, and anti-TER-119 were
removed by using two depletions with immunomagnetic beads (Dynabeads M-450 coupled to
sheep anti-rat IgG; DYNAL, Great Neck, NY) to prepare lineage-negative (Lin−) cells. The
resulting Lin− cells were stained with PE-conjugated anti-Sca-1, APC-conjugated anti-c-kit,
biotin-conjugated anti-CD34 and mouse lineage panel [biotin-conjugated anti-Gr-1, biotin-
conjugated anti-mouse CD45R/B220, biotin-conjugated anti-mouse CD3e and biotin-
conjugated anti-mouse TER-119 (Becton Dickinson, San Jose, CA)], followed by streptavidin-
conjugated PharRed (Pharmingen). After addition of propidium iodide (PI) at a concentration
of 1 μg/mL, the cells were washed twice, resuspended in PBS containing 0.1% BSA, and kept
on ice until cell sorting. Cell sorting was performed on FACSVantage (Becton Dickinson, San
Jose, CA) with appropriate isotype-matched controls. The Lin− cells were first enriched for
Sca-1+ c-kit+ cells. Automated deposition of single Lin− Sca-1+ c-kit+ CD34− cells [1] into
Corning round-bottom 96-well plates was then performed with Clone-Cyt (Becton Dickinson).
Sixty wells in the center of the 96-well plates were used for deposition. Eighteen hours after
deposition, the presence of single cells in individual wells was confirmed on an inverted
microscope. The plating efficiency ranged 50 to 80% in each experiment.

Single cell culture was carried out in media containing α-modification of Eagle’s medium
(αMEM; ICN Biomedicals, Aurora, OH), 20% fetal bovine serum (FBS; Atlanta Biologicals,
Norcross, GA), 1% deionized fraction V BSA, 1 × 10−4 mol/L 2-mercaptoethanol (Sigma-
Aldrich) and a combination of 10 ng/mL mouse c-kit ligand and either 100 ng/mL of mouse
interleukin-11 or human recombinant G-CSF. Earlier, we have observed that interleukin-11
[10] and G-CSF [11], in synergy with interleukin-3 or c-kit ligand [12], supports proliferation
of multi-potential hematopoietic progenitors. The 96-well plates were incubated for 1 week at
37°C in a humidified atmosphere with 5% CO2 in air. The individual clonal population of cells
thus generated was transplanted into lethally irradiated C57BL/6-Ly5.1 mice (Jackson
Laboratories) together with 500 Lin− Sca-1+ c-kit+ CD34+ BM cells from Ly-5.1 mice. The
latter type of cells contained only short-term repopulating cells and acted as radio-protective
cells [1]. The recipient mice had been prepared with a single 950-cGy dose of total body
irradiation using a 4 × 106 V linear accelerator. Because the majority of HSCs are dormant in
cell cycle and begin cell divisions a few days after initiation of cell culture, selection of clones
consisting of 15 or fewer cells after one-week incubation significantly enhanced the efficiency
of generating mice with high level multi-lineage engraftment. The result of our study
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correlating the size of individual clones and the levels and types of lineage expression at 2
months post-transplantation is presented in Table 1. The size of the clones varied significantly
and a correlation existed between the size of clones and engraftment levels. Seven out of 28
mice transplanted with clones in the smallest (1–10 cells) group showed multi-lineage
engraftment, while mice transplanted with clones consisting of 40 or more cells showed very
low level of engraftment. The majority of the cells in the smallest clones were undifferentiated
blasts cells according to staining with May-Grunwald Giemsa (data not shown). No blast cells
were detected in wells containing 20 or more cells and macrophages dominated larger colonies.
A representative analysis of a clonally engrafted mouse revealing high-level multi-lineage
engraftment is presented in Figure 1.

