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of HSCs, probably because gp130-mediated signals play a crit-
ical role in stem cell proliferation and combined use of sIL-6R
and IL-6 can transmit signals through gp130 in HSCs. which
express gpl30 but lack [L-6R [10]. Based on these findings. an
artificially generated IL-6/sIL-6R fusion protein. named FP6,
which could more efficiently transmit gp130 signals in hema-
topoietic cells [11], might be a promising agent for ex vivo
expansion of HSCs.

Another method that is potentially useful for stem cell
expansion is the use of Notch signaling. It is mediated by
interactions between transmembrane receptors (Notchl, -2, -3,
and -4) and their membrane-bound ligands (Delta and Jagged
family molecules). The signaling pathway is known to have
differentiation-inhibitory effects in different stem cell systems.
including hematopoiesis [12-14]. It has been reported that
Notch signaling might play a role in the bone marrow niche. in
which Notch ligands are presented by osteoblasts, main com-
ponents of the niche [15]. In fact, soluble forms of the Notch
ligands have been shown to increase immature hematopoietic
cells [16-18]. These findings strongly prompt us to use Notch
ligands in combination with FP6, for stem cell expansion.

The initial stem cell source is also an important issue for
obtaining the maximum efficiency of stem cell expansion.
Whereas many investigators use the CD34-sorted cells as a
source of stem cell expansion, recent reports suggested that
CD133 sorting can concentrate SRCs more efficiently than
CD34 sorting [19. 20]. and it is still open to question which
population is more suitable for stem cell expansion.

In this study, we first addressed the issue of stem cell
sources, demonstrating that the CB CD133-sorted cells con-
tained an approximately 4.5-fold greater absolute number of
SRCs than CD34-sorted cells. We next evaluated the integrated
effect of Notch and gp130 signalings using soluble Deltal and
FP6 in combination with SCF, TPO, FL, and IL-3 and found that
this combination could expand human CB CD133-sorted SRCs
by 5.8-fold in a serum- and stromal cell-free condition.

MATERIALS AND METHODS

Separation of CD133- and CD34-Enriched Cells
from Human CB

Human CB samples were collected from normal full-term de-
liveries after informed consent was obtained. Mononuclear cells
(MNCs) were scparated by density gradient centrifugation
(Lymphoprep; Axis-shield. Oslo, Norway. http//www.axis-
shield.com) after depletion of phagocytes with Silica (Immuno-
Biological Laboratories Co.. Takasaki, Gunma, Japan, http://
www.ibl-japan.co.jp). CD133- and CD34-enriched cells were
separated from MNCs by using magnetic cell sorting (MACS)
CD133 MicroBead Kit or MACS Direct CD34 Progenitor Cell
Isolation Kit (hereafter CD133-MACS and CD34-MACS. re-
spectively: Miltenyi Biotec. Bergisch Gladbach, Germany,
http://www.miltenyibiotec.com). respectively. In some experi-
ments, separated cells were examined by flow-cytometric anal-
yses using FcR Blocking Reagent. fluorescein isothiocyanate
(FITC)-conjugated anti-human CD34. allophycocyanin (APC)-
conjugated anti-human CD 133 (clone 293C3) (Miltenyi Biotec).
phycoerythrin (PE)-conjugated anti-human CD38 antibodies
(BD Pharmingen. San Diego. hutp://www.bdbiosciences.com/
pharmingen), and 7-amino-actinomycin D (7-AAD) (Via-Probe:

BD Pharmingen). The yield of the target cells was calculated as
follows: [(number of cells after separation) X (purity of the
target cells after separation defined by flow-cytometric analy-
sis)]/ [(number of MNCs before separation) X (frequency of the
target cells among MNCs before separation defined by flow-
cytometric analysis)] X 100 (%).

Cytokines

Recombinant human SCF, TPO, IL-3. and IL-6/sIL-6R chimeric
protein FP6 were generated by Kirin Brewery Co.. Ltd. (Tokyo,
http://www kirin.co.jp/english), and the recombinant Deltal-Fc
chimeric protein was generated as previously described [17].
These reagents were certified as free from endotoxin (<<0.28
EU/mg protein). Recombinant human IL-6 and FL were pur-
chased from Wako Pure Chemicals (Osaka. Japan, http://www.
wako-chem.co.jp/english) and R&D Systems Inc. (Minneapolis,
http://www.mdsystems.com), respectively.

Cell Culture

Plates or dishes not treated with tissue culture were precoated
with 10 pg/m! Deltal-Fc or control Fc fragment of human IgG
(IgG-Fc) (Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA, hup://www jacksonimmuno.com) followed by 10
mg/ml human fibronectin (Bochringer Ingelheim GmbH, In-
geltheim, Germany, http://www .boehringer-ingelheim.de). Cells
were cultured in serum-free medium composed of Iscove’s
modified Dulbecco’s medium (IMDM) supplemented with 10
mg/ml bovine serum albumin, 10 wg/ml human insulin. 200
wg/ml human transferrin, 2 mM L-glutamine, 0.1 mM 2-Mer-
captocthanol, 4.7 pwg/ml linoleic acid, 4.7 pg/ml oleic acid, and
8 pg/ml cholesterol (Kyokuto Pharmaceutical Industrial Co.,
Ltd., Tokyo. htp://www.kyokutoseiyaku.co.jp) at 37°C in a
humidified atmosphere flushed with 5% CO, in air. Cytokines
were added at concentrations of 100 ng/ml for SCF. 10 ng/mi for
TPO, 100 ng/ml for FL. 100 ng/ml for FP6, 100 ng/ml for IL-6,
and 10 ng/ml for IL-3. Cell culture was initiated in 24-well
plates and serially transferred to six-well plates and 10-cm
dishes to avoid overgrowth of the cells. Half of the culture
medium was changed every 2 or 3 days.

Colony Assays

At the indicated time points, cultured cells were harvested and
plated in a semisolid medium, Methocult GF H4434, containing
IMDM with 30% fetal bovine serum (FBS), 0.1 mM 2-mercap-
toethanol. 2 mM L-glutamine, 50 ng/ml human SCF, 10 ng/ml
human granulocyte-macrophage colony stimulating factor, 10
ng/ml human IL-3, and 3 units/ml human erythropoietin (Stem-
Cell Technologies, Vancouver. BC, Canada. http://www.stemcell.
com) and incubated at 37°C. Colony-forming ability was as-
sessed after 15-16 days of culture.

