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human hematopoietic cells present in the diaphyseal shaft were counted
under light microscopy with assistance of a Zeiss KS400.

Interaction between human MSCs and human HSCs. Entire fields of
longitudinal sections cut through the center of bones were examined for cell
counting. All eGFP-expressing cells and immunophenotyped human hema-
topoietic cells present in BM were counted under fluorescent microscopy.
When cells were in physical contact, they were categorized as interacting.

Statistical analysis

All values are presented as the mean plus or minus standard deviation (SD).
The 2-sided P value was determined, testing the null hypothesis that the 2
population medians are equal. P below .05 was considered significant.

Results

Spatial distribution of human hematopoietic cells in the murine
BM compartment

The potential of human HSCs in vivo can be assessed by using the
SCID-repopulating cell (SRC) assay based on the ability to
reconstitute hematopoiesis in the host following transplantation
into NOD/SCID mice.?? However, analysis of SRCs by flow
cytometry does not allow identification of individual SRCs in situ.
Consequently, the behavior of transplanted SRCs during repopula-
tion has not been elucidated. To address this issue, we prepared
mice that were highly chimeric with human hematopoietic cells by
directly injecting CBCD34 cells into the tibia!? and investigated the
spatial organization of individual engrafted cells in murine BM at
10 weeks after transplantation. Close examination of the bone
specimens revealed that cells stained positive for human CD34, a
marker of human HSCs and progenitor cells, were specifically
localized to an area near the endosteum of the bone (the endosteal
region) (Figure 1A). In contrast, cells positively stained for human
CD15, a marker of committed myelocytes, or glycophorin A
(GlyA), a marker of the erythrocyte lineage, were distributed
distant to the endosteum (Figure 1B-C). These results reflect
previous morphologic studies of BM that found that hematopoietic
stem and progenitor cells are concentrated in the endosteal region
rather than the central marrow area, which mostly is composed of
mature cells.!92122 To quantitatively confirm these observations,
the numbers of CD34*, CD15%, and GlyA™* cells present in the
endosteal region or in the central BM cavity of the diaphyseal shaft
were counted. Consistent with the microscopic observations, a
surprisingly higher proportion of CD34* cells was located in the
endosteal region compared to the lineage-committed cells (Table
1). Because the endosteal region consisted of only 21.4% * 3.8%
of the BM cavity examined for this assay, there were approximately
10-fold more CD34* cells in the endosteal area. By visualizing the
fate.of transplanted SRCs in situ and confirming their physiologic
organization in BM, these results validate the SRC assay for human
cell analysis. Hence, we used this xenogeneic transplantation
system for the phenotypic and functional characterization of human
MSCs in vivo.

Visualization of human MSCs and human CBCD34 engraftment
in the murine BM compartment

The route of administration is an important factor for effective
delivery of transplanted cells into the target tissue. We compared
the degree of cell engrafiment in BM at 4 and 10 weeks after IBMT
or intravenous transplantation of eYFP-marked CBCD34 cells
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Figure 1. Spatial distribution of human hematopoietic cells in the murine BM
compartment. Representative pictures of bone specimens from NOD/SCID mice at
10 weeks after IBMT of 2 X 105 CBCD34 cells are shown. Slides were stained with
either anti-CD34, anti-CD15, or anti—glycophorin A antibody, and cells expressing the
respective antigens were distinguished by brown reactive products of DAB on
immunohistochemistry. CD34+ cells are localized to the endosteal region (A; black
arrowheads), whereas CD15* (B) and GlyA+ cells (C) are distributed away from the
endosteun. Vertical lines demarcate 12 cells of the endosteum. Bars represent
100 pm. Images were obtained using an Olympus AX80 microscope and a 20 X/0.7
NA UPlanApo objective lens. images were captured using a DP50 digital camera
fitted with Viewfinder Lite (all from Olympus, Tokyo, Japan).

(eYFP-CBCD34; Figure 2A) or eGFP-marked MSCs (eGFP-
MSCs; Figure 2B). When excess numbers of eYFP-CBCD34 cells
(2 X 10%) were transplanted intravenously or by IBMT, similar
amounts of eYFP* human hematopoietic cells (eYFP-cells) that
expressed human CD45, a pan-leukocyte marker, were observed in
BM at both time points examined (Figure 2C-D and data not
shown). In marked contrast to the sufficient engraftment of human
hematopoietic cells, intravenous administration of 1 X 106 eGFP-
MSCs resulted in virtually no visible MSCs in BM at either 4
(Figure 2F) or 10 weeks after transplantation. At 10 weeks after
transplantation, analysis of 250 bone sections prepared from 5 mice
yielded a total of only 10 eGFP-MSCs in BM. However, when the
same number of MSCs was administered by IBMT, eGFP-MSCs
were clearly identified in BM at the both time points. At 4 weeks
after transplantation, eGFP-MSCs were broadly distributed in BM
(Figure 2G-H). At 10 weeks after transplantation, eGFP-MSCs
were detected in all sections examined (> 1000 sections), although
the number of eGFP-MSCs per section varied considerably (range,
1-57; median, 13; mean, 14.8; from 91 sections) depending on the
plane of sectioning. Interestingly, unlike eYFP-cells, which mi-
grated into the contralatera) tibia,'> no eGFP-MSCs were detected
in the BM of the tibia that had not received injections (data not
shown), suggesting no or minimal migration of transplanted MSCs
in this system. ’
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Table 1. Spatial distribution of human hematopoietic cells in the
murine BM compartment at 10 weeks after IBMT of CBCD34

Total no. Cells in the
Total no. cells in the endosteal
cells counted endosteal region region/slide, %
CD34 1469 1086 71.4 = 1257
CcD15 2940 451 149 = 6.2
GlyA 1514 171 10.7 = 22

Fourteen slides from at least 8 different mice were examined to count each cell
type. Slides containing 115 = 19 cells in the diaphyseal shaft were chosen for this
analysis. Because the endosteal region was arbitrarily decided within 12 cells of both
endosteum, the endosteal area comprised approximately 21.4% * 3.8% of the BM
cavity in this study. The proportion of cells located in the endosteal area was
calculated for each slide and expressed as the means = SD.

*P < .001 relative to the CD15 and GlyA groups.

Integration of human MSCs into the murine microenvironment

Having confirmed the effectiveness of delivering MSCs into BM,
IBMT was used for all subsequent experiments. The phenotypes of
transplanted MSCs and their progeny at 10 weeks after transplanta-
tion were investigated in detail. In contrast to the bone specimens
prepared at 4 weeks after transplantation, in which eGFP-MSCs
were located throughout the marrow cavity (Figure 2G-H), eGFP-
MSCs at 10 weeks after transplantation were preferentially local-
ized to the endosteal region (73.8% = 18.4%, n = 251 eGFP-
MSCs), frequently within 5 cells from the surface of the bone.
When human MSC-derived eGFP-expressing cells (eGFP-cells)
were found away from the endosteum, they were often associated
with the vasculature (Figure 3A,D). Those vasculature-associated
eGFP-cells expressed o-SM actin (Figure 3B-C,E-F), the expres-
sion of which has been documented in pericytes, SM cells of the
vascular wall as well as myofibroblasts in BM.?32* A total of
59.9% * 21.6% of eGFP-cells (n =251) found in BM were
positive for a-SM actin.

Two other types of eGFP-cells that were negative for a-SM
actin were also present in BM: flattened cells located in the
hematopoietic cords but not specifically associated with the
vasculature (Figure 3G) and cells characterized by long cytoplas-
mic extensions, so-called reticular cells (Figure 3H) that are
considered to be the predominant cells of the HME.?>26 BM was
often interspersed with a fine network of cell processes that
expressed alkaline phosphatase (ALP; Figure 3I), an enzyme
that distinguishes reticular cells from the stromal component of
acid phosphatase- or nonspecific esterase—expressing macro-
phages.!125 A total of 28.2% = 11.2% of eGFP-cells (n = 242)
in BM were ALP™.

In addition, eGFP-cells were found within or on the surface of
the bone (Figure 3J-O). Cells in the bone stained positive for
osteocalcin, a specific marker of mature osteoblasts and osteocytes
(Figure 3K-L), indicating an active participation in skeletal remod-
eling. 2728 Interestingly, eGFP-cells on the bone surface resembled
spindle-shaped osteoblasts (Figure 3M; see also Figure 7), a key
component of the stem cell niche in murine hematopoiesis.?>-3?
These cells expressed osteopontin (data not shown) and N-cadherin
(Figure 3M-0), both of which are involved in regulating murine
HSCs.293334 In a small number of mice examined (4 of 39),
eGFP-cells associated with the vasculature stained positive for
CD31 (Figure 3P-R) and CD34 (Figure 3S-U), markers of endothe-
lial cells. MSCs expanded ex vivo prior to transplantation did not
react with any of these markers either by the immunohistochemical
or flow cytometric method, but they did stain positive for vimentin,
a marker of fibroblasts (data not shown). These results indicate that
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within 10 weeks after transplantation, human MSCs differentiated
into pericytes, myofibroblasts, reticular cells, osteocytes in bone,
bone-lining osteoblasts, and endothelial cells, which constitute the
3-dimensional structure of hematopoietic parenchyma and provide
the milieu of hematopoiesis.?® Therefore, we designated these cells
as human MSC-derived hematopoietic microenvironment reconsti-
tuting cells (HMRCs).

Engraftment of human hemétopoietic cells

During analysis of the engraftment and differentiation of trans-
planted MSCs, we frequently observed physical contact between
HMRCs and hematopoietic e Y FP-cells (Figure 3A-1). In particular,
eYFP-cells were intimately associated with ALP* eGFP-reticular
cells, where eYFP-cells were almost surrounded by the thin
delicate cytoplasm of the eGFP-reticular cells (Figure 3H-I). To
address whether the presence of HMRCs in the murine HME
contributes to the development of human hematopoietic cells, we
analyzed the engraftment and differentiation of CBCD34 cells after
transplantation with or without human MSCs. MSCs were injected
into the right tibiae of irradiated NOD/SCID mice by IBMT, and
then CBCD34 cells were administered intravenously into each
mouse. Consistent with our histologic findings, more human
CD45* cells were found in the tibiae into which MSCs had been
injected than the tibiae that had not received injections. In addition,
the presence of MSCs increased the percentage of CD34% cells