Observation of Cell Cycle Dormancy
The observation that only small clones contain HSCs was consistent with the concept that
HSCs in the steady state bone marrow are in the G0 state [13]. In order to document the
dormancy of HSCs, we incubated individual putative HSCs in culture with IL-11 and c-kit
ligand and daily recorded the size (cell count) of the individual clones by direct microscopic
observation of the culture plate. On day 7 of culture, we harvested the content of each well and
individually transplanted into lethally irradiated recipients for analysis of the engraftment
capability of each clone. In a series of experiments, a total of nineteen mice survived for 2
months or longer post-transplantation. Table 2 presents the day 7 cell count of the individual
clones (in a descending order), the day in which doublets were first detected together with the
information on the levels and types of the engraftment by individual clones. One cell (Clone
#1, Table 2) never divided and, upon transplantation, yielded multi-lineage reconstitution. In
agreement with Table 1, high-level, multilineage engraftment was associated with small clones
caused by long dormancy. The majority of clones showing multi-lineage engraftment were
identified as doublets on day 3. In some clones revealing multi-lineage engraftment, doublets
were first detected on as late as days 4, 5 and 7 of culture. These findings strongly suggest that
the original HSCs remained in the G0 state for many days despite their exposure to permissive
cytokine milieu.

Engraftment by Paired Clones
The ability of HSCs to self-renew has been an accepted notion since the inception of the concept
of HSCs. Identification of doublets in the time course analysis of the individual clones provided
an excellent opportunity to examine this process directly. Accordingly, we next carried out
micromanipulation of the doublets for transplantation. As soon as a doublet was detected, the
pair of cells were separated and were placed into a new pair of wells using the
micromanipulation technique described previously [14,15] and incubated in the same culture
media. On day 7 from single cell deposition, the paired sub-clones were individually
transplanted into irradiated recipients together with radio-protective cells from Ly-5.1 mice.
From a total of seventy-five pairs tested by transplantation, seven pairs showed multi-lineage
engraftment in one or both recipients. Detailed information of the individual clones and the
engraftment observed from these clones is presented in Table 3. These provide the direct proof
for the self-renewal property of HSCs. In two instances (Exps. 1 and 2), both sub-clones of the
pair showed multi-lineage engraftment 4–6 months post-transplantation, unequivocally
demonstrating that one HSC can generate two HSCs. Analysis of the engraftment seen in Exp.
1 is presented in Figure 2. A total of five experiments documented disparate fates of the pairs.
In Exp. 3, both mice survived 4 months, but the engraftment levels were strikingly different.
In Exp. 4–7, only one member of the pair showed long-term engraftment and the other died
after surviving varying time intervals.

Abe et al. Page 4

Exp Hematol. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
The concept of cell cycle dormancy of stem cells was originally proposed by Lajtha [13] almost
five decades ago and subsequently was supported by a number of studies using a variety of
indirect measurements such as tritiated thymidine “suicide” technique [16], resistance to cell
cycle-dependent 5-fluorouracil [17] and serial observation of the growth of individual
multipotential blast cell colonies [18]. In the current paper, we used direct analysis of the time
of cell divisions of long-term engrafting cells and unequivocally established cell cycle
dormancy of HSCs. The majority of putative HSCs remained as single cells for 2 to 6 days in
culture despite the presence of cytokines that support proliferation of early progenitors. Our
observation is in agreement with the study based on high-resolution video monitoring showing
that the duration of the cell cycles of clones containing HSCs were significantly longer than
those without HSCs [19]. This observation of cell cycle dormancy of HSCs in culture proved
to be of critical value in our studies of differentiation potentials of HSCs. Transplantation of
clones consisting of 20 or fewer cells after single cell deposition and one-week culture [6,7,
20] led to efficient generation of mice showing high-level multilineage hematopoietic
engraftment and greatly facilitated our identification of hitherto unknown potentials of HSCs,
i.e. several types of fibroblast/myofibroblasts as summarized in our review [4] and adipocytes
[5]. This efficient method for generating mice with clonal HSC engraftment will be useful for
documentation of additional tissue reconstituting properties of HSCs.

While self-renewal of HSCs has been an accepted notion for a long time, no definitive
experimental approach existed for this concept until the demonstration of hematopoietic
reconstitution by single HSCs [1,3]. The paired daughter cell experiment described in this paper
enabled direct observation of self-renewal of HSCs. Since at least one of the paired clones
derived of a single HSC yielded long-term engraftment, the initial cell division of the original
HSCs must have involved self-renewal. Twice in the paired daughter cell experiment, an HSC
generated two HSCs, providing direct evidence not only for self-renewal but also expansion
of HSCs. Based on serial transplantation, it was calculated that over 8000-fold expansion of
HSCs is possible in four transfers [21]. Asymmetric cell division was suggested by a total of
five experiments. These results are remarkably similar to those of Ema, et al [22] who also
documented expansion of HSCs and asymmetry in engraftment. Together, these observations
are consistent with the stochastic mechanism of stem cell self-renewal and commitment of
HSCs proposed originally by Till et al [23].
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Figure 1.
Multi-lineage engraftment. Representative analysis of peripheral blood nucleated cells from a
clonally engrafted mouse 2 months post-transplant shows EGFP+ donor cells representing (C)
70% total cells and 80% of granulocytes-macrophages (D), 85% of B-cells (E) and 50% of T-
cells (F); (A–B) controls.
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Figure 2.
Flow cytometric analyses at 4 months post-transplantation of hematopoietic engraftment in the
pair (A and B) of mice presented as Exp #1 in Table 3. Both show identical, high level
engraftment in myeloid (Mac-1/Gr-1-PE), B-cell (B220-PE) and T-cell (Thy-1.2-PE) lineages.
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Table 1