Transplantation to Nonobese Diabetic/SCID or
Nonobese Diabetic/SCID/yc™" Mice

To assess the in vivo repopulating capacity of isolated cells and
their cultured progeny, we used nonobese diabetic (NOD)/SCID
(NOD/Shi-scid: CLEA Japan. Inc.. Tokyo, http://www.clea-
japan.com) and NOD/SCID/yc™" (NOG) mice [21] (Central
Institute for Experimental Animals, Kanagawa. Japan. http://
www.ciea.orjp/English/eindex.htm) as xenotransplantation re-
cipients. Cells separated by CD133-MACS and their cultured
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progeny were transplanted intravenously into sublethally irradi-
ated (2.5 Gy using an x-ray irradiator), 8 -10-week-old NOD/
SCID or NOG mice. When wransplanting cells into NOD/SCID
mice, we injected intraperitoneally 20 pl of anti-asialo GMI
antibody (Wako Pure Chemicals) diluted in phosphate-buffered
saline (PBS) to a total volume of 420 wl immediately before
wansplantation and on days 11, 22, and 33 after transplantation
to reduce the natural killer (NK) cell activity in NOD/SCID
mice |10]. Because NOG mice lack intrinsic NK cell activities.
administration of anti-asialo GM1 antibody to NOG mice was
not needed [21]. Mice were fed with autoclaved acidified water
and sterilized food. At 10-13 weeks after transplantation, mice
were sacrificed, and cells were harvested from both femurs.
peripheral blood. spleen. and thymus. In the indicated experi-
ments, analyses were performed 24 weeks after transplantation.
In the limiting dilution transplantation analyses, we transplanted
cells into six to 12 recipient mice in each limiting dose for
reliable estimation.

In the serial transplantation experiment. we isolated bone
marrow cells from the primary NOG recipient mouse 24 weeks
after the first transplantation, and MNCs were separated by
density gradient centrifugation (Histopaque-1083: Sigma-Al-
drich, St. Louis. http://www.sigmaaldrich.com). The MNCs
were divided into three aliquots and injected intravenously into
secondary NOG recipients. Ten weeks after the second trans-
plantation, bone marrow cells were harvested and analyzed.

Flow-Cytometric Analysis of Transplanted
NOD/SCID and NOG Mice

Engraftment of human cells was examined by analyzing human
surface antigens using BD LSR2 (Becton. Dickinson and Com-
pany. Franklin Lakes, NJ. http://www.bd.com). Cells harvested
from the bone marrow, peripheral blood, spleen. and thymus of
recipient mice were treated with ammonium chloride red blood
cell lysis buffer (Sigma-Aldrich) and blocked with PBS con-
taining 2% FBS. anti-mouse CD16/32 antibody (BD Pharmin-
gen), and FcR Blocking Reagent (Miltenyi Biotec). Then, they
were stained with FITC-conjugated anti-human CD45 (clone
HI30, BD Pharmingen) and anti-human CD3 (Beckman Coulter.
Inc., Fullerton, CA, http://www.beckmancoulter.com). PE-con-
jugated and-human CDI13, CD33. CD56. CD4 (Beckman
Coulter, Inc.), and CDI133 (clone 293C3: Miltenyi Biotec).
APC-conjugated anti-murine CD45 (clone 30-F11: BD Pharm-
ingen), anti-human CD3. CD19. CD8 (Beckman Coulter. Inc.).
and CD34 (Miltenyi Biotec), and 7-AAD (Via-Probe: BD
Pharmingen). Successful engraftment of human hematopoietic
cells was determined by detection of greater than 0.1% of
human CD45% cells in recipient bone marrow cells.

Limiting Dilution Analysis

The frequencies of SRCs capable of repopulating in NOD/SCID
mice were quantified by a limiting dilution analysis by applying
Poisson statistics to the single-hit model as described previously
[8. 22, 23]. The frequencies of SRCs and statistical comparison
between individual populations were calculated by using L-Calc
software (StemCell Technologies).

Statistical Analysis
Data are presented as mean & SEM. Analysis of statistical
significance was determined by paired 7 test.

RESULTS

Stem Cell Isolation by the CD133-MACS Recovers a
Higher Number of SRCs than by CD34

Because several investigators have suggested that SRCs are
more concentrated in CD1337 cells than in CD34™ cells [19,
20). we directly compared the frequency of SRCs contained
in the populations sorted by CDI133-MACS and CD34-
MACS. Flow-cytometric analyses of four CB samples
showed that 0.2%~1.4% (mean 0.8%) and 0.8%—-3.0% (mean
1.9%) of MNCs were positive for CD133 and CD34, respec-
tively. More than 98% of CD133" cells were CD34™, and
approximately 43% (25%-56%) of CD34% cells were
CD133" (Fig. 1A. a).

Then. we prepared two identical CB MNC aliquots and
isolated CD133- and CD34-enriched cells by CD133- and
CD34-MACS. Flow-cytometric analyses after isolation showed
that the purities of separated cells were variable among samples
(53.1%-93.5% for CD133 and 53.9%-96.3% for CD34), but
there was no significant difference between the two separation
methods (p = .12). Calculated recovery rates of the target cells
(see Materials and Methods) were 66% % 10% for CD133 and
46% * 10% for CD34, showing a tendency of betier recovery
of CD133 cells by CD133-MACS than recovery of CD34 cells
by CD34-MACS. but the difference was not significant (p =
.06). After separation, approximately 75% of the CD34-sorted
cells were CD133%, whereas virtually all of the CD133-sorted
cells were CD34™ with only rare (0.1%) CD347 cells in most of
the samples (Fig. 1A, b and ¢). Based on the comprehensive
calculation. the recovery rates of CD133*CD34™ cells (i.c.. the
major SRC-containing population) in the individual samples
were 66% = 10% and 83% * 8% by CD133- and CD34-MACS
separation, respectively. The recovery efficiency of this most
immature fraction by CD34-MACS tended to be superior to the
one by CD133-MACS, but again it was not significantly differ-
ent (p = .14).

Then. to compare the number of SRCs contained in the
populations separated by CD133- and CD34-MACS. we trans-
planted cells of each population into irradiated NOD/SCID mice
intravenously and examined their in vivo hematopoietic repop-
ulating capacity. To evaluate the number of SRCs quantita-
tively. we transplanted serially reduced numbers of cells. Fre-
quencies of SRCs in the CD133-sorted population were one of
1454 and 947 in samples | and 2. respectively. In contrast.
those in the CD34-sorted population were one of 9.306 and
5.904 in samples | and 2. respectively (Fig. 1B, 1C). This means
that SRCs were sixfold more concentrated in the CD133-sorted
population than in the CD34-sorted one. Converting this fre-
quency into the absolute number of SRCs obtained from the
same number of primary MNCs. CD 133 sorting recovered 308
(sample 1) and 254 (sample 2) SRCs. and CD34 sorting recov-
ered 67 (sample 1) and 59 (sample 2) SRCs from 10% of (otal
MNCs (Fig. 1C). Therefore, despite the similar recovery rate of
CD133%CD34™ cells by CD133- and CD34-sorting procedures,
CD 133 sorting provides 4.3—4.6-fold greater absolute numbers
of SRCs than CD34 sorting. Thus, for our subsequent SRC
expansion experiments, we used the CD133-sorted population
as the culture-initiating cells.