Figure 2. In situ visualization of human MSCs and hematopoietic cells in the
murine BM compartment at 4 weeks after IBMT or intravenous transplantation.
Transduction efficiencies of eYFP into CBCD34 cells and eGFP into MSCs,
determined by flow cytometric analysis at the day of transplantation, were approxi-
mately 65% (A) and 99% (B), respectively. The shaded histograms indicate
nontransduced cells. (C-E) The presence of human hematopoietic cells was
determined by eYFP fluorescence and immunofluorescence staining with an anti-
human CD45 antibody followed by Alexa-fluor 594 goat anti-mouse immunoglobulin
secondary antibody. Cell nuclei were visualized by staining with TOTO3. Similar
amounts of eYFP-cells expressing human CD45 (red) are present in BM after
intravenous transplantation (C} or IBMT (D). (E) No eYFP- or CD45-reactive cells are
present in the BM of noninjected mouse. (F) eGFP-MSCs are rarely seen in BM after
intravenous transplantation (white arrowhead). After IBMT, eGFP-MSCs are easily
identified in the BM cavity by eGFP fluorescence (G) and immunohistochemistry (H).
(G-H) The same section was stained with an anti-GFP antibody after examining for
eGFP fluorescence. All bars represent 10 um. Images in panels C-G were obtained
using an LSM510 META confocal microscope; image in panel H was obtained using
an Olympus AX80 microscope and a 20 X/0.7 NAUPlanApo objective lens.
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Figure 3. Site-specific differentiation of human eGFP-MSCs in the murine BM compartment. The engrafiment and differentiation of transplanted eGFP-MSCs were
determined by eGFP fluorescence and immunofluorescence staining for lineage-specific antigens. eGFP-cells were located on the abluminal side of endothelial cells (A) or
lined the sinus wall (D). Those vasculature-associated eGFP-cells express «-SM actin (red in panels B and E, and merged in panels C and F). (A-F) eYFP-cells reside next to
eGFP-cells. (G} An elongated cell in the endosteal hematopoietic cord interacts with eYFP-cells. eGFP-reticular cells (H) with ALP* (red) cytoplasmic extensions (1), which
haphazardly radiate into the hematopoietic parenchyma, interact with eYFP-cells. An eGFP-cell in the bone exhibits the morphology of authentic osteocytes with filopodial
processes surrounded by bone matrix and extending into the canaliculi (J), and expresses osteocalcin (red, K-1). Abone-lining eGFP-cell (M) expresses N-cadherin {red, N-O).
N-cadherin is localized to the cell surface. Vasculature-associated eGFP-cells (P,S) express CD31 (red, Q-R) and CD34 (red, T-U). Interactions between eGFP-cells (arrows)
and eYFP-cells (arrowheads in A-1) are seen in the specimens from mice in which eGFP-MSCs and e YFP-CBCD34 were cotransplanted. All bars represent 10 um.

without affecting the proportion of CD19* B lymphocytes or
CD33* myeloid cells (Figure 4A). There were 2-fold more human
CD45* cells in the tibiae into which MSCs had been injected
compared with the tibiae that had not received injections
25.7% *+ 17.6% versus 12.8% = 11.1%, P = .002, Figure 4B),
and the absolute number of CD34™ cells present in the tibiae into
which MSCs had been injected was 3-fold higher than that in the
tibiae that had not received injections (99 296 * 68 189 versus
31525 = 25 224; P = .007, Figure 4C). Control experiments, in
which the same volume of PBS was injected into the right tibia,
were conducted to exclude the possibility that this effect was due to
injury from the injection. There were no significant differences in
either the percentage of CD45* cells or the number of CD34* cells
between the tibiae into which PBS had been injected and the
contralateral tibiae (Figure 4B-C). We then examined the colony-
forming ability of BM cells recovered from the mice that had
received injections of MSCs and control mice given PBS. The
cumulative numbers of colony-forming cells (CFCs) recovered
from both tibiae of experimental animals were 2663 for the group
that had received injections of MSCs and 1578 for the control
group (n =3 for each group). The proportion of colony types
formed from BM cells obtained from both groups was similar (data
not shown). Because the numbers of CFCs recovered from each
experimental animal varied considerably. we compared the propor-
tion of CFCs present in the tibiae into which MSCs had been

injected with the tibiae that had not received injections over the
total number of CFCs in each animal. In mice given MSCs, the
tibiae into which MSCs had been injected contained the majority of
CFCs (89.4% = 6.7% versus 10.6% * 6.7%, P = .007), whereas
CFCs were evenly distributed in the right and left tibiae
(53.3% = 18.1% and 46.7% * 18.1%, respectively) in control
mice (Figure 4D). These results confirmed that the presence of
human MSCs positively affected the engraftment of human HSCs.

To assess if there were any functional differences between
human cells engrafted in the tibiae into which MSCs had been
injected and tibiae that had not received injections, we transplanted
BM cells obtained from each tibia of primary mice to separate
secondary hosts. Two of 3 secondary host pairs showed human cell
engraftment. A pair of recipients, which received cells from the
primary host with minimal engraftment (CD45% content; 1.44%
for tibiae into which MSCs had been injected and 0.52% for tibiae
that had not received injections), failed to show engraftment. As
expected, secondary hosts that received BM cells of the tibiae into
which MSCs had been injected demonstrated a markedly higher
level of engraftment than the hosts that received cells of tibiae that
had not received injections (Figure 4E). Taken together, the
presence of HMRCs in murine BM augmented not only the
proportion of human. cells but -also the function of human cells
engrafted in mouse BM.
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Figure 4. Effect of human MSCs on the engraftment of human
hematopoietic cells. (A) BM cells obtained from the MSC-injected or
noninjected tibia from the same mouse were examined by flow
cytometry at 6 weeks after transplantation. Representative flow
cytometric profiles are shown. The relative frequencies of each
population are shown at the corer of the respective quadrants. The
numbers in parentheses indicate the proportion of CD45* cells
positive for each marker. (B) Percentages of human CD45* cells in
the right (injected) and the left (noninjected) tibia of the MSC-injected
(MSC) and control mice {CT). (C) Absolute numbers of CD34* celis in
the right and the left tibia of the MSC-injected and control mice. Each
white circle represents one mouse. Values obtained from the same
mouse are connected with lines. (D) Distribution of clonogenic
progenitors into the right and the left tibia of the MSC-injected and
control mice. The proportions of clonogenic cells present in the
respective tibia over the total number of clonogenic cells recovered
from both tibiae of each mouse are shown (n = 3). *P < .05 and
P < 01 relative to the noninjected {left) tibia. (E) Secondary trans-
plantation. BM cells obtained separately from the MSC-injected or
noninjected tibia from the same mouse were transplanted into sepa-
rate secondary hosts. Human cell engraftment was analyzed by CD45
expression at 6 weeks after transplantation. Results of 2 pairs of
secondary host are shown. Numbers in parentheses above each flow
cytometric profile show the percentage of CD45 cells in the BM celis of
primary host. The relative frequencies of CD45 cells in secondary
hosts are shown in each profile.
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Interaction between human MSC-derived celis and human
hematopoietic cells

Having shown the effect of MSCs on human hematopoietic cell
engraftment, we examined the underlying basis of increased
engraftment in phenotypically and functionally primitive cells.
First, we asked whether MSCs play a role in the migration and
homing of HSCs to BM, critical steps in the engraftment and
initiation of hematopoiesis after transplantation. Prior to intrave-
nous administration of CBCD?34, each mouse was given injections
of MSCs into the right tibia and PBS into the left tibia. The
percentages of CBCD34 cells homed to the tibiae into which MSCs
and PBS had been injected were not different (0.05% = 0.02% and
0.04% = 0.01%, respectively; n = 3). Thus, MSCs did not seem to
function in the initial homing of CBCD34 cells.

We then asked whether MSCs participate in the repopulation
process of human hematopoietic cells in the murine HME. At 10
weeks after transplantation, human MSC-derived HMRCs and
CBCD34-derived hematopoietic cells frequently interacted (Fig-
ure 3), suggesting the role of HMRCs in the maintenance of human
hematopoiesis. When those hematopoietic cells were immunophe-
notyped, CD34* cells were often in contact or within close
proximity to HMRCs (Figure 5Ai), contrasting to lineage-
committed CD15* and GlyA™ cells that were usually found away
acted with 7 CD34* cells (Figure 5Aiv). These results suggest that
HMRCs interact specifically with primitive human hematopoietic
cells; therefore, we quantitated HMRCs that were in physical
contact with CD34%, CD15%, or GlyA™ cells (Table 2; Figure 5B).
Whereas approximately half of all HMRCs in BM were in contact

Side Scatter

with CD34+ cells, less than 4% of HMRCs were in contact with the
lineage-committed cells (Figure 5Bi). Furthermore, the vast major-
ity of HMRCs located in the endosteal region interacted with
CD34* cells (Figure 5Bii). We then examined the human hemato-
poietic cells that were in contact with HMRCs. A significantly
higher proportion of CD34* cells interacted with HMRCs com-
pared to the lineage-committed cells (Figure 5Biii). The proportion
of CD34* cells interacting with HMRC:s in the endosteal region
was 2-fold higher than that of CD34* cells in the central marrow
(Figure 5Biv). The result suggests that CD34* cells in the endosteal
region and the central marrow represent different populations of
CD34* cells.

Because the heterogeneity among CD34 7" stem/progenitor cells
is known,35-3% we further examined the interaction between CD34*
cells and HMRCs by transplanting SRC-enriched CD34*CD38~
cells or more mature CD34*CD38* progenitor cells together with
MSCs (Figure 6). At 1 week after transplantation, there were no
differences in the proportions of CD34* cells localized to the
endosteal region (27.4% * 7.8% for the CD34*CD38~ group and
26.5% = 12.1% for the CD34*CD38* group) or CD34* cells
interacting with HMRCs (8.1% * 10.2% and 8.2% * 9.7%, respec-
tively) between the 2 experimental groups. At 3 weeks after
transplantation, the proportion of CD34* cells in the endosteal area
was 2-fold higher in the group that had received transplants of
SRC-enriched CD34*CD38~ cells (63.3% = 7.9% versus
33.1% * 8.3%; P < .001). To our interest, a significantly higher
proportion of CD34* cells were in contact with HMRCs in the
group that had received transplants of CD347CD38~ cells
(9.4% * 4.8% versus 4.4% * 4.0%; P < .05). In the group that
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Figure 5. Interaction between HMRCs and CD34+, CD15*, or GlyA* cells. (A) Bone slides were stained with either anti-CD34, anti-CD15, or anti—glycophorin A antibody
followed by Alexa-fluor 594 goat anti-mouse immunoglobulin secondary antibody, and examined under fluorescent microscope. (Ai) CD34* cells are in physical contact with
the ceil body and cytoplasmic extensions of a HMRC. CD15* (Aii) or GlyA* cells (Aiii) are not found close to HMRCs. HMRCs and immunophenotyped cells are indicated by
arrows and arrowheads, respectively. (Aiv) One HMRC in the hematopoietic parenchyma interacts with 7 CD34* cells (numbered arrowheads). Numerical letters at the left
comner of each panel indicate the position of z-axis in the analytical planes. All bars represent 10 um. (B) Quantification of the interaction between HMRCs and CD34+, CD15%,
or GlyA* cells. (Bi) Frequencies of HMRCs interacting with CD34*» CD15%, or GlyA* cells. (Bii} The vast majority of HMRCs located in the endosteal region interact with CD34*
cells. (Biii) Frequencies of CD34*, CD15*, or GlyA* cells interacting with HMRCs. (Biv) In the endosteal region, 2-fold more CD34* cells interact with HMRCs than in the
central marrow. Each white circle represents a value obtained by counting. *P < .005 relative to the CD15 and GlyA groups; *"F < .005 and **"P < .05 relative to the central

group.

had received CD34¥CD38" transplants, CD34* cells interacting
with HMRCs became progressively rarer (8.2% * 9.7% at 1 week
and 4.4% * 4.0% at 3 weeks) and were rarely observed at 6 weeks
after transplantation (1.1% = 1.0%). At both time points examined,
the group that had received CD34*CD38" transplants contained
higher proportions of CD34" cells interacting with bone-lining
osteoblasts (9.3% * 10.9% versus 2.7% = 5.5% at 1 week and
32.4% * 16.8% versus 17.4% *+ 9.9% at 3 weeks). This tendency
of CD34+CD38 cells, the preferential localization of CD34* cells
in the endosteal area and their interaction with bone-lining
osteoblasts, may reflect their high repopulation potential. In
another words, SRC-enriched CD347CD38~ cells localize to the
endosteal area and interact with bone-lining osteoblasts as well as
HMRCs, and progressively become distant to the endosteal area as
they differentiate into progenitor cells and finally to mature cells.
These results confirmed our earlier observation that HMRCs
interacted with the primitive population of CD347 cells, which
resulted in the enhanced engraftment of human hematopoietic cells.