Day 7 cell counts of clones and their engraftment at 2 months post-transplantation.

Day 7 Cell Count Engraftment Multilineage Expression % Donor Cells

1–10 7/28 7/28 57.2 – 86.2

11–21 5/15 3/15 1.2 – 53.5

21–40 2/28 2/28 19.2, 30.0

41–80 2/47 0/47 2.0, 4.0

80+ 2/6 0/6 1.0, 4.0
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Table 2

Engraftment characteristics of individual clones*

Clone Day 7 Cell Count Day Doublets Detected % Donor Cells Lineage Expression+

1 1 - 58.1 GM, T, B

2 2 7 85.1 GM, T, B

3 3 3 67.0 GM, T, B

4 3 5 80.0 GM, T, B

5 6 4 81.9 GM, T, B

6 6 3 86.2 GM, T, B

7 8 5 57.2 GM, T, B

8 9 4 86.2 GM, T, B

9 11 3 31.5 GM, T, B

10 12 3 1.2 T

11 14 3 53.5 GM, T, B

12 15 3 4.7 GM, T

13 16 3 23.4 GM, T, B

14 21 2 19.2 GM, T, B

15 27 3 30.0 GM, T, B

16 57 3 2.0 T

17 80 3 4.0 B

18 87 2 4.0 T, B

19 100 3 1.0 B

*
Analyzed at 2 months post-transplant.

+
GM: granulocyte/macrophage, B: B-cell, T: T-cell.

Exp Hematol. Author manuscript; available in PMC 2011 July 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Abe et al. Page 11

Ta
bl

e 
3

M
ul

ti-
lin

ea
ge

 e
ng

ra
ftm

en
t f

ro
m

 d
ou

bl
et

s.

E
xp

. N
o.

D
ay

 D
ou

bl
et

s D
et

ec
te

d

A
na

ly
si

s o
f E

ng
ra

ftm
en

t

M
o.

 P
os

t-T
ra

ns
pl

an
t

%
 D

on
or

 C
el

ls
*

T
ot

al
G

M
T

B

1
3

4
93

88
61

99

4
87

85
55

99

2
4

6
96

88
79

99

6
89

68
71

99

3
4

4
<1

.0

4
26

16
20

80

4
3

6 
D

ie
d 

(D
ay

 3
1)

92
75

66
99

5
3

6 
D

ie
d 

(D
ay

 4
8)

33
62

20
51

6
3

2 
D

ie
d 

(D
ay

 3
3)

65
79

27
85

7
5

6 
D

ie
d 

(D
ay

 1
3)

34
30

21
42

R
ad

io
-p

ro
te

ct
iv

e 
ce

lls
 g

iv
en

 in
 E

xp
s. 

1,
 2

 a
nd

 4
 a

nd
 th

os
e 

in
 E

xp
s. 

3,
 5

 a
nd

 6
 w

er
e 

50
0 

an
d 

1,
00

0 
Li

n−
 S

ca
-1

+  
c-

ki
t+

 C
D

34
+  

B
M

 c
el

ls
, r

es
pe

ct
iv

el
y.

 T
he

 m
ou

se
 in

 E
xp

. 7
 w

as
 g

iv
en

 1
×1

05
 n

uc
le

at
ed

 B
M

 c
el

ls
as

 ra
di

o-
pr

ot
ec

tiv
e 

ce
lls

.

* G
M

: g
ra

nu
lo

cy
te

/m
ac

ro
ph

ag
e,

 T
: T

-c
el

l, 
B

: B
-c

el
l l

in
ea

ge
.

Exp Hematol. Author manuscript; available in PMC 2011 July 1.