Stem CriLs
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Immobilized Deltal-Fc Chimeric Protein Can
Expand Immature CB Hematopoietic Precursors in
the Presence of Cytokines

Before evaluating methods for HSC expansion ex vivo, we first
explored optimal culture conditions to expand immature hema-
topoietic precursors by using various combinations of hemato-
poietic cytokines and soluble Notch ligands. Because immobi-
lization of Notch ligands has been demonstrated to be important
for their efticient activity [24. 25]. and it has been suggested that
immobilized fibronectin fragment CH-296 along with Notch

Figure 1. Separation of CDI133- or CD34-enriched cells from CB
MNCs and comparison of their in vivo repopulating capacity. (A):
Expression profiles of CDI133 and CD34 on CB MNCs (a) and cells
separated by CD133- (b) and CD34-MACS (c). Representative data
among several samples are shown. (B): The repopulating ability of
CD133- and CD34-sorted cells isolated from the same CB samples (1
and 2). Frequencies of SRCs estimated by limiting dilution analyses are
shown. The lower panels show chimeric proportion of human CD45%
cells in the bone marrow of recipient mice. and the number of trans-
planted mice is shown in the upper-left margin of the panels. (C):
Estimated frequencies and numbers of SRCs in the transplanted sam-
ples. In both experiments. CD133-sorted cells contain higher frequen-
cies of SRCs than CD34-sorted cells. and CD133 sorting provides
higher numbers of SRCs from the same volume of original MNCs or
NCs than CD34 sorting. Abbreviations: CB. cord blood: MACS. mag-
netic cell sorting: MNC. mononuclear cell: NC. nucleated cell; SRC.
severe combined immunodeficient repopulating cell.

ligands augmented the effect of Notch ligands [24], we immo-
bilized Deltal-Fc chimeric protein on the bottom of the culture
plates along with human fibronectin prior to starting culture. We
included SCF, TPO, and FL in the culture system as a basal
cytokine combination (designated hereafter three growth fac-
tors, 3GFs) because these cytokines have been repeatedly shown
to be effective for immature HSC/HPC expansion [26].

We cultured CB CD133-sorted cells in four cytokine com-
binations of (a) 3GFs + IL-6, (b) 3GFs + IL-6 + IL-3, (¢) 3GFs
+ FP6. and (d) 3GFs + FP6 + IL-3, plus additional conditions
with Deltal-Fe or 1gG-Fc in each cytokine combination, and
compared the expansion rate of total cells, CDI133%
CD34%CD38~ immature hematopoietic cells, and mixed colo-
ny-forming cells (CFU-Mix). All culture conditions increased
the number of total cells and CD1337CD34*CD38™ cells dur-
ing 3-week culture (Fig. 2A, 2B). Addition of IL-3 or replace-
ment of IL-6 with FP6 gave greater expansion of total cells and
CD1337CD34"CD38" cells. However, Deltal-Fc had very lit-
tle effect on the expansion of these cells (Fig. 2A, 2B).

In contrast. addition of IL-3 was always required for the
consistent expansion of CFU-Mix until 3 weeks (Fig. 2C). In the
presence of IL-3. addition of FP6 increased the number of
CFU-Mix significantly better than IL-6 (p << .01). recapitulating
the previous findings of the lack of IL-6R on immature HPCs
[10, 22] and of the requirement of gpl30 signaling for the
optimal expansion of these immature cells [10. 11]. Regarding
the effect of soluble Notch ligands, Deltal-Fc remarkably in-
creased the number of CFU-Mix for a period of 3 weeks,
particularly when combined with IL-3 and FP6. Ultimately, the
maximum expansion of CFU-Mix was achieved when cells
were cultured with 3GFs + FP6 + [L-3 + Deltal-Fe for 3
weeks (p < .05) (Fig. 2C).

Effects of 1L-6-gp130, IL-3, and Notch Signalings on
SRC Expansion in the Serum-Free Culture

We have found that the number of CFU-Mix was continuously
increased until 3 weeks in several conditions (Fig. 2C) and
declined thereafter (data not shown). And although a previous
report demonstrated that serum-containing culture with 3GFs
and IL-6/sIL-6R for 1 week increased the number of SRCs by
fourfold. no increase of human blood cell chimerism in recipient
mice was observed when we cultured cells for 1 week in the
serum-free conditions with cither 3GFs + FP6 or 3GFs + FP6
+ IL-3 + Delal-Fc (data not shown). Based on these obser-
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Figure 2. The expansion rates of total cells, CD133*CD34*CD38~
immature cells. and CFU-Mix. CB CD133-sorted cells were cultured in
the presence of indicated cytokines and Notch ligands for 1. 2. and 3
weeks. (A, B): The numbers of total cells (A) and CD133*CD34*CD38~
immature hematopoietic cells (B) were counted. and the expansion rates are
shown. (C): After indicated periods of culture. cells were replated in a
semisolid medium and the number of CFU-Mix was evaluated. The expan-
sion rate of the number of CFU-Mix is shown. Abbreviations: 3GFs. three
growth factors: CFU-Mix. mixed colony-forming cells: DI, Deltal-Fe: Fe.
IgG-Fe: FP6, interleukin-6/soluble interleukin-6 receptor chimeric protein:
IL. interleukin: wk. week.

vations. we determined to culture cells for 3 weeks to evaluate
SRC expansion.

As shown in Figure 3A, all the mice transplanted with more
than 5,000 fresh CD133-sorted cells showed engraftment, but
fewer than 2,500 cells failed to engraft in some of the mice. The
frequency of SRCs in this sample was calculated as one of 1.020
(95% confidence interval [CI]. 1/548-1/1.899) CD133-sorted
cells. Progeny of the CD133-sorted cells grown for 3 weeks with
3GFs + FP6 contained SRCs at a frequency of equivalent to one
of 640 (95% Cl. 1/414—1/988) culture-initiating cells. and there
was no statistical difference between the frequencies of SRCs in
these populations. indicating that the addition of FP6-3GFs
does not expand SRCs in the serum-free condition (p = .11: Fig.
3B). unlike in the serum-containing condition {10].

In contrast. when immobilized Deltal-Fc was present in the
same cytokine combination (i.e., 3GFs + FP6), the frequency of
SRCs increased to the equivalent to one of 361 (95% CI,
1/218-1/596) culture-initiating cells. indicating 2.8-fold SRC
expansion compared with the SRC number before culture (p =
005, Fig. 3C). The addition of IL-3 to this condition further
augmented the expansion efficiency, achieving the SRC fre-
quency of equivalent to one of 175 (95% CI. 1/109-1/279)
culture-initiating cells, indicating 5.8-fold expansion (p =
.0001. Fig. 3D). To our knowledge, this ranks with the highest
human SRC expansion efficiency ever reported. It is of note that
two of six mice transplanted with cultured progeny equivalent to
60 culture-initiating cells showed human blood cell chimerism.
To further compare the effects of IL-6 and FP6. we replaced FP6
with IL-6. In this condition, SRC frequency was equivalent to
one of 266 (95% Cl. 1/159-1/446) culture-initiating cells. The
expansion rate was reduced from 5.8-fold to 3.8-fold, although
significant expansion was still achieved (p = .0006; Fig. 3E).

Taken together, significant SRC expansion was realized in
all three conditions with immobilized Deltal-Fc chimeric pro-
tein. Among these, combination of Deltal-Fc, IL-3, and IL-6/
sIL-6R chimeric protein, FP6, in addition to 3GFs. provided the
most significant expansion in the serum-free condition. It is
noteworthy that IL-3 showed a positive effect in this condition,
in contrast to the negative impact in the serum-containing con-
dition without Notch signaling [10].