Molecular interaction of HMRCs and CD34+ cells

To deterrnine how HMRCs participated in human hematopoietic cell
repopulation in mice, we investigated the molecular interaction of
HMRCs and CD34* cells. We found that CD34* cells adhered to
HMRCs on the bone surface and appeared to proliferate along the
endosteal surface, suggesting the existence of specific local signals
between CD34* cells and bone-lining HMRCs (Figure 7A). Double
staining for N-cadherin and CD34 demonstrated that bone-lining
HMRCs associated with CD34* cells through the colocalization of
N-cadherin (Figure 7B-E). In addition, an HMRC in the endosteal
hematopoietic parenchyma expressed stromal cell-derived factor 1
(SDF-1) and interacted with a few eYFP-human hematopoietic cells
(Figure 7F-H), although SDF-1 was not detected in ex vivo expanded
MSCs by immunofluorescence analysis (data not shown). In BM,
SDF-1 is constitutively expressed by osteoblasts, endothelial cells, and
BM stromal cells.?* In addition to its well-established role in
homing and retention of HSCs in BM,*! SDF-1 has been implicated

Table 2. Interactions between HMRCs and human hematopoietic cells at 10 weeks after IBMT of eGFP-MSCs plus CBCD34

HMRC interaction with hematopoietic cells

Hematopoietic cell interaction with HMRC

HMRCs interacting

Hematopoietic cells interacting

No. cells counted Total no. Frequency, % No. cells counted Total no. Frequency, %
CD34
Total 150 66 45.9 = 13.5" 1609 76 8.0 x 6.2
Endosteal 81 49 68.0 = 24.87 1012 59 11.0 = 9.4%
Central 59 17 146 = 17.9 597 17 5.0 % 3.1
CD15 100 3 1.2*24 2603 3 0.14 = 0.28
GlyA 154 5 32*45 1624 5 0.36 + 0.49

BM sections stained with either anti-CD34, anti-CD15, or anti-glycophorin A (GlyA) antibody were examined under fluorescent microscope (10 slides from at least 5
different mice for each cell type). The total numbers of HMRCs and immunophenotyped hematopoietic cells present in the sections were counted, and individual cells were
examined for physical contact between HMRCs and hematopoietic cells. Proportions of interacting cells/slide were calculated for each cell type and expressed as the means *
SD. Interactions in CD34+* cell group were further categorized into the endosteal and the central BM groups based on the histoanatornic location of cells.

*P < 005 refative to the CD15 and GlyA groups.
1P < .005 relative to the central group.
1P < .05 relative to the central group.
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Figure 6. In vivo localization of CD34* cells and their interaction with HMRCs
after IBMT of CD34+CD38~ or CD34+CD38* populations together with human
MSCs. (A) Sorting profiles of CD34*CD38* and CD34*CD38~ populations. The
relative frequencies of each population are shown in the corner of the respective
quadrants. (B) At 1 or 3 weeks after IBMT, bone sections were stained with an
anti-CD34 antibody and examined for counting. Eighteen slides from 3 mice for each
group were counted to obtain the proportion of CD34* cells localized to the
endosteum (endosteal area) at the both time points. CD34* cells in the endosteal
area were further categorized into cells attaching to bone-lining osteoblasts (with
osteoblasts) and cells interacting with HMRCs (with HMRCs). The proportions of
CD34+ cells in each category are shown. At 1 week after IBMT, the proportions of
CD34+ celis both in the endosteal area and in contact with HMRCs were not different
between the 2 groups. At 3 weeks after IBMT, the SRC-enriched CD34*CD38~-
transplanted group had the higher proportions of CD34* cells in the endosteal area
as well as those interacting with HMRCs. At the both time points examined, the
proportion of CD34* cells interacted with osteoblasts was higher in the SRC-enriched
CD34+CD38-transplanted group. Bars represent the CD34*CD38-transplanted
group (@) and the CD34+CD38*-transplanted group (L]). *P < .001, " P < .005, and
***P < .05 relative to the CD34*CD38"* group.

in regulating the status of primitive HSCs both in vitro and in
vivo.#2-4 Therefore, HMRCs may contribute to the maintenance of
primitive human HSCs through N-cadherin-mediated interactions
and the production of SDF-1.

Discussion

Our study demonstrated that intramedullary transplanted human
MSCs reconstituted the HME and provided direct evidence for a
role of transplanted human MSCs in the enhancement of human
hematopoietic cell repopulation in mice. The initial histologic
analysis unveiled the integration of human hematopoietic cells into
the specially and functionally compartmentalized HME of NOD/
SCID mice. Based on this finding, we established a model system
that enables the identification of the phenotype and function of
human MSCs in vivo by directly injecting genetically marked
human MSCs into the BM of NOD/SCID mice. Analogous to
human HSCs, human MSCs persisted long-term in murine BM to
at least 10 weeks after transplantation and were able to differentiate
into the key components of the HME in the host. The presence of
human MSCs in murine BM correlated with the increase in human
hematopoietic cells that were phenotypically and functionally
primitive. Engrafted human MSCs appeared to be involved in the
maintenance of human hematopoiesis via secreted factors as well
as by physically interacting with primitive hematopoietic cells.
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The stem cell niche is a key determinant of stem cell develop-
ment.*>* We are beginning to understand the murine HSC niche
and the molecular mechanisms that govern the fate of murine
HSCs,*7 but there exists a paucity of data on the cellular and
molecular microenvironmental regulation of human hematopoiesis
in vivo due largely to a lack of good experimental tools. Although
the identification of SRCs has facilitated detailed characterization
of human HSCs in vivo,2048 the key niches that function in human
cell repopulation have not been identified. Our study has demon-
strated for the first time that CD34-expressing stem/progenitor cells
localize to the endosteal surface and mobilize toward the central
marrow as they differentiate in BM. In addition, SRC-enriched
CD34*CD38" cells demonstrated a distinct trend to localize in the
endosteal region and to interact with bone-lining osteoblasts, even
at the early stage of hematopoietic reconstitution. This may be one
of the reasons that CD34*CD38~ cells have the high repopulation
potential. We also found that human MSC-derived HMRCs locally
created human HME in the murine environment. Visualization of
human hematopoietic cells and human HMRCs in situ made it
possible to elucidate the physical interaction between human
hematopoietic cells and the human microenvironment. In this way,
the SRC assay recapitulates human hematopoiesis in the murine
environment both structurally and functionally and could serve as a
good experimental system to study human hematopoiesis.

The presence of human MSCs in murine BM resulted in
significantly more engraftment of phenotypically and functionally
primitive human hematopoietic cells. With this newly established
experimental system, we were able to present 3 lines of evidence
that explain how human MSCs may facilitate human hematopoietic
cell engraftment. First, the interaction of human MSC-derived
HMRCs and human CD34* cells was mostly observed in the

Figure 7. Expression of N-cadherin and SDF-1 by HMRCs that interact with
human hematopoietic cells. {A) CD34* cells (arrowheads) appear to colonize near
the bone-lining HMRCs. (B-C) Bone-lining HMRCs colocalize with CD34* cells
(arrowheads) through the asymmetrical expression of N-cadherin. (D-E) Higher
magnifications of panels B and C. (F-H) An HMRC in the endosteal hematopoietic
parenchyma {arrow) expresses SDF-1 and interacts with a few eYFP hematopoietic
cells. All bars represent 10 um.
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endosteal region, at a significantly higher frequency than that of
lineage-committed cells. When this interaction was examined
further by using sorted populations of SRC-enriched CD34*CD38~
cells and more mature CD34*CD38* progenitor cells, a preferen-
tial interaction of HMRCs with a primitive population of CD34*
cells was evident. Whereas the proportion of CD34* cells interact-
ing with HMRCs rapidly decreased in the group that had received
CD34*CD38* progenitor cells, this frequency in the group that had
received CD34*CD38 " transplants did not change and was equiva-
lent to the proportion of CD34* cells interacting with HMRCs at 10
weeks after transplantation. Considering that the proportion of
CD34*CD38~ cells originally contained in the CD34* cells
(representing 5%-8% of CD347 cells in this study) was similar to
HMRC-interacting CD34* cells (8.0% = 6.2% at 10 weeks),
transplanted human MSCs, which became an integral part of the
functional HME, interacted with primitive cell populations, pro-
vided supportive environment of human hematopoiesis, and aug-
mented human cell engraftment. Second, bone-lining HMRCs
interacted with CD34* cells through the asymmetric expression of
N-cadherin, similar to the way bone-lining osteoblasts maintain
primitive HSCs in mouse. This specific interaction of CD34* cells
with human MSC-derived bone-lining osteoblasts, a cellular com-
ponent of the stem cell niche, indicates that similar regulatory
mechanisms operate in human and murine hematopoiesis. Third,
HMRCs in the endosteal hematopoietic parenchyma produced
SDF-1 and interacted with human hematopoietic cells. This
strengthens the previous observations that SDF-1 regulates the
proliferation and survival of primitive HSCs and progenitor
cells.[2424 Taken together, these results suggest that human
MSC-derived HMRCs contribute not only to the proliferation and
differentiation of human hematopoietic progenitor cells that results
in the increased chimerism but also to the maintenance of primitive
human HSCs.

Embryonic development is strictly regulated through sequential
and concerted events that are orchestrated by interactions between
tissue stem cells and the microenvironment. This developmental
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paradigm, including signaling molecules that regulate stem cell
self-renewal,* is conserved for generating and maintaining specific
tissues in adult life, and dysregulation of this process leads to
pathologic conditions such as cancer” Current empiric cancer
studies have focused on identifying intrinsic genetic changes that
lead to the aberrant proliferation of cells, and, as a result,
therapeutic agents targeting the genetic mutations are emerging.
However, our understanding of extrinsic, or microenvironmental,
signals in the context of tumorigenesis has lagged behind. Because
the microenvironment is responsible for homeostatic con-
trols,*5152 is there a specific microenvironment that permits,
initiates, or complements tumorigenesis and supports progression
of tumors? Could the microenvironment be a new target for cancer
therapy? The experimental system we described here, which allows
the visualization and reconstitution of a human microenvironment,
provides a unique tool to study the maintenance of tissue homeosta-
sis, which may lead to the elucidation of the tumorigenic microen-
vironment. In addition, the functional persistence of transplanted
MSCs in the host environment means that MSCs may be used to
deliver therapeutic genes or agents to target tissues.
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STEM CELLS IN HEMATOLOGY

Direct evidence for ex vivo expansion of human hematopoietic stem cells

Kiyoshi Ando, Takashi Yahata, Tadayuki Sato, Hiroko Miyatake, Hideyuki Matsuzawa, Masayuki Oki, Hiroyuki Miyoshi, Takashi Tsuj,

Shunichi Kato, and Tomomitsu Hotta

To characterize human hematopoietic
stem cells (HSCs), xenotransplantation
techniques such as the severe combined
immunodeficiency (SCID) mouse repopu-
lating cell (SRC) assay have proven the
most reliable methods thus far. While
SRC quantification by limiting dilution
analysis (LDA) is the gold standard for
measuring in vitro expansion of human
HSCs, LDA is a statistical method and
does not directly establish that a single
HSC has self-renewed in vitro. This wouid

require a direct clonal method and has
not been done. By using lentiviral gene
marking and direct intra—bone marrow
injection of cultured CD34* CB cells, we
demonstrate here the first direct evidence
for self-renewa!l of individual SRC clones
in vitro. Of 74 clones analyzed, 20 clones
(27%) divided and repopulated in more
than 2 mice after serum-free and stroma-
dependent culture. Some of the clones
were secondary transplantable. This indi-
cates symmetric self-renewal divisions in

vitro. On the other hand, 54 clones (73%)
present in only 1 mouse may result from
asymmetric divisions in vitro. Our data
demonstrate that current ex vivo expan-
sion conditions result in reliable stem cell
expansion and the clonal tracking we
have employed is the only reliable method
that can be used in the development of
clinically appropriate expansion meth-
ods. (Blood. 2006;107:3371-3377)
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Introduction

Ex vivo expansion of hematopoietic stem cells (HSCs) is a major
challenge for clinical and experimental transplantation protocols.!-3
Over the past 15 years many investigators have undertaken
experiments to study ex vivo expansion of HSCs. These studies
have led to a number of clinical trials to evaluate ex vivo—expanded
cells in patients. However, no significant clinical benefit has been
demonstrated to date. Clonal kinetics of ex vivo—expanded HSCs is
one of the basic transplantation biology questions to be addressed
before we can optimize ex vivo expansion approaches.