SRCs Cultured for 3 Weeks in the Serum- and
Stromal Cell-Free Condition with 3GFs, FP6, IL-3,
and Deltal-Fe Normally Contribute to Myeloid, B,
T, and NK Cell Lineages in NOG Recipient

Mice and Repopulate Recipients of

Secondary Transplantation

To examine the long-term in vivo myeloid and lymphoid repop-
ulating capacity of the cells cultured with 3GFs. FP6, IL-3. and
Deltal-Fc, we transplanted these cells into NOG mice, which
were generated by intercrossing NOD/SCID mice with IL-2
receptor common 7y chain-knockout (yc™") mice. These mice,
unlike NOD/SCID mice, are known to allow transplanted hu-
man HSCs/HPCs to differentiate even into the T-cell lincage
[21]. and therefore we could examine the in vivo differentiation
capacity of the ex vivo expanded HSCs most efficiently. These
mice also have the advantage of higher engraftment of trans-
planted human cells. We cultured 10,000 CB CD133-sorted
cells for 3 weeks and transplanted them into NOG mice. After
12 weeks. we observed 53%—67% human CD45" cells in the

Stem Crus
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Figure 3. The repopulating ability of fresh CB CD133-sorted cells and
their progenies after the culture with various combinations of cytokines
for 3 weeks. (A-E): The frequencies of SRCs in fresh CD133-sorted
cells (A). cells cultured with SCF + TPO + FL (3GFs) + FP6 (B).
3GFs + FP6 + Deltal-Fc (C). 3GFs + FP6 + IL-3 + Delial-Fc (D).
and 3GFs + TL-6 + IL-3 + Deltal-Fc (E). They were estimated as
171.020 (A). 1/640 (B). 1/361 (C). 1/175 (D). and 1/266 (E), respec-
tively, by limiting dilution analyses. The right panels show chimeric
proportion of human CD45% cells in the bone marrow of recipient mice,
and the number of transplanted mice is shown in the upper-left margin
of the panels. (F): Integrated representation of (A-E). Correspondence
of the symbols and lines is noted in the right. Abbreviations: 3GFs. three
growth factors: FL. fli-3 ligand: FP6. interleukin-6/soluble interleukin-6
receptor chimeric protein: IL. interleukin: SCF. stem cell factor: TPO.
thrombopoietin.

recipient bone marrow. Further analyses of the bone marrow,
peripheral blood. spleen, and thymus of recipient mice revealed
that human hematopoietic cells differentiated into myeloid
(CD13™ or CD33™), B (CD19*). T (CD3%). and NK (CD56™)
cell lineages (Fig. 4A). In addition, in the bone marrow of
recipient mice, we detected CD133%CD34* immature hemato-
poietic cells at frequencies of 0.5%—1.1% of human cells. In the
thymus, human cells represented virtually all the CD3* cells
{data not shown), and among the CD3" cells, the patterns of
differentiation to CD4/CD8 double-positive, CD4 single-posi-
tive, and CDS8 single-positive cells were very similar to that of
normal thymocytes (Fig. 4A). Robust human hematopoietic
repopulation was confirmed in another recipient mouse 24
weeks after transplantation (Fig. 4B). In this mouse, more def-
inite reconstitution of CD3* mature T cells was observed in the
peripheral blood and spleen.

To confirm that transplanted HSCs still retain their self-
renewal capacity after primary transplantation, we collected
bone marrow cells 24 weeks after the transplantation from a
primary recipient, which had been transplanted with the progeny
of 1 X 10* CB CD133-sorted cells ex vivo expanded, and
injected them into three secondary NOG mice. Ten weeks after
the secondary transplantation, we observed engraftment of hu-
man CD45™ cells (0.1%) in the bone marrow of two recipient
mice (Fig. 5A), and human hematopoietic cells differentiated
into myeloid (CD13™ or CD33™) and lymphoid (CD19™) cells
(Fig. 5B). These findings strongly indicate that cells cultured
with 3GFs, FP6, IL-3, and Deltal-Fc for 3 weeks retain long-
term repopulating capacity and normal differentiation capacity
in vivo.

DiscussioN

Efficient Ex Vivo Expansion of SRCs

In this study. we demonstrated successful expansion of SRCs by
approximately sixfold, by culturing human CB CD133-enriched
cells with SCF, TPO. FL, FP6. IL-3, and Deltal-Fc. SRCs have
now been widely accepted as the most immature human hema-
topoietic cells and are regarded as surrogates for HSCs {26]. In
many reports. expansion of SRCs has been discussed by com-
parison of human blood cell chimerism in recipient mice [16~
18, 27-31]. However. to quantify the number of SRCs. limiting
dilution/transplantation analyses are essential. Moreover, be-
cause the human blood cell chimerism in the bone marrow of
recipient NOD/SCID mice typically stabilizes at 10-12 weeks
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Figure 4. In vivo repopulating and differen-
tiation capacity of the cells cultured with 3GFs
+ FP6 + IL-3 + Deltal-Fc. Cord blood
CD133-sorted cells were cultured with 3GFs
+ FP6 + IL-3 + Deltal-Fc for 3 weeks and
were ransplanted into NOG mice. The BM.
PB. SP, and TH of recipient mice were col-
lected 12 weeks (A) and 24 weeks (B) after
ransplantation. and contribution of human
cells to various hematopoietic lincages was

examined by flow-cytometric analyses. (A):

[Fd
CD13+33

after transplantation [32-34], observation for at least 8—10
weeks is optimal to evaluate SRC numbers accurately. and only
a few reports have fulfilled these conditions [8-10]. Our anal-
ysis, satisfying these criteria. revealed expansion of SRCs.
which ranks as the most efficient one. Our method also enabled
a 240-fold expansion of CFU-Mix. demonstrating its surpris-
ingly strong effect on expanding immature progenitors.

We also demonstrated that the cultured cells can differenti-
ate in vivo into myeloid. B. T, and NK cell lineages in the bone
marrow, peripheral blood, spleen, and thymus in NOG mice.
Human cells transplanted into NOG mice can engraft at signif-
icantly higher levels than NOD/SCID mice. and transplanted
cells can differentiate even to the T-cell lineage. Based on these
features, NOG mice are increasingly used as recipients of hu-
man stem cells as well as NOD/SCID/B2-microglobulin null
mice [21, 35, 36]. We found immature CD1337CD34% human
cells in the bone marrow of recipient NOG mice at a substantial
frequency, and after serial transplantation. progeny of the cul-
tured cells engrafted most of the secondary recipients. These

Representative data of recipient mice exam-
ined 12 weeks after wransplantation. Human
CD45% cells accounted for 53.5% of total BM
cells (a). and a substantial number of human
CD3* (b, ). CDI3* (b). CD33* (b). CD19*
(c.e). and CD56™ (c. e) cells were detected in
the BM and spleen. CD133*CD34™ immature
hematopoietic cells were also clearly identified
(1.1%) in the BM (d). In the thymus. CD3*
cells expressed CD4 and/or CD8 (g) showing a
solid development of human T cells. (b-g)
represent data gated by human CD45% cells.
(B): Flow-cytometric data from a mouse ex-
amined 24 weeks after transplantation. A high
level of engraftment (a) (39%). reconstitution
of CD133*7CD34" immauwre cells (d) (2.1%).
and contribution to myeloid (b). B-cell (c. e. f.
h). T-cell (b. f~i) and NK-cell {c. e) lineages
were confimmed in the BM. spleen. thymus.
and peripheral blood. (b-i) represent data
gated by human CD45% cells. Abbreviations:
3GFs, three growth factors; BM. bone mar-
row: FP6. interleukin-6/soluble interleukin-6
receptor chimeric protein: IL. interleukin: NK.
natural killer: PB. peripheral blood: SP. spleen:
TH. thymus.

findings suggest that the culture system preserves normal stem
cell functions.

Positive Effects of Notch Signaling on

SRC Expansion

A positive effect of soluble Notch ligands on human SRCs was
previously suggested by two groups. although they did not
confirm the increase of SRCs quantitatively [16-18]. In the
current study. we have provided clear data that demonstrate that
the soluble Notch ligand can truly increase the number of human
SRCs ex vivo. There are increasing lines of evidence suggesting
that the Notch signaling pathway physiologically plays an im-
portant role in maintaining HSCs in the bone marrow niche [15.
37]. where the Notch signal might inhibit differentiation of
HSCs [15. 37]. Recently, the negative effects of reactive oxygen
species for HSC maintenance were discovered [38]. and the
importance of the low oxygen environment in the HSC niche
has been highlighted [39]. Interestingly. maintenance of the
undifferentiated state by hypoxia-induced hypoxia-inducible

Stem Cais
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Figure 5. Cells cultured with three growth factors (3GFs) + interleu-
kin (IL)-6/soluble receptor chimerie protein (FP6) + TL-3 + Delwal-Fe
retain Jong-term repopulating capacity after serial transplantation inio
secondary nonobese diabetic/severe combined immunodeficienyye™"
(NOG) recipients, Ten-thousand cord blood CDI33-sorted cells were
cultured with 3GFs + FP6 + 1L-3 + Deltal-Fe for 3 weeks and were
transplanted ino a primary NOG mouse. Twenty-four weeks afier
transpluntation, bone marrow (BM) cells were harvested and serially
wansplanted into three secondury NOG recipients. (A): Ten weeks after
sceondary transplantation. BM cells of recipient mice were harvested
and chimeriym of human cells was analyzed. Two of the three secondary
recipients showed substantial human engrafument. (B): Representative
flow-cytometric data of BM cells in a secondury recipient (mouse S1).
Human myeloid (CD13% or CD33%) and tymphoid (CD197) cells can
be identified. Data with isotype controls are shown as insetls in the
upper-left margin of the figures.

humarn CD45

factor la (HIFla) activation requires Notch signaling. and
conversely. Nowh signaling is enhanced by activation of HIFl«
{39]. It is thus interesting to combine our system with hypoxic
conditions for further beuer efficiency of ex vivo HSC expan-
sion.

Effects of 1L-3 and gp130 Signaling Pathways on
SRC Expansion

We found that 1L-3 exerts positive effects on amplifying SRCs
at least in the presence of SCF. TPO. FL., FP6. and Deltal-Fe in
a serum-free condition. To date. many researchers have exam-
ined the effects of 1L-3 on HSCs, but the results have been
controversial: some reports showed maintenance of HSCs.
whereas others showed negative effcets [40]. This discrepancy
may depend on the addition of serum. the difference of coex-
isting cytokines. and the culture-initiating cells. Our result may
suggest that IL-3 has additive or synergistic effects with Del-
tal-Fe on HSCs in the absence of serum.

We also found that replacement of TL-6 with FP6 had some
superior effects on SRC expansion. Unlike the addition of 1L-3.
however. the effects of FP6 were marginal in the presence of
Deltal-Fe and 1L-3. This could be because the combination of
Delal-Fe and 1L.-3 could transmit nearly optimal growth signals
in HSCs. Or the difference of the cell source (fe., CD133- vs.
CD34-sorted cells) might explain the results [10, 11}

Stem Cell Source for Transplantation and

Ex Vivo Culture

To obtain the maximum efficiency of stem cell expansion, the
isolation method for culwure-initiating cells is also very impor-
tant. CD34 sorting has been most widely used for positive
selection of HSCs in the clinical practice. Recendy. feasibility
of the CD133-sorted cell vansplantation has been evaluated in
several clinical triads [41, 42]. There has heen. however, no
dircet comparison of the SRC numbers obtained by these two
methods. To the best of our knowledge. most of the CB SRCs
are present in the CD1337CD34™ population [19. 20]. and thus.
the isolation methods are expected o provide a similar number
of SRCs if the separation elficiencies are the same. Surprisingly.
however., we found that the absolute SRC numbers were ap-
proximately 4.5-fold greater in the CD133-sorted population
than in the CD34-sorted one, despite the fact that the recovery
efficiency of CDI337CD34% cells was very similar, One ex-
planation w this apparenty unexpected result could be that
CD34. a cell-surface sialomucin protein, might be interfered
with by the anti-CD34 antibody used for isolation. Given that
accumulating evidence suggests that CD34 regulates homing of
the cells o the proper microenvironment after Ly, injection by
inhibiting inappropriate cell adhesion [43-45] the uni-CD34
antibody might imterfere with the proper homing of the cells by
modulating the adhesion capacity. Specifically, we used MACS
Direct CD34 Progenitor Cell Isolation Kit for enrichiment of
CD34% cells. and this system uses monoclonal antibody
QBendl10. which recognizes the Class 11 epitope of the CD34
antigen. The QBendl0 and other Classll antibodies have been
shown 1o induce actin polymerization and enhance cytoadhe-
siveness of KG-1 cells and primary bone mamrow CD347 cells
[46. 47]. and this biological property may have reduced the
SCID repopulating capacity of the CD34-sorted cells.

Recently. a small population of CD1337CD347(Lineage ™
[Lin™}) hematopoietic cells was idenuficd. Because these cells
give rise to CD34™ SRCs during culture, CD1337CD347 cells
might represent precursors of SRCs [48-50]. Therefore. al-
though these cells account for no more than 0.1% of the CD133-
sorted cells. the use of CD133-sorted cells as the culture-initi-
ating cells may help increase the absolute number of HSCs after
culture.

All these considerations imply that CD133-sorted cells are
more advantageous as a direct source for HSC transplantation
and as a culture-initiating souwrce for ex vivo HSC expansion
than CD34-sorted cells to obtain a greater number of HSCs.
According to our resulis, we can estimale that culturing CD133-
sorted cells with Deltal-Fo yields as many as approximately
25-fold greater numbers of HSCs compared with the fresh
CD34-sorted cells. Currenty. clinical devices for CD34 sorting
which use QBendl0 or other Class IT anti-CD34 antibodies are
widely used. Our findings suggest that CD133 sorung might be
a better way to collect and enrich HSCs than CD34 sorting by
QBend10 or other ClassIT antibodies. Future swudies that directly
compare the clinical outcome of CD 133 and CD34 sortings may
deepen our understandings for effective enrichment of HSCs.