To characterize human HSCs, the severe combined immunode-
ficiency (SCID) mouse repopulating cell (SRC) assay has proven
the most reliable method thus far.*> When this assay was used, the
maximal expansion that was achieved was 2- to 4-fold expan-
sion.>? While quantitative SRC assay using limiting dilution
analysis (LDA) is the gold standard for measuring expansion, itis a
statistical method and does not directly establish that a single HSC
has self-renewed in vitro. This would require a direct clonal method
and has not been done.

Retrovirus-mediated gene marking has been widely used for
clonal analysis. Since these vectors essentially integrate at
random, each genomic integration site serves as a distinct clonal
marker that can be used to trace the progeny of individual stem
cells after transplantation.!®!! Gene-marking studies in SRC
assays have successfully elucidated the in vivo kinetics of
human HSCs such as proliferation, self-renewal, and multilin-
eage differentiation.}?13

We previously reported serum-free and stroma-dependent
(SFSD) culture conditions for the ex vivo expansion of human
CD34* cells using the murine bone marrow stromal cell line
HESS-5 and human cytokines Flk-2/Flt-3 ligand (FL), thrombopoi-
etin (TPO), and stem cell factor (SCF).!*!5 To obtain direct
evidence that self-renewal division of HSCs in this culture system
results in SRC “expansion,” we applied lentiviral gene marking and
direct intra-bone marrow transplantation (iBMT) of cultured
CD34* cord blood (CB) cells. We demonstrate here the first direct
evidence for self-renewal of individual SRC clones in vitro.

Materials and methods

Collection and purification of human CB CD34* cells

Informed consent was provided according to the Declaration of Helsinki.
CB was obtained from full-term deliveries according to procedures
approved by the institutional review board of the Tokai University School
of Medicine (Kanagawa, Japan). Mononuclear cells (MNCs) were isolated
from CB by Ficoll-Hypaque (Lymphoprep, 1.077 = 0.001 g/mlL; Ny-
comed, Oslo, Norway) density gradient centrifugation. CD34* cells were
purified by positive selection using an immunomagnetic bead system
(MACS; Miltenyi Biotec, Glodbach, Germany). More than 95% of the
enriched cells were CD34* cells, as shown by flow cytometric analysis
(FACSCalibur; Becton Dickinson, San Jose, CA).
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Serum-free and stroma-dependent (SFSD) culture system for
ex vivo expansion

In this culture system, CB CD34* cells were physically separated from the
stromal layer by a polyethylene-terephthalate track-etched membrane in
cell culture inserts (BD Labware, Franklin Lakes, NJ), as previously
described.!* First, the murine hematopoietic-supportive stromal cells HESS-
516 were cultured on the reverse side of the track-etched membrane of the
insert in 12-well microplates in minimal essential medium-alpha (MEM-a;;
Nikken Bio Medical Laboratory, Kyoto, Japan) supplemented with 10%
(vol/vol) horse serum (GibcoBRL) at 37°C under 5% CO, in humidified air.
Once cells grew to confluency, stromal cells were irradiated with 15 Gy
using a '37Cs +y-irradiator, before being washed S times with StemPro, and
the media changed for coculture. Transduced CB CD34* cells were seeded
on the upper side of the membrane in the insert where the cytoplasmic villi
of HESS-5 cells passed through the etched 0.45-pum pores (pore density,
1.0 X 10%cm?) and were cultured in StemPro TM-34SFM (GibcoBRL)
supplemented with StemPro TM-34 Nutrient Supplement (GibcoBRL), 2
mM L-glutamine (GibcoBRL), and penicillin/streptomycin with recombi-
nant human TPO (50 ng/mL; a gift from Kirin Brewery, Tokyo, Japan), SCF
(50 ng/mL; a gift from Kirin Brewery) and FL (50 ng/mL; R&D Systems,
Minneapolis, MN).

5-and 6-carboxyfluorescein diacetate succinimidyl ester
(CFSE) labeling

CFSE labeling of CB CD34* cells was carried out as described previ-
ously.}’” Cells were incubated with 10 uM CFSE (Molecular Probes,
Eugene, OR) for 10 minutes at 37°C and then further dye uptake was
prevented by washing with cold fetal calf serum (FCS). Labeled cells were
cultured in the SFSD system and their kinetics were evaluated using a
FACS Calibur (Becton Dickinson).

SRC assay

Male or female NOD/Shi-scid (NOD/SCID) mice were obtained from
CLEA JAPAN (Tokyo, Japan). All experiments were approved by the
animal care committee of Tokai University. Mice were housed in microiso-
lated cages and given autoclaved food and water, acidified just before and
after total body irradiation (300 cGy-350 cGy). Mice were anesthetized
briefly with ether and injected with transduced cells through the tail vein.
After 10 weeks, mice that had undergone transplantation were killed and
bone marrow cells were flushed from the femura and tibias with PBS.

iBMT of human hematopoietic cells

iBMT was carried out as previously described.!® In brief, a 29-gauge needle
was inserted into the joint surface of the right tibia of anesthetized mice, and
human hematopoietic cells in a 10-uL suspension were injected into the
BM cavity. For injections, a 1-mL Hamilton syringe with fixed 31-gauge
needle was used.

Lentivirus production and infection of CD34* cells

The vesicular stomatitis virus~G protein (VSV-G) pseudotyped lentiviral
vector was generated by transient cotransfection of the self-inactivating
vector construct pCS-CG'? with the VSV-G—expressing construct pMD.G,
the rev-expressing construct pRSV, and the packaging construct pMDLg/
p.RRE into 293T cells (ATCC, Manassas, VA) using calcium phosphate
transfection, according to the manufacturer’s recommendations (Invitrogen,
Carlsbad, CA). 293T cells were grown on collagen I—<oated 100-mm dishes
(BD Labware, Bedford, MA) in Dulbecco modified Eagle medium (DMEM;
Biofluids, Rockville, MD) containing 10% heat-inactivated FCS (JRH
Biosciences, Lenexa, KS). The vector-containing supernatant was collected
every 24 hours for 3 days, filtered through a 0.45-pm pore size filter, and
superconcentrated twice by centrifugation at 50 000g for 90 minutes at
20°C. Viral supernatants were concentrated 100 to 200 times by ultracen-
trifugation, resuspended in serum-free medium StemPro TM-34SFM, and
stored at —80°C until use.
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CD34% cells (100 000) in 200 pL StemPro TM-34SFM were seeded in
each well of 96-well V-bottomed plates and cultured for 5 hours with
superconcentrated lentiviral supernatant (200 wL/well) at a multiplicity of
infection (MOI) of 50.%

FACS analysis and sorting

On day 4 after infection, the cells were washed once with PBS and stained
with a monoclonal antibody against CD34 conjugated with PE (Becton
Dickinson). Infection efficiency was evaluated using a FACS Calibur
(Becton Dickinson). At 10 weeks after transplantation, the mice were killed
and the bone marrow and spleen were collected. Cells were stained with
monoclonal antibodies (mAbs) to human leukocyte differentiation antigens:
PE-conjugated anti-human CD19 (S8J25C1) and CD33 (Leu-M9) (all
Becton Dickinson); and APC-conjugated anti—-human CD45 (J.33; Coulter/
Immunotech, Hialeah, FL). A FACS analysis was conducted by 3- or
4-color flow cytometric analysis using a FACSCalibur. For isolation of
CDI19*EGFP* and CD33*EGFP* cells, cells were stained with PE-
conjugated anti~human ECD-conjugated CD19 and PE-conjugated CD33,
and APC-conjugated anti-CD45 mAbs and sorted using the FACS Vantage
flow cytometer (BD Biosciences).

3'-LTR integration site analysis using linear
ampilification-mediated-PCR

To identify the genomic-proviral junction sequence, linear amplification-
mediated polymerase chain reaction (LAM-PCR) was performed on DNA
isolated from total bone marrow as described by Schmidt et al.?' In brief,
linear amplification of target DNA was performed by repeated primer
extension using a vector-specific 5'-biotinylated primer LTR1 (5" GAA
CCC ACT GCT TAA GCC TCA 3') with Taq polymerase (2.5 U; Qiagen,
Valencia, CA) from 100 ng of each sample DNA. After selection with
magnetic beads (Dynal, Oslo, Norway), the extension products were
incubated with Klenow polymerase (2 U), dNTPs (300 mM; Pharmacia,
Uppsala, Sweden), and random hexanucleotide mixture (Takara, Otsu,
Japan). The samples were then washed on the magnetic particle concentra-
tor (Dynal) and incubated with Sac I (5 U in 20 pL; Promega, Madison, WI)
for 2 hours at 37°C, and then Tsp509 I (5 U in 20 pL; New England
BioLabs, Ipswich, MA) for 2 hours at 55°C. After an additional wash step, a
double-stranded asymmetric linker cassette and T4 DNA Ligase (6 U; New
England BioLabs) were incubated with the beads at 16°C overnight. After
denaturing with 0.1 N NaOH, each ligation product was amplified with Taq
polymerase (5 U), 25 pmol of vector-specific primer LTR2 (5' AGC TTG
CCT TGA GTG CTT CA 3'), and linker cassette primer LC1 (5" GTA CAT
ATT GTC GTT AGA ACG CGT AAT ACG ACT CA 3). Of each PCR
product, 0.2% served as a template for a second, nested PCR with internal
primers LTR3 (5" AGT AGT GTG TGC CCG TCT GT 3’) and LC2 (5’
CGT TAG AAC GCG TAA TAC GAC TCA CTA TAG GGA GA 3’) under
identical conditions. Amplified products were loaded on 2% agarose gels.
To quantify the number of each band in cases where several clones of
infected cells contributed to the graft, densitometric analysis was done
using Densitograph software (ATTO, Tokyo, Japan). The final products
were sequenced after cloning into the TOPO TA cloning vector (Invitrogen).