CONCLUSION

In this report. we have demonstruted that serum-{ree culiure of
the CD133-sorted human CB cells in the presence of SCFLTPO,
FL. FPo. [L-3. and Deltal-Fe is an optimized condition to obtain
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the highest number of ex vivo expanded HSCs. Based on this
condition, some additional explorations should be considered.
Increase of differentiated cells surpasses that of immature cells.
which might interfere with the SRC expansion because the
differentiated cells might secrete various substances that inhibit
SRC expansion. Indeed. removal of differentiated cells during
culture of CB Lin™ cells has been shown to have strongly
positive effect on the efficient SRC expansion in a serum-free
culture with 3GFs [51]. Therefore, a much higher level of SRC
expansion might be possible if we apply similar differentiated
cell-removal protocols in our culture condition. Culture under
the hypoxic condition may also improve the expansion effi-
ciency. In this study. we expanded HSCs by a 3-week culture
system. In general. shorter ex vivo culture periods are preferable
in clinical settings from the viewpoint of safety or costs. Further
studies based on our results and above ideas may provide
improved methods with shorter culture periods and higher ex-
pansion efficiency, which could be the most efficient ex vivo
HSC expansion system for clinical applications in the future.
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HEMATOPOIESIS

AML1/Runx1 rescues Notch1-null mutation-induced deficiency of para-aortic
splanchnopleural hematopoiesis

Masahiro Nakagawa, Motoshi Ichikawa, Keiki Kumano, Susumu Goyama, Masahito Kawazu, Takashi Asai, Seishi Ogawa,

Mineo Kurokawa, and Shigeru Chiba

The Notch1-RBP-Jx and the transcription
factor Runx1 pathways have been inde-
pendently shown to be indispensable for
the establishment of definitive hematopoi-
esis. Importantly, expression of Runxt is
down-regulated in the para-aortic splanch-
nopleural (P-Sp) region of Notchl- and
Rbpsuh-null mice. Here we demonstrate
that Notch1 up-regulates Runx1 expres-

sion and that the defective hematopoietic
potential of Notchi-null P-Sp cells is
successfully rescued in the OP9 culture
system by retroviral transfer of Runx1.
We also show that Hes1, a known effec-
tor of Notch signaling, potentiates
Runx1-mediated transactivation. Together
with the recent findings in zebrafish,
Runxt is postulated to be a cardinal down-

stream mediator of Noich signaling in
hematopoietic development throughout
vertebrates. Our findings also suggest
that Notch signaling may modulate both
expression and transcriptional activity of
Runx1. (Biood. 2006;108:3329-3334)

Introduction

© 2006 by The American Society of Hematology

Mammalian hematopoietic development is believed to arise from 2
distinct cellular origins. In mice. primitive hematopoiesis arises in
the yolk sac (YS) blood island at embryonic day (E) 7.5, while
definitive hematopoiesis starts at the ventral region of the aorta-
gonad-mesonephros (AGM) around E10.5, which shifts to the
liver, spleen, and bone marrow, in this order. Progenitors for
definitive hematopoiesis are first detected in the para-aortic splanch-
nopleural (P-Sp) region at E7.5 to E9.5,'* where the Noich/ gene
has a nonredundant role in hematopoietic stem cell (HSC) develop-
ment.> Norchl encodes a 300-kDa heterodimeric single-span
transmembrane receptor consisting of a 180-kDa extracellular and
a 120-kDa transmembrane subunit. Together with 3 other paralogs,
it belongs to the evolutionarily conserved Notch family receptors
that mediate cell-fate determination in multiple species. The Notch
signaling is initiated by the binding of the Jagged and Delta
families of ligands expressed on the neighboring cells, which
induces the cleavage of the Notch transmembrane subunit and the
release of the Notch intracellular domain. The latter in turn
translocates to the nucleus and forms a transactivation complex by
interacting with the DNA-binding protein RBP-Jk and induces the
expression of their target genes, such as those for the hairy/
enhancer of split (Hes) family of basic helix-loop-helix transcrip-
tion factors.* Molecular channels downstream of these, however,
are largely unknown.

Mice deficient in Runx/ (also known as AML/. CBFA2, or
PEBP2aB), Scl, and Gata2 genes are lethal during the embryonic
stage and show failure in the establishment of definitive hematopoi-
esis.>7 A connection between Notch signaling and these transcrip-

tion factors has been shown by the analyses of Norchi- and
RBP-Jk—encoding Rbpsuh-null mice. In the E9.5 P-Sp cells from
Notchl-null mice, expression levels of SCL, GATA2, and Runx1
mRNA are significantly reduced.’ Rbpsuh-null mice also show
markedly reduced levels of SCL. GATA2, and Runx! mRNA in the
endothelial-cell layer of the E9.5 P-Sp region.® supporting the
notion that the Notch1-RBP-Jk pathway up-regulates the expres-
sion of these key transcription factors. Among these, Runx 1, which
has close homology to a Drosophila protein, Runt, functions as a
transcriptional activator or repressor for its target genes in
concert with several specific coactivators or corepressors,
depending on the context.” Importantly, presence of the Notch-
Runx pathway has been proposed in Drosophila embryonic
hemocytogenesis'® and zebrafish hematopoiesis during both
developmental and postnatal periods.!' Similarly reported has
been transcriptional regulation by Notch of the Gata2 gene in
mouse AGM hematopoiesis® and of the Gara homolog Serpent
gene in Drosophila embryonic hemocytogenesis.'? In mammals,
the existence of Notch-Runx pathway has been unclear.

In this study, we show that Notchl up-regulates Runx1 mRNA
expression in NIH3T3 cells. When introduced to the defective
prehematopoietic precursor cells derived from the P-Sp region of
Norchi-null embryos using retroviruses, Runx1, but neither SCL
nor GATA?2, restores the definitive hematopoiesis. We also demon-
strate that Hesl, one of the Notch signal effectors, augments the
transcriptional activity of Runx1 protein. These findings indicate
that Runx 1 is a key molecule in Notch1-RBP-Jk-mediated mamma-
lian hematopoiesis.
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Materials and methods
Mice and embryos

C57BL/6 mice were purchased from Japan SLC (Hamamatsu. Japan) and
Notch! mutant mice'? were from Jackson Laboratory (Bar Harbor, ME). To
generate embryos. timed matings were set up between Nor¢/i/ '~ mice. The
time at midday (12 PM) was taken to be EO.5 for the plugged mice.

In vitro P-Sp culture

P-Sp culture was performed as described previously.™ In brief, isolated
P-Sp regions of E9.5 embryos were dissociated by incubation with 250
protease units (PU)/mL dispase (Godo Shusei. Tokyo. Japan) for 20 minutes
and cell-dissociation buffer (Gibco BRL, Carlsbad, CA) for 20 minutes at
37°C. followed by vigorous pipetting. Approximately 5 X 10* P-Sp-
derived cells were suspended in 300 L of serum-free StemPro media (Life
Technologies. Gaithersburg. MD) supplemented with 50 ng/mL stem-cell
factor (SCF). 5 ng/mlL interfeukin-3 (IL3: gifts from Kirin Brewery.
Takasaki, Japan). and 10 ng/ml. mouse oncostatin M (R&D Systems.
Minneapolis, MN). Single-cell suspensions were seeded on preplated OP9
stromal cells' in the 24-well plate. followed by incubation at 37°C in a 5%
CO; incubator. lmages were visualized with a Nikon Eclipse TE2000-U
microscope equipped with 40X/0.60 and 10X/0.30 NA objective lenses
(Nikon. Tokyo. Japan), and were captured with a C5810 camera (Hamamatsu
Photonics, Hamamatsu. Japan).

Plasmid construction

The cDNA of human Runx 1 was subcloned into the EcoRl restriction site of
the retrovirus vector pMYs/intemal ribosomal entry site—enhanced green
fluorescent protein (IRESEGFP: pMYs/1G).!® The ¢DNAs for FLAG-
tagged murine SCL and FLAG-tagged murine GATA2 were inserted into
the EcoRl and Notl restriction sites of pMYs/IG. The ¢DNA for murine
Notchl intracellular domain (NICD)? was subcloned into the BamHl
restriction site of pMYs/IG. To assess the domain functions of Runx1. we
used mutants and wild-type Runx1 constructed in pMY/1G." The pME18S-
HA-Runx1 and pME18S-PEBP2B were described previously.'” The cDNA
for FLAG-tagged murine Hes! was inserted into the EcoRl and Norl
restriction sites of the pMEI8S-expression vector and in-frame into the
EcoRl and Xbal restriction sites of the p3xFLAG-myc-CMV-25-
expression vector (Sigma. St Louis. MO).

Retroviral transduction

Plat-E packaging cells (2 X 109 were transiently transfected with 3 pg of
retrovirus vectors. mixed with 9 pL of FuGENEG (Roche Applied Science,
Indianapolis. IN). and incubated at 37°C. Supernatant containing retrovirus
was collected 48 hours after wansfection and used immediately for
infection. Retroviral transduction of the cells derived from Norch/-null
P-Sp regions was performed as described previously.™ In brief. the viral
supernatant was added to the P-Sp cells seeded on the OP9 stromal-cell
layer together with 10 pg/mL polybrene (Sigma). After 72 hours of
incubation. virus-containing medium was replaced by the original culture
medium. The cells were incubated for another 10 days and processed for
analysis. To confirm the expression of proteins. NIH3T3 cells were also
infected with the same viral supernatants. The efficiency of infection was
evaluated by the positivity of GFP. The proteins were detected by Western
blot using anti-Runx1 antibody (PC284L: Oncogene. Cambridge, MA).
anti-FLAG monoclonal antibody (M2: Sigma), and anti-FLAG polyclonal
antibody (F7425: Sigma) to detect Runx 1. GATA2. and SCL. respectively.
F7425 antibody was used to exclude the overlap of SCL. and nonspecific
band by M2 antibody.

CFC assay

The nonadherent or semiadherent cells that emerged from wild-type and
Notchl-null P-Sp regions were used for colony-forming—cell (CFC) assays.
Cells (6 X 10%) were plated into MethoCult GF M3434 medium (StemCell
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Technologies. Vancouver, BC. Canada) and cultured in a 5% CO; incubator
at 37°C. Colony types were determined at day 7 by morphologic appearance
and by Wright-Giemsa staining of each colony. Images were taken with a
Nikon Eclipse TE2000-U.

Flow cytometric analysis

Flow cytometric analysis was performed with a BD LSRI (BD Bio-
sciences. San Jose. CA) after addition of 7-amino-actinomycin D (7-AAD)
(Via-Probe: BD PharMingen. San Diego. CA) to exclude dead cells. For
surfuce staining. cell suspensions collected from the P-Sp culures were
incubated on ice for 30 minutes in the presence of various mixtures of
labeled monoclonal antibodies. The following monoclonal antibodies were
purchased from BD PharMingen: phycoerythrin (PE)-conjugated anti—
granulocyte | (anti-Gr-1). anti-macrophage antigen 1 (anti-Mac-1). anti-
stem-cell antigen 1 (anti-Sca-1). anti-Ter-119. allophycocyanin (APC)-
conjugated anti-CD45. anti—c-Kit. and biotin-conjugated anti-CD34.
Biotinylated antibodies were labeled with PE- or APC-conjugated
streptavidin,

Immunoprecipitation and Western blotting

COS7 cells were transfected with expression plasmids (pME-HA-Runx}
and p3xFLAG-myc-CMV-25-Hes1) using the FuGENEG6 according to the
manufacturer’s instruction. The cells were cultured in Dulbecco modified
Eagle medium (DMEM) supplemented with 10% fetal calf serum (FCS) for
48 hours after transfection and were lysed in radioimmunoprecipitation
assay (RIPA) buffer.'® These cell lysates were precleared with protein
G-sepharose (Amersham Bioscience. Little Chalfont, United Kingdom)
and mixed with anti-FLAG antibody (M2: Sigma) or anti-HA antibody
(HA.11: Covance Rescarch Products, Berkeley. CA) for 2 hours. The
antibody-associated proteins were then recovered on protein G—sepharose
beads. The beads were washed 4 times with the RIPA buffer. Whole-cell
lysates containing 100 pg of proteins and immunoprecipitates were
subjected to 10% sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to polyvinylidene difluoride membranes
(Immobilon: Millipore. Bedford. MA). The membranes were blocked with
3% skim milk treated with either peroxidase-conjugated anti-FLAG
monocional antibody (M2:; Sigma) or peroxidase-conjugated anti-HA
monaoclonal antibody (12CAS: Roche Applied Science). The blots were
visualized using the enhanced chemiluminescence (ECL) system (Amer-
sham Bioscience).

Transcriptional response assays

Luciferase assays were performed as described previously'® with minor
modifications. Briefly. Hel.a cells were transfected with 300 ng of reporter
(pM-CSF-R-luc),'? and expression plasmids (combinations of 200 ng of
pME18S-HA-Runx! and 160 ng of pMEI18S-PEBP2f and 60, 200. or
600 ng of pMEI18S-FLAG-Hes ] or control) using FUuGENEG according to
the manufacturer’s instructions. As a control of transfection efficiency, a
plasmid expressing B-galactosidase was cotransfected. The cells were
harvested 48 hours after transfection and assayed for luciferase activity. The
data were normalized to B-galactosidase activity.