PCR tracing of individual clones

To trace individual clones by amplifying unique genomic-proviral junction,
primer pairs located in the genome and vector were used. LTR3 was used as
the 5’ primer. The 3’ primer was designed from the genomic-proviral
junction sequence after determining its precise location in the human
genome by comparison to known genomic sequences using a basic local
alignment search tool (BLAST) search (Table S1 on the Blood website; see
the Supplemental Table link at the top of the online article). For
semiquantitative PCR, primers located in GFP cDNA (5" primer: CCAGTT
CAG CGT GTC CGG CG; 3’ primer: GGG GTC TTT GCT CAG GGC
GG) were used. AmpliTaq and reagents were purchased from Takara Shuzo
(Otsu, Japan). PCR conditions for 100 ng of each sample DNA were set as
follows: 30 cycles consisting of denaturation at 94°C for 1 minute,
annealing at 60°C for 1 minute, and elongation at 72°C for 2 minutes with a
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Figure 1. Kinetics of CB CD34+* cells during SFSD culture. Representative flow
cytometric profiles of CFSE-labeled CB CD34* cells. CB CD34* cells were stained
with CFSE and cultured in the SFSD system. The fluorescence intensity was
analyzed at 2 days {gray histogram), 4 days (top, black histogram), and 5 days
(bottom, black histogram) after cuiture. The number above each peak represents the
nurnber of divisions according to the flucrescence intensity. The relative frequencies
of undivided cells were 51.24% = 3.12% % at day 2, 0.09% = 0.04% at day 4, and
0.04% = 0.03% at day 5 (n = 3). The fluorescence intensity of the cells incubated
with colcemid confirms the position of the cells that have not divided (dotted ling).

2-second extension in each additional cycle, and final reaction at 71°C for
8 minutes followed by gradual cooling to 4°C. Amplified products were
loaded on 2% agarose gels.

Statistical analysis

The data from several limiting dilution experiments were combined and
used for analysis. The frequency of SRCs in the test BM sample was
calculated by applying Poisson statistics to the proportion of negative
recipients at different dilutions using L-Calc software (StemCell Technolo-
gies, Vancouver, BC, Canada). Data are represented as mean plus or minus
standard error (SE). The 2-sided P value was determined, testing the null
hypothesis that the 2 population medians are equal. P values less than .05
were considered to be significant.

Resulis
Cell division kinetics and SRC expansion during SFSD culture

Cell division kinetics during culture were assessed by a high-
resolution procedure for tracking cells using their proliferation
history, based on the loss of cellular fluorescence after staining with
CFSE (Figure 1). Flow cytometric analysis of CD34* cells
harvested from 4- and 5-day cultures resolved more than 3 and 4
generations of progeny, respectively. Undivided cells were not
detectable, which suggested the possibility of no dormant cells in
this system after 4 days of culture.

A quantitative SRC assay was used to compare the frequency of
SRCs between uncultured and cultured CD34 ™ cells in this system.
When purified CD34% cells were cultured for 5 days, the total
number of cells had expanded 20.1-fold * 2.7-fold (n = 10). Since
63.6% * 4.2% (n = 10) of cells were CD347 after culture, CD34*
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cells had increased around 12.8-fold. A graded number of CD34~
cells were transplanted intravenously into irradiated NOD/SCID
mice. Human cell engraftment in mice was determined 10 weeks
after transplantation (Table 1). The frequencies of SRCs in
uncultured and cultured CD34* cells were 1 per 25 794 cells (95%
CI; 14408 to 46 177 cells) and 1 per 34 056 cells (95% CI; 19 072
to 60 810 cells), respectively. Thus, the calculated change in the
total SRC numbers following culture was about a 9.8-fold increase.
However, the result does not directly demonstrate that each HSC
has multiplied 9.8 times through self-renewal divisions in vitro,
since the changes of homing and proliferative abilities following
culture may also affect results of the SRC assay. Clonal analysisis a
more accurate method to demonstrate true SRC multiplication.

Quantitative SRC assay of gene-marked CD34* CB cells before
and after SFSD culture

To set up clonal analysis, ex vivo expansion of gene-marked SRC
was measured by quantitative SRC assay. CD34* CB cells were
infected with recombinant lentivirus containing cDNA encoding
for enhanced green fluorescent protein (EGFP), and 42% * 7%
(n = 26) of the CD34" cells subsequently expressed EGFP 4 days
after infection. The infection conditions were optimized to mini-
mize the probability of multiple integrations into target cells.?? This
time, the SRC “expansion” was measured by transplanting the
graded number of cells before culture and their whole progeny after
4 days of culture (Figure 2A). Both CD19*EGFP* lymphoid and
CD33*EGFP* myeloid reconstitution were detected in each mouse
when human CD45*EGFP* cells were engrafted (Figure 2B). The
calculated frequencies of EGFP* SRCs before and after culture
were 1 per 23 304 cells (95% CI; 17 147 to 31 672 cells) and 1 per
4633 cells (95% CI; 3674 to 5842 cells), respectively, making the
fold expansion 5.03 (Figure 2C).

In vitro SRC multiplication at clonal level

To detect multiplied clones, 5 X 10* gene-marked CD34* cells
were cultured for 4 days and then divided into 10 lots, each of
which was transplanted directly into the bone marrow of a
NOD/SCID mouse (Figure 3A). While the seeding efficiency of
intravenously transplanted human cells into NOD/SCID mice is
less than 10%, iBMT negates the effect of homing, allowing
efficient detection of amplified SRCs.!# We used linear amplifica-
tion-mediated (LAM)~PCR? to detect unique genomic-proviral
junctions as clonal markers. Detection of the same clones in
different mice would provide direct evidence of ex vivo multiplica-
tion of an SRC clone. We identified 20 clone-specific genomic-
proviral junction sequences by LAM-PCR on 10 mice (Table 2).

Table 1. Comparison of the frequency of SRCs in pre- and
postcultured CD34+ CB cells by limiting dilution assay

No. CD34* cells
transplanted

Engraftment with
postcultured cells

Engraftment with
precultured cells

100 000 5/5 5/5
50 000 7/9 6/9
10000 5/10 4/10

5000 0/5 0/5

The graded number of pre- and postcultured CD34* CB cells were transplanted
into irradiated NOD/SCID mice (n = 58) intravenously. At 10 weeks after transplanta-
tion, human cell engraftment in mice was determined by flow cytometric analysis. The
detection of human cells was also confirmed by PCR of the human chromosome
17-specific a-satellite primers (data not shown). SRC frequencies were calculated
using Poisson statistics and the method of maximum likelihood with the assistance of
L-Calc software (StemCell Technologies). Engraftment values indicate number of
engrafted mice/number of transplantations. -
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Figure 2. Comparison of the frequency of infected SRCs with and without SFSD
culture. (A) The infected cells were divided into 2 groups consisting of the same
number of cells (5 X 102, 1 X 103, 5 % 103, 1 X 104, 5 X 104 1 % 105, 3 x 10°
cells/mouse). One group was instantly transplanted (n = 41), and the other was
cultured for 4 days in SFSD culture, and then transplanted into NOD/SCID mice
(n = 75). At 10 weeks after transplantation, the mice were killed and the percentages
of CD45*EGFP* cells in the mouse bone marrow celis were determined by flow
cytometry. The presence of cells was also confirmed by PCR using EGFP primers to
rule out the false-positive results by flow cytometry (data not shown). (B} Representa-
tive FACS profiles. Data from mouse, indicated by the triangle in panel A, are shown.
The numbers in the top left and right quadrants show the percentage of CD45*EGFP~
and CD45+*EGFP* populations, respectively. Multilineage repopulation capacity of
transduced SRCs was also examined. The numbers in the right panel show the
percentage of CD33* and CD19* populations within CD45*EGFP* cells from bone
marrow. (C) The frequency of infected SRCs before and after culture. The number
shown within each box indicates the calculated frequency of SRCs using L-Calc
software (StemCell Technologies).

Clone-specific primers were designed and PCR was performed to
trace each clone within 10 mice. Since the detection sensitivity of a
clone by PCR was assumed 10 be 0.1% by semiquantitative PCR
using primers within the EGFP ¢cDNA, clones comprising more
than 10* cells would be detected by this method. Representative
clones are shown in Figure 3B. Although 14 clones were detected
in only 1 mouse (such as clones 1-1, 1-4, and 1-15), 6 clones were
detected in more than 2 mice. Clones 1-2, 1-7, and 1-16 were
detected in 2 mice (data not shown). Clone 1-3 was detected in 4
mice, clone 1-10 was detected in 5 mice, and clone 1-20 was
detected in 6 mice. The data suggested that some of clones divided
during culture and participated in hematopoietic reconstitution of 2,
4, 5, or 6 independent mice.

Multilineage differentiation of multiplied SRCs
at the clonal level

To detect multilineage differentiation of amplified SRCs, purified
CDI197EGFP* and CD33*EGFP* cells from each mouse were
analyzed for each clone (Figure 4A). Although gene-marked
cultured cells were transplanted into 10 mice, 4 mice died before
analysis. We identified 15 clonal markers from the remaining 6
mice by LAM-PCR (Table 2). Purified CDI19*EGFP* and
CD33*EGFP* cells from each mouse were examined for the
presence of each clone (Figure 4B-C). Twelve clones were present
in only 1 mouse. Eleven were present in both CD19* and CD33*
cells (such as clone 2-7 and 2-14), whereas 1 clone (clone 2-5)
repopulated only CD19* cells. There were 3 clones present in 2
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independent mice. Two of them reconstituted both CD19* and
CD33* cells (clone 2-6 and 2-15), but 1 clone (clone 2-3)
reconstituted only CD197 cells in mouse no. 2 and both CD19* and
CD33* cells in mouse no. 4. These results demonstrate the
multilineage differentiation ability of the multiplied SRC clones in
our system.

Self-renewal divisions of multiplied SRCs at the cional level

Finally, we designed a secondary transplantation experiment to
confirm the self-renewal ability of each clone (Figure 5A). We
identified 39 clonal markers from 10 primary and 10 secondary
transplanted mice by LAM-PCR, 11 of which were detected in
multiple mice (Table 2). Twenty-eight clones were present in a
single primary recipient and 16 were detected in a secondary
recipient. Eleven clones were detected in multiple primary recipi-
ents and 14 of 29 clones were detected in a secondary recipient.
Representative clones are shown in Figure 5B. Clones 3-5, 3-22,
and 3-24 were present in 3 primary mice but only in 1 secondary
mouse with lymphomyeloid differentiation ability. Clone 3-13 was
present in 4 primary mice but also only in 1 secondary mouse.
Similarly, clones 3-7, 3-29, 3-32, and 3-35 were present in 2
primary mice but in only 1 secondary mouse. Clones 3-23, 3-26,
and 3-38 were present in 2 to 4 primary mice and transmitted to 2
secondary mice with maintenance of both self-renewal and multilin-
eage differentiation ability. This result demonstrated that some
human HSC clones are able to multiply in vitro.

Discussion

Several protocols for ex vivo expansion of human HSCs demon-
strated 2- to 4-fold expansion of SRCs by using quantitative SRC

tnfection

EGFP

Figure 3. Detection of multiplied SRCs in SFSD culture. (A) Experimental protocol
for the detection of multiplied SRCs in SFSD culture. {B) PCR tracing of individual
clones in mice that underwent transplantation with SFSD-cultured cells. Representa-
tive clones are shown. Each clone was detected by amplifying a unique genomic-
proviral junction sequence with primer pairs located in the genome (clone number
shown in Table $1) and vector (LTR3). For semiquantitative PCR, genomic DNA from
the indicated ratio of mixture of Jurkat cells with and without transduction by
recombinant retrovirus MFG-EGFP22 was used. The numbers at the top indicate
each mouse. The numbers on the left indicate each SRC clone. P indicates positive
control; N, negative control.
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Table 2. Amplification of SRC clones in mice that underwent transplantation with CD34* cells after SFSD culture

No. clones Fold amplification of clones, no. of clones (%)

(no. mice) 1 2 3 4 5 6
Experiment 1 20 (10) 14 (70) 3(15) 0(0) 1(5) 1(5) 1(5)
Experiment 2 15 (6) 12 (80) 3 (20) 0 (0) 0(0) 0 (0) 0 (0)
Experiment 3 39 (10) 28 (71.8) 6 (15.4) 3(7.7) 2(5.1) 0(0) 0 (0)
Total 74 54 24 9 12 5 6

SFSD-cuttured CD34+ cells were divided into 10 groups, and transplanted directly into the bone marrow of 10 mice. In experiment 2, 4 mice died before examination. If the
same clone was engrafted in 3 mice, it was assumed that the clone was amplified 3-fold by SFSD culture.

assay.? However, it does not mean a 2- to 4-fold increase of SRC
numbers because it is difficult to distinguish between a truly
increased SRC number or increased SRC proliferative potential
following culture (and therefore increased human engraftment
detection) by this assay.?> On the other hand, recent data suggest
that surface expression of CXCR4 and CD26 in CD34~ cells by ex
vivo manipulation have a positive and negative effect, respectively,
on their homing and engraftment in NOD/SCID mice.?*% Thus, the
true self-renewal division of SRCs in vitro could not be assessed by
the quantitative SRC assay. By using lentiviral gene-marking and
iBMT of cultured CD34* CB cells, we have successfully dissected
the relative contribution of clonal multiplication from homing
efficiency and/or proliferative potential on SRC “expansion.”

We have previously demonstrated that iBMT is 15 times more
sensitive than conventional intravenous injection for the detection
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Figure 4. Detection of multilineage differentiation by multiplied SRCs. (A)
Experimental protocol for the detection of multilineage differentiation by multiplied
SRCs. (B) At 10 weeks after transplantation, the mice were killed and CD33* and
CD19* populations within CD45*EGFP* cells from bone marrow were sorted. The
numbers in the panels show the percentage of the gated cells. Sorted CD19*EGFP*
and CD33*EGFP* cells show more than 99% pure fractions. (C) PCR tracing of
individual clones in CD19*EGFP* and CD33*EGFP* cells from mice that underwent
transplantation with SFSD-cultured cells. Each clone was detected by amplifying a
unigue genomic-proviral junction sequence with primer pairs located in the genome
{clone number shown in Table $1) and vector (LTR3). The numbers at the top indicate
each mouse. The numbers on the left indicate each SRC clone.

of SRCs."8 In an attempt to improve the efficiency of homing,
seeding, and repopulation, iBMT has been applied to detect clones
used to repopulate different individuals.?® If the number of SRCs
amplified 5-fold during culture, we should ideally find every clone
in 5 different mice when cultured cells are divided and transplanted
by this method into 10 mice. However, as shown in Table 2, 74
clones were detected in 110 mice that underwent transplantation.
Therefore, the net amplification of SRCs was calculated to be at
least 1.5-fold. The discrepancy between 1.5-fold amplification
from clonal analysis and 5.03-fold expansion from the quantitative
SRC assay may be due to the increased SRC proliferative potential
and/or homing and engraftment efficiency following culture, which
affects the quantitative SRC assay using intravenous injec-
tion.222425 To further dissect these 2 factors, comparing cultured
cells by limiting dilution using iBMT and clonal analysis would be
useful. Further study is required to elucidate their relative
contribution.

Dividing HSCs in vitro resulted in depletion, maintenance, or
expansion (Figure 6). Of 74 clones analyzed in the 3 experiments
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Figure 5. Detection of self-renewal and multi-lineage differentiation by multi-
plied SRCs. (A) Experimental protocol for the detection of self-renewal and
multilineage differentiation by multiplied SRCs. (B) PCR tracings of individual clones
in bone marrow cells from mice that underwent transplantation with SFSD-cultured
cells are shown in column 1. The bone marrow cells were then transplanted into
secondary mice. PCR tracings of individual clones in CD19*EGFP* and
CD33*EGFP* cells from the secondary mice are shown in column 2. Each clone was
detected by amplifying a unique genomic-proviral junction sequence with primer pairs
located in the genome (clone number shown in Tabie S1) and vector (LTR3). The
numbers at the top indicate each mouse. The numbers on the left indicate each SRC
clone.
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presented here, 54 clones (73%) were present in 1 individual,
which means that HSCs were dormant or maintained during
culture. Contribution of dormant HSCs to this resuit is negligible,
since more than 99.9% of CD34* cells proliferated in the SFSD
culture system (Figure 1) and the SRC frequency by iBMT was 1 in
44 CD34*CD38~ cells and 1 in 1010 Lin~CD347 cells.®¥” Glimm
and Eaves'? also demonstrated that the vast majority of SRCs
present in S5-day cultures of CB CD34" cells stimulated with
cytokines had executed at least 3 full cell cycles. Therefore,
asymmetric self-renewal division would result in HSC mainte-
nance in this population (Figure 6B). Twenty clones (27%) divided
and resulted in multiplication up to 6 times after culture.
Furthermore, 3 clones, clones 3-23, 3-26, and 3-38, multiplied
and maintained both multilineage differentiation and self-
renewal activity. This indicates symmetric self-renewal division
of HSCs at some stage during culture (Figure 6C). Therefore,
there are at least 2 classes of HSCs, each of which behaves
differently in SFSD culture: maintaining HSCs and multiplying
HSCs. Identification of the differences between these 2 popula-
tions with respect to surface markers, state of gene expression,
or other behaviors such as status of interaction with stromal cells
in vitro, would greatly facilitate the development of an optimal
culture system for ex vivo expansion. Assessment of the
biologic function of individual human HSCs would also provide
a powerful tool for the characterization of cellular and molecular
determinants that govern their reconstitution ability.

New classes of SRCs have been recently identified.!3-283 While
we focused on long-term repopulating cells (LTRCs) in this study,
it is of interest to determine what other types of SRCs also
expanded in the SDSF culture system. Rapid-SRCs (R-SRCs)
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STEM CELLS IN HEMATOLOGY

Clonal analysis of thymus-repopulating cells presents direct evidence
for self-renewal division of human hematopoietic stem cells

Takashi Yahata, Shizu Yumino, Yin Seng, Hiroko Miyatake, Tomoko Uno, Yukari Muguruma, Mamoru lto,
Hiroyuki Miyoshi, Shunichi Kato, Tomomitsu Hotta, and Kiyoshi Ando

To elucidate the in vivo kinetics of hu-
man hematopoietic stem cells (HSCs),
CD34*CD38~ cells were infected with
lentivirus vector and transplanted into
immunodeficient mice. We analyzed the
multilineage differentiation and self-
renewal abilities of individual thymus-
repopulating clones in primary recipi-
ents, and their descending clones in
paired secondary recipients, by tracing
lentivirus gene integration sites in each
lymphomyeloid progeny using a linear
amplification-mediated polymerase chain re-
action (PCR) strategy. Our clonal analysis

revealed that a single human thymus-
repopulating cell had the ability to pro-
duce lymphoid and myeloid lineage cells
in the primary recipient and each second-
ary recipient, indicating that individual
human HSCs expand clonally by self-
renewal division. Furthermore, we found
that the proportion of HSC clones present
in the CD34* cell population decreased
as HSCs replicated during extensive re-
population and also as the differentiation
capacity of the HSC clones became lim-
ited. This indicates the restriction of the
ability of individual HSCs despite the ex-

pansion of total HSC population. We also
demonstrated that the extensive self-
renewal potential was confined in the
relatively small proportion of HSC clones.
We conclude that our clonal tracking stud-
ies clearly demonstrated that heterogene-
ity in the self-renewal capacity of HSC
clones underlies the differences in clonal
longevity in the CD34* stem cell pool.
(Blood. 2006;108:2446-2454)
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Introduction

Self-renewal and multilineage differentiation are the 2 fundamental
abilities that define hematopoietic stem cells (HSCs) and distin-
guish them from progenitors. Severe combined immunodeficient
mouse (SCID)-repopulating cells (SRCs), originally identified by
their ability to reconstitute hematopoiesis in nonobese diabetic
(NOD)Y/SCID mice, are thought to represent human HSCs that are
useful clinically to repopulate human recipients.!3 Unlike murine
HSCs that have been purified and analyzed at the single-cell level,*
viral gene-marking is the only strategy for the in vivo clonal
analysis of human HSCs.> Using this approach, several studies
documented heterogeneity among SRC clones and implied that
some clones have the ability to differentiate into B-lymphoid and
myeloid lineages and to self-renew.51? A major shortcoming of
using the NOD/SCID mouse model is a lack of reproducible human
T-lymphocyte repopulation. Consequently, the multilineage differ-
entiation capacity of SRCs in NOD/SCID recipients has been
assessed by reconstitution of only B-lymphoid and myeloid
lineages. Because a close relationship between B-lymphocyte and
macrophage differentiation has been indicated, ! current analyses

cannot clearly distinguish true HSCs from lineage-restricted pro-
genitors such as B-lymphocyte/macrophage progenitors. As a |
result, the multilineage differentiation and self-renewal of HSCs
represented by a single SRC are yet to be proven.

Along with other investigators, we demonstrated that phenotypi-
cally normal and polyclonal human T lymphocytes were reproduc-
ibly repopulated from human cord blood CD34* cells in the
NOD/SCID/common -y chain (cy)-null (NOG) mouse.'5"17 Having
this unique environment that permits human thymopoiesis, the
NOG recipient serves as an excellent model to study self-renewal,
as well as multilineage differentiation, of human HSCs. HSCs can
be identified as thymus-repopulating cells and distinguished from
short-lived oligopotent or monopotent progenitors. Thymopoiesis
requires constant recruitment of progenitors into the thymus, which
eventually produces mature T lymphocytes in a relatively short
period of time. '8! Therefore, to maintain thymopoiesis in recipient
mice, transplanted HSCs must divide without loss of thymus-
repopulating activity. Several classes of SRCs that differ in their
proliferative and self-renewal potential have been reported.?0-2
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Analyzing the thymus-repopulating activity of these cells provides
a unique way to distinguish and identify long-term self-renewing
stem cells within the SRCs. Self-renewal of HSCs has been
assessed by serial transplantation on the basis that HSCs, which are
responsible for multilineage hematopoiesis in primary recipients,
are also capable of repeating this process in secondary transplant
recipients. Confirmation of the persistence of thymus-repopulating
cells with muliilineage differentiation ability in the secondary
recipient would eliminate the possible contribution of some
long-lived progenitors and mature cells and at the same time,
provide direct evidence for self-renewal of SRCs.

In this study, we established a novel strategy to analyze both
self-renewal and multilineage differentiation of a single human
thymus-repopulating SRC clone in NOG recipient mice using
linear amplification-mediated polymerase chain reaction (LAM-
PCR) that verifies individual genomic virus integration sites by
direct sequencing.?® The identification of specific clones in fluores-
cent-activated cell sorter (FACS)-sorted lymphomyeloid lineage
populations by their unique molecular markers allowed us to assess
how individual clones contribute to the specific lineages during
long-term hematopoiesis in vivo. We focused on CD4/CD8 double-
positive (DP) immature thymocyte populations as a starting point
of our clonal analysis of the human HSC ability. Our study
presented direct clonal evidence that a single human HSC had the
ability to produce lymphoid and myeloid lineage cells. Self-
renewal division of multilineage clones resulted in expansion of
SRCs. However, this clonal expansion of SRCs leads to the clonal
exhaustion of SRCs during long-term hematopoiesis in vivo. It was
also indicated that, although most of the SRC clones were destined
to loose their self-renewal potential, the relatively small proportion
of SRC clones retained extensive self-renewal potential.

Materials and methods

Coliection and purification of human CB CD34+CD38~ cells

CB samples were obtained from full-term deliveries according to the
institutional guidelines approved by the Tokai University Committee on
Clinical Investigation. Mononuclear cells (MNCs) were isolated by Ficoll-
Hypaque (Lymphoprep, 1.077 = 0.001 g/mL; Nycomed, Oslo, Norway)
density gradient centrifugation. CD34" cell fractions were prepared using
the CD34 Progenitor Cell Isolation Kit (Miltenyi Biotec, Sunnyvale, CA)
according to the manufacturer’s directions. Column-enriched CD34™ cells
were cryopreserved in liquid nitrogen until use. For isolation of
CD34+CD38" cells, pooled CD34*-enriched cells from multiple donors
were stained with fluorescein isothiocyanate-conjugated anti-CD34 (581;
Coulter/Immunotech, Marseille Cedex, France), and phycoerythrin (PE)-
conjugated anti-CD38 (HB7; BD Biosciences, San Jose, CA) monoclonal
antibodies (mAbs). Cells were sorted using the FACSVantage flow cytom-
eter (BD Biosciences) equipped with HeNe and argon lasers. CD38~ gate
was determined in reference to isotype control. CD34*CD38~ cells, which
comprise 5% to 8% of the total CD34* cell population, were isolated with
97% to 99% (n = 16) purity using FACSVantage (BD Biosciences).

Lentivirus infection

Purified CD34*CD38~ cells were plated on fibronectin CH-296 fragment
and incubated with highly concentrated viral supernatant at a multiplicity of
infection (MOI) of 50 in serum-free StemPro-34 medium (Invitrogen,
Carlsbad, CA) containing cytokines (Takara Shuzo, Tokyo, Japan) for 16
hours. Recombinant human thrombopoietin (50 ng/mL; kindly donated by
Kirin Brewery, Tokyo, Japan), stem cell factor (50 ng/mL; donated by Kirin
Brewery, Tokyo, Japan), and Flk-2/Flt-3 ligand (50 ng/mL; R&D Systems,
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Minneapolis, MN) were used. The number of virus integration sites per cell
was examined in the following experiment. CD34™ cells were infected with
enhanced green fluorescent protein (EGFP) at an MOI of 50 and then plated
in methylcellulose. Individual colonies expressing EGFP were picked up
and analyzed for integration sites by LAM-PCR. Over the 20 colonies
examined, none of the colonies demonstrated multiple bands, confirming
that the individual colonies contain a single integration site (data not shown).

Estimation of multilineage differentiation potential of SRCs

NOD/Shi-scid, IL-2Ryc™! (NOG) mice were obtained from the Central
Institute for Experimental Animals (Kawasaki, Japan) and maintained in the
animal facility of the Tokai University School of Medicine in microisolator
cages; the animals were fed with autoclaved food and water. Nine- to
20-week-old NOG mice were irradiated with 250 cGy X-rays. The
following day, transduced CD34*CD38™ cells (1 X 10* cells) were injected
intravenously into the NOG mice. All experiments were approved by the
animal care committee of Tokai University. Sixteen to 20 weeks after
transplantation, the mice were humanly kiiled, and bone marrow (BM)
cells, splenocytes, and thymocytes were analyzed by flow cytometry. Cells
were stained with mAbs to human leukocyte differentiation antigens.
Human hematopoietic cells were distinguished from mouse cells by the
expression of human CD45. APC-conjugated anti-human CD19 mAb
(Coulter/Immunotech), ECD-conjugated anti~human CD8 and CD34 mAbs
(all Coulter/lmmunotech), and PE-conjugated anti-human CD3, CD4, and
CD33 mAbs were used. The efficiency of gene transduction was determined
by the percentage of cells expressing EGFP. EGFP-expressing CD45™
human hematopoietic cells were further classified into human stem/
progenitor (CD34%), myeloid (CD33%), B-lymphoid (CD19*), and T-
lymphoid (CD3* or CD4*/CD8*) subpopulations and were sorted using a
FACSvantage Diva option (BD Biosciences). To eliminate the contamina-
tion of lineage-committed cells, CD34* cells were sorted on CD19™ and
CD33~ gate. Sorted cells, confirmed to be lineage™°¥CD34*, were
designated as stem/progenitor cells. Double cell-sorting was performed to
ensure greater than 99% cell purity. Representative FACS profiles of sorting
purity were demonstrated in Figure S1 (available at the Blood website; see
the Supplemental Materials link at the top of the online article).

Secondary transpiantation

BM cells were obtained from mice that received a transplant with
CD34*CD38" cells at 13 to 19 weeks after transplantation. The BM cells of
these primary recipients were divided equally and injected intravenously
into 2 sublethally irradiated secondary NOG recipients (1.35 X 107-
2.1 X 107 cells per recipient). Thirteen to 19 weeks after transplantation,
BM cells and thymus were collected from each secondary recipient and
used for flow cytometric analysis and lineage cell sorting as described.

Integration site analysis of lentivirally marked SRCs

LAM-PCR was carried out as described previously?® with some slight
modifications. Genomic DNA samples (100 ng), isolated from each sorted
subpopulation, were preamplified for a total of 100 cycles by repeated
primer extension using 0.25 pmol vector-specific, 5'-biotinylated primer
LTR1 (5'-GAACCCACTGCTTAAGCCTCA-3") using ProofStart DNA
polymerase (2.5U; Qiagen, Hilden, Germany). The biotinylated extension
products were collected using streptavidin-conjugated magnetic beads
(Dynal, Oslo, Norway), and the second strand was synthesized using
Klenow polymerase (2 U; Takara Shuzo) and random primer (Takara
Shuzo). To prevent virus-vector sequence contamination, samples were first
incubated with Sacl endonuclease (5 U; Promega, Madison, WI) for 2 hours
at 37°C and then digested with Tsp5091 endonuclease (5 U; New England
BioLabs, Ipswich, MA) for 2 hours at 65°C. After restriction digestion, 100
pmol of a linker cassette (5'-GTACATATTGTCGTTAGAACGCGTAAT-
ACGACTCACTATAGGGAGA-3") was ligated using a DNA ligation kit
(Takara Shuzo) at 16°C overnight. Each ligated sample was amplified using
a vector-specific primer, LTR2 (5'-AGCTTGCCTTGAGTGCTTCA-3'),
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and a linker cassette primer (5'-GTACATATTGTCGTTAGAACGCGTA-
ATACGACTCA-3"), using the following conditions: 95°C for 1 minute,
60°C for 1 minute, 72°C for 1 minute (30 cycles). Each PCR product was
subjected to nested PCR with the internal primers, LTR3 (5'-
AGTAGTGTGTGCCCGTCTGT-3") and LC2 (5'-CGTTAGAACGCGTA-
ATACGACTCACTATAGGGAGA-3'), under identical conditions. PCR
products were sequenced after cloning into the TOPO TA cloning vector
(Invitrogen). The proviral integration sites of DP cells were sequenced, and
the sequences were examined for alignment to the human genome using
NCBI BlastN (http://www.ncbi.nlm.nih.gov/blast). The verified genomic
sequence information of these DP cell integration sites was used to design
new primers (all primer sequences used in this study are listed in Tables
S1-83). PCR was performed on each LAM-PCR product using the unique
genomic flanking primers in combination with the LTR3 primers.

Estimation of clone size by real-time quantitative
PCR (RQ-PCR)

Genomic DNA samples from CD34* cells of secondary recipients were
amplified using multiple displacement amplification reagents (REPLI-g;
Qiagen) according to the manufacturer’s instructions.?> Briefly, 10 ng
template DNA was mixed with the DNA polymerase and incubated for 16
hours at 30°C. Approximately 50 wg amplifiecd DNA was obtained from
each sample. For RQ-PCR, each target DNA was amplified on the same
plate with B-globin as the reference using the QuantiTect SYBR Green PCR
Master Mix (Qiagen) and the ABI Prism 7700 Sequence Detection System
(Applied Biosystems). The relative clone amounts and range were deter-
mined in reference to B-globin. Threshold cycles (Cr) were determined as
to fit all samples in logarithmic phase. To ensure the efficiency of
amplification and the assay precision, calibration curves for each clone
sequence were constructed to have the correlations (%) of above 0.95 and
the efficiency of greater than 98%. A comparative Cr was used to determine
the proportion of CD34™ clones in paired secondary recipients that were
derived from the parent primary recipient clone. For each sample, the clone
Cr value was normalized using the formula ACt = ACt clone — ACr
B-globin. To determine relative clone size, the following formula was used:
AACt = ACq clone in CD34+ cells of the one secondary recipient — ACy
clone in CD34+ cells of the other secondary recipient and the value was
calculated by the expression 2744CT_ Each reaction was performed at least
in triplicate. Amplification conditions were as follows: 95°C for 15 minutes
followed by 40 cycles at 95°C for 15 seconds, 60°C for 30 seconds, and
72°C for 60 seconds.

The same primer set described in PCR tracking of LAM-PCR procedure
was used to amplify each clone. As an intemnal control, human hematopoi-
etic cell kinase 1 (HCKI) gene and ribosomal DNA (rDNA) gene were also
amplified. Even amplification of each genomic DNA was confirmed by
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RQ-PCR using all 3 internal control primers (data not shown).2® The
primers for B-globin gene were forward, 5'-GTGCACCTGACTCCTGAG-
GAGA-3’, and reverse, 5'-CCTTGATACCAACCTGCCCAG-3'. Primers
for HCKI gene were forward, 5'-TATTAGCACCATCCATAGGAGGCTT-
3’, and reverse, 5'-GTTAGGGAAAGTGGAGCGGAAG-3'. Primers for
rDNA gene were forward, 5'-CCATCGAACGTCTGCCCTA-3’, and re-
verse, 5'-TCACCCGTCGTCACCATG-3'.

Statistical analysis

Data are represented as mean = SD. The 2-sided P value was determined by
testing the null hypothesis that the 2 population medians are equal. P values
less than .05 were considered to be significant.

Results
Multilineage differentiation of gene-marked SRCs

To investigate the multilineage differentiation and self-renewal
capacity of individual SRC clones, we introduced recombinant
lentiviral vector carrying an EGFP-encoding gene to cord blood
CD34*CD38~ cells which can provide long-term engraftment
(more than 12 weeks) and multilineage differentiation,? and then
we transplanted these cells into sublethally irradiated NOG mice.
Multilineage differentiation was determined as the proportion of
each hematopoietic lineage within the EGFP-expressing human
CD45% cell population using FACS at 16 to 20 weeks after
transplantation (Figure 1). Consistent with our previous results, !¢
substantial engraftment, including CD34* primitive cells, CD33*
myeloid, CD19* B-lymphoid, CD3* mature, and DP immature
T-lymphoid cells, was observed in the BM, spleen, and thymus of
the NOG mice (Table 1). Because the proportion of nontransduced
EGFP~ cells within the human graft and the percentage of EGFP*
cells within each lineage were not significantly different (data not
shown), these data indicated that EGFP transduction did not affect
the differentiation and proliferation capacity of the SRCs.

Muitilineage differentiation of individual thymus-repopulating
SRC clones

To analyze the multilineage differentiation capacity of individually
transduced SRCs, we performed in vivo integration site analysis by
LAM-PCR that can distinguish the progeny of each transduced cell

CD45+GFP+ (P2} gated

BM

FSC CD4s 1 CD45 CcD19

Figure 1. Representative FACS profiles of EGFP-transduced

§ CD33
Spl €D34- (P3) gated
FSC cD19
Thy
FSC | CD4s ‘| coa

SRCs. Samples were obtained from BM, spleen, and thymus of a

NOG mouse, and the proportion of EGFP-transduced human

cells was evaluated. The relative frequencies of each cell popula-
| tion are indicated.
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Table 1. Proportion of each human cell lineage engrafted in primary NOG mice

Bone marrow, % engrafted

Spleen, % engrafted Thymus, % engrafted

Mouse Week" CD45 EGFP s M B CD45 EGFP T B CD45 EGFP T
1 17 82.2 84.8 22.1 4.6 ND 81.8 65.3 2.1 88.6 97.8 83.0 82.6
3 17 74.0 58.5 5.2 33.5 444 82.1 78.2 242 62.4 85.5 80.0 71.0
4 16 88.9 75.4 8.5 175 64.4 75.6 77.9 1.6 87.9 95.0 52.9 23.4

The total cellularity of BM and thymus in the primary recipient was 3.56 X 107 = 0.53 X 107 and 1.39 X 10 = 1.13 X 105, respectively. Each mouse listed in the table

received a transplant of 10 X 103 CD34*CD38" cells.

S indicates CD34* stem/progenitor cells; M, CD33* myeloid lineage cells; B, CD19* B-lymphoid lineage cells; T, CD3* (spleen) or CD4/CD8 double-positive (thymus)

T-lymphoid lineage cells; ND, not done.

"Weeks after transplantation. Bone marrow cells, spleen cells, and thymocytes of NOG mice were stained with an anti-human CD45 mAb and analyzed. The proportion of
EGFP-expressing cells within the CD45* cells and cells positive for each lineage marker in the CD45*/EGFP* was calculated.

by its unique proviral-genomic fusion sequence (Figure 2A). Direct
sequencing of PCR products derived from EGFP*CD45* DP cells
verified that each product with a unique band length represented
individual and different clones. LAM-PCR analysis of
EGFP*CD45* FACS-purified lineage populations detected mul-
tiple integration sites in each cell lineage (Figure 2B). It is reported
that the number of vector copies per cell can be controlled by
adjusting the MOI, without reducing the transgene expression
levels.?’ Because we optimized the experimental conditions to have
each cell carrying one insertion per cell, confirmed by both
colony-forming assay (see “Materials and methods”) and transplan-
tation assay,?* multiple integration sites detected by LAM-PCR
indicated polyclonal repopulation in the NOG mice.

L ‘myetcid and iymphoi x y i 5
{ uynueage piivh wfﬁﬂfgf ) (integration site analysis) @omﬂllyanslysos)
C024*CDIB-EGFP

l —> LAM-PCR
i}D&Q 1620%
<

(W) — Lampch
.4 imer design and
@ > LAM-PCR > g’cmmm%

(8) ——»- LAM-PCR
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LAM-PCR g spl Thy
M W 341933 319 DP M

PCR tracking gy Spl Thy
MW3a1933 319 0PM P N

Figure 2. Clonal analysis of primary transplanted SRCs. (A) Study design for
clonal analysis of primary grafts. 34 indicates CD34* stem/progenitor cells; M,
CD33* myeloid lineage celis; B, CD19* B-lymphoid lineage cells; T, CD3* (spleen) or
CD4/CD8 double-positive (thymus) T-lymphoid lineage cells. (B) Representative
LAM-PCR profiles of SRCs. Each band represents a different insertion locus in the
assayed material. W indicates unseparated whole BM MNCs; M, size marker.
(C) DP-derived T-lymphoid insertion sites were traced by PCR. The clones detected
in all iymphomyeloid lineage cells were designated as multipotent type (MTB). TB
indicates clones restricted in T-lymphoid and B-lymphoid cells; T, clones detected in
T-lymphoid cells; W, unseparated whole BM MNCs; M, size marker; P, TA-cloned
LAM-PCR product was used as a positive control; N, DW. (D) Relative frequencies of
each clone type detected in primary SRCs. Data represent mean = SD of
3 independent experiments. *P < .01 relative to other type of clones. (E) The
proportion of clones detected in the CD34* cell population. A total of 27 clones in
3 independent experiments were analyzed. Gray bars represent the clones detected
in CD34+* cells. Black bars represent the clones not detected in CD34* cells. *P < .01
relative to other type of clones.

A 1otal of 27 clones were identified in 3 independent experiments
based on the genomic sequence information of the LAM-PCR products
from the DP cells (Table S1 summarizes the results of the integration site
analysis of DP cells). Using primers designed to comrespond to indi-
vidual integration sites, and therefore unique clones, we were able to
track the individual clones and their progenies, including CD34*
stem/progenitor, myeloid, and B-lymphoid cells (Figure 2A). Three
different clone types were observed in this experiment (Figure 2C): a
multipotent type (MTB), in which insertion sites originally detected in
the DP cells were also detected in the highly purified myeloid and
B-lymphoid cell populations; a unipotent progenitor containing exclu-
sively T cells; and a bipotent T/B progenitor. However, a bipotent
progenitor containing myeloid and T lymphocytes was not detected. As
expected, analysis of thymus-repopulating cells revealed that the
majority of SRC clones (70.4%) found in the recipient mice were of the
MTB multilineage type (Figure 2D; Table 2). We also used CD14 and
CD66b, a more mature myeloid marker, for clonal analysis and detected
the equivalent proportion of the 3 clone types (data not shown). Interest-
ingly, all MTB clones were found in the CD34* cell population (Figure
2E), suggesting that the transduced SRC clones self-replicated within the
CD34* stem cell pool without losing their ability to contribute to both
lymphoid and myeloid lineages during long-term hematopoiesis. How-
ever, as the differentiation capacity of clones became limited to bipotency
or unipotency, the proportion of clones that were also found in the CD34*
cell population decreased (Figure 2E), indicating that some SRC clones
had been exhausted from the stem cell pool during lineage commitment.

In vivo expansion of individual thymus-repopulating
SRC clones

To directly demonstrate the self-renewal capacity of the SRCs, we
injected BM cells from each primary mouse into 2 secondary mice

Table 2. Differentiation potential of thymus-repopulating
SRC clones

Clone type, no. (%)

Mouse No. of clones MTB ™ T
1 5 3 (60) 1 (20) 1(20)
3 12 7 {58.3) 4 (33.3) 1(8.3)
4 10 9 (90) 1 (10} 0 (0)
Total 27 19 (70.4) 6(22.2) 2(7.4)

Lineage contribution of individual thymus-repopulating SRC clones was evalu-
ated by PCR tracking based on integration site analysis of DP cells. No clones were
differentiated into M and T lineages.

MTB indicates clones that gave rise to myeloid (M), T-lymphoid (T), and
B-lymphoid (B) lineages; TB, clones differentiated into T and B lineages; T, clones
differentiated into T lineage only.
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Figure 3. Clonal analysis of secondary transplanted SRCs. (A) Study design for clonal analysis of secondary grafts. 34 indicates CD34* stem/progenitor cells; M, CD33*
myeloid lineage cells; B, CD19* B-lymphoid lineage cells; T, CD3* (spleen) or CD4/CD8 double-positive (thymus) T-lymphoid lineage cells. (B) Relative frequencies of each
clone type detected in paired secondary transplanted recipients. Data represent mean * SD of 3 independent experiments. P < .01 relative to other type of clones. (C) The
proportion of clones detected in CD34™ cells is shown. A total of 43 clones in 3 independent experiments were analyzed. Gray bars represent the clones detected in CD34*
cells. Black bars represent the clones not detected in CD34™ cells. *P < .01 relative to MTB clones found in primary recipients (shown in Figure 1E). (D) The proportion of MTB
clones found in CD34~ cells of paired secondary recipients. A total of 27 clones in 3 independent experiments were analyzed. Notation of the left vertical axis: +/+, MTB-MTB
clone pairs were detected in CD34* cells of both secondary recipient pairs; +/-, MTB-MTB clone pairs were detected in the CD34* cells of 1 of the 2 secondary recipient pairs;
and —/~, MTB-MTB clone pairs were not detected in the CD34* cells of either secondary recipient pairs. (E) Relative clone size of individual clones in each MTB-MTB clone
pairs in CD34* stem cell pool found in paired secondary recipient. The relative clone size of individual clones in 11 MTB-MTB clone pairs detected in CD34* cells of both
secondary recipients was examined by RQ-PCR. The relative clone size of individual clones in each MTB-MTB pair is expressed as the proportion of one clone relative to the -
other clone. The MTB-MTB clone pairs no.15-3 and no. 19-7 that was detected in the CD34* cells of only 1 of the 2 secondary recipient pairs were used as experimental control
and demonstrated complete skewing to either one recipient.

recipient pairs were always observed in the other pair. In greater
than 90% of these clone pairs (39 of 43), at least 1 of the

(Figure 3A). Although each primary BM cell population was
divided into 2 recipients, substantial engraftment was observed

in these secondary-recipient NOG mice (Table 3). Clone
tracking analysis was then performed to examine the fate of
individual SRC clones in paired secondary mice. Integration site
analysis by LAM-PCR of FACS-sorted cells showed polyclonal
reconstitution in each secondary host. A total of 43 clones were
identified by integration site analysis of DP T lymphocytes
found in 3 secondary recipient pairs (results are summarized in
Table S2). All clones detected in paired secondary recipients
were also detected in the primary donor. Strikingly, all 43 clones
were found as a pair; clones detected in one of the secondary

Table 3. Proportion of the primary and the secondary human graft

daughter clones inherited MTB differentiation potential from its
parent clone. Moreover, in 69.2% of these 39 clone pairs, both
daughter clones remained multipotent (MTB-MTB type), whereas
the other daughter clone in the remaining 30.8% of clone pairs
became committed to specific cell lineages (MTB-MB or
MTB-TB type) (Figure 3B; Table 4). The existence of MTB-
MTB type clones in secondary recipients indicated that a single
SRC clone self-replicated in the primary recipients and pro-
duced 2 daughter clones that retained SRC potential, thereby
resulting in the in vivo expansion of multipotent SRC clones.

Bone marrow, % Thymus, %
Mouse Cell dose” Weekt CD4s EGFP s M B CDh45 EGFP T

Primary recipient

101 17 13 80.3 72.7 ND ND ND ND ND ND

109 6 18 66.2 71.0 ND ND ND ND ND ND

113 10 14 432 71.8 ND ND ND ND ND ND
Secondary recipient

101-1 21 13 63.0 93.3 3.4 7.4 63.7 98.2 80.1 83.6

101-2 21 13 62.5 88.1 4.2 14.6 54.9 96.5 78.6 71.2

109-1 13.5 17 29.4 69.4 1.3 49.5 29.9 91.3 78.2 390.5

109-2 13.5 17 33.3 75.1 1.9 27.6 45.9 93.0 701 81.1

113-1 19.3 19 72.3 68.7 3.4 17.3 38.7 95.5 88.1 88.0

113-2 19.3 19 86.3 50.0 0.6 17.2 17.3 92.9 72.3 70.3

The total cellularity of BM in the primary and the secondary recipient was 3.86 x 107 = 0.83 X 107 and 3.72 X 107 = 0.91 X 107, respectively. The total cellularity of
thymus in the primary and the secondary recipient was 3.36 X 105 = 3.28 X 105and 2.43 X 10% = 1.59 X 105, respectively.

ND indicates not done.

“Number of CD34+CD38" cells transplanted {primary recipient, X 10%; secondary recipient, X 105).

+Number of weeks after transplantation.