Quantitative PCR analysis

NIH3T3 cells were infected with NICD or mock retrovirus. The cells were
cultured in DMEM medium supplemented with 10% FCS for 48 hours after
infection and were selected by the expression of GFP with the FACSAria
(BD Biosciences). Total cellular RNA was extracted with RNeasy (QIA-
GEN. Hilden. Germany) and converted into ¢cDNAs by reverse transcrip-
tase (Superseript o Invitrogen. Carisbad. CA). Real-time polymerase
chain reaction (PCR) was performed using TagMan Gene Expression
Assays Mm00486762_m1 (Applied Biosystems. Foster City, CA) with the
ABI PRISM 7000 Sequence Detection System (Applied Biosystems)
according to the manufacturer’s instructions. Amplification of 18S
ribosomal RNA ¢DNA was used as the endogenous normaliza-
tion standard.
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Resulls

Retroviral expression of Runx1 rescues hematopoietic defects
of Notchi-null P-Sp regions

It has been reported that expression of Runx! or its homolog.
Lozenge, is up~regulated by positive Nowh signaling in vebrafish
and Drasophilu systems. respectively /% We thus first evaluated
whether Noteh activation resultz in up-regulation of Runx] also in

the mammalian system. When NIH3T3 cells were transiently
tansfecied with Noteh! intacelludar domain (NICD), which

represents the comstitutive active form of Notehl. the mRNA level
of Runx | increased (Tuble 1
We then examined whethe
rescue the hematopoietic defect of NowcliZ -null mice. Wild-type
P-Sp cells gave fse 1o round-shaped nonadberent cells when
overlayed on the OPY swromal cells. Flow cytometnc anulysis of

r forced expression of Runx | could

these colls revealed that they were viable (7-AAD negative)
CD4S-positive cells Gtop panels in Figure 1A}, reprosenting

hematopoietic cells. No such cells were generated from Norclif-
null P-Sp cells and only h‘ackt‘mund QP9 cells were observed
ihottom panels in Figure 1A We retrovirally infected Noreh /-null
P-Sp cells that were seeded on the OP9 layer with Runx 1, SCL, or
GATAZ, and assessed  whether Noreh/-nell P-Sp cells could
generate iematopoictic cells. Tiers of the
Ruaxt. SCL. and GA -ere similar 1o cach other as evaluated
by infecting NIHITZ cells with these viruses (Figure 2A). Expres-
ston of individual prowins was confirmed by a Western blot
analysis (Figure 2B). Mock, SCL., and GATA2 vansduction did not
generate round-shaped nenadherent cells morphologically or vi-
able CD45-positive cells detectable by flow eytometric analysis.
In contrast, Runyl-trunsduced P-Sp cells gave rise to round-
shaped nonuwdherent cells.
CD4S-positive colls by How cytometric analysis (Figure 1B).
This pattern was identical to the positive control (Notchl1 ™+
>-Sp cells: top panels in Flgure 1A

To conflrmy that the cells developed from Runx -infected
Noichl-nuli P-Sp cells thereafier referred to as Runxl-rescued
cells) retam the features of hematopoietic cells, we evaluated these
cells for surface markers and CFC activities. The flow cytomeiric
analysis of the Runxtescued colls at day 12 reveuled that they
express hematoporctic cell-surfuee markers such as a punleukocyte
marker (CD45), stem-celt markers (¢-Kit, CD34, and Scal),

retroviruses conaining

These cells were shown w be viable

mveloid-cell markers (Gr-1 or Mac-D), and an ervthroid-cell
marker (Ter- 19 (Fgure 3A0 Their expression profiles were
rerniniscent of those of hemuatopedetic cells generated {rom the

wild-type P-Sp cells {Figure 3By The P-Sp culture system {ath-
fully reproduced the generation ol hematopoeietic cells, and there
were no consistent differences between Runxsl-rescued and wild-

Table 1. Notch activation up-regulates the expression of Runxi

RAU Mean Notch-mock
Experiment 1 278"
NiH3T3-Mock Q.1312634: 0077514 0.094504
NIHRT3-Notch 0263982 ¢.241884: 0.262827
Experiment 2 4.127
MIH3T3-Mock 0.038500; 0.0457 0.042792
NiHZT3-Nowch 0188016, 0.1488 0.176386
retative arbitrary

1 infection and BRAU
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Figure 1. Reftroviral expression of Runxi rescues tiematopoietic defect of
Noteh1-null P-Sp region. (A) P-Sp cells from v i Noteh Tonuli
{(Noteh17°7) embryos at EQ.5 were cultured {B)y P-Sp salis
from NotehT-null embryns at infected m,i‘ ok ctrawm of refravitus
containing Runxt. SCL. or GATAZ, and cuilured for 12 days on OPS cells.
Wicroscopic repressniation (ieft column; onginal magrification, X 100;. Only cocut-
tuved OF’0 "ralls are mowr\ i hf—‘mqtup\)xctv cells are nat produced. Flow cytometric

o:f\,orwm 4

type P-Sp—derived cells in the surface-marker expression levels,
although we observed variable minor dift

erences in individual
experiments partly because of the varation in the ime required for
hematopoietic development (Figure 3A-B 1

When the Runxl-rescued
medium ar day

weeded o semisolid
days, they

cells were
12 and culiured for an additional 7
generated mired. granuloceyie/macrophuage. and ervthroid colonies
comaining enucleated erythrooytes (Figure 445 at o freguency
comparable to that of wild-type P-Sp~derived cells (Figure 4B-C).
There were no satstical differcnces i the numbers of
(P =11y and mndividual (erythrowd, P = 20
phage. P = Jlimixed, £ = 073 colonies gener

total
granulocyie/macro-
ated from Noich it

A Mok

Runxs

noux 2t

Figure 2. Retroviruses properly create Bunx1, GATA2, and BCL prwems {A)
The efficiency of rrusmediated 3Enr tra of Bunxt, GATAZ, o
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Figure 3, Runxi-rescued Palls expresc hematopo!etxr surface markers. Expres-
sin of hematnpol le’Jl&:d ¢ al day 12 hom Runxl-
wansduced A ¥ (Noich ™) embryos
{B) was eva sas, GFP intensity (marking ret
transduced o nsity of counterst
nemaiopoietic s The results show representa-
tive resulis of indey ant rep % expenments. Percentages of cells in
egch quadrant are indicaled.

d by fiow cyome
is piotted on

wgd Runx Ptramsduced Neweh 7™
vations indicate

7~ P-Sp-derived cells. These obser-
that the hcm;zmpoimic chavacteristics of Runx|-
reseued cells were similar 1o those of wild-type P-Sp-derived cells,

Functional implication of Bunx1 at the downstream of
Noich-RBP-Ju pathway

Runx! has several disunct domains with defined biochemical
functions. The Runt domain moediates both binding 1o DNA and
dimcrization with a partner protein, CBFR/PEBP2R. whereas the
ransactivation domain interacts with transcriptional coactivators,
Inhibitory domain counteracts the effect of the transactivation
domain, The VWRPY mouf located near the C-ierminus mediates
the Interaction with a corepresser, TLED A domain that interacis
with mSin3A corepressor s also identified.” To assess whether
Rumx ! functions as an acthvater or o repressor™ 1o restore the

hematopoietic defect of
of Runx | mutams (Figure 377 for hematopoietic rescuc.

of reirovivuses containing wild-type and  several
nmutants, .11 44, A397 and AZ0S5-332 of Runx | (Figure 33 resulted
i the

Norchi-null embryo, we examined a series

rescue of Lh( Notch T-null phcnm\fp\‘:, giving the same patiern
with the culture of wild-type P-Sp cells (Figure 1A, top p'”vclw ln
other mutants, A333, A283. AMLTa, ARD, A205-332.
and R139G (Figure 53 could not rescue the Noteh /-null phenotype.
giving the same pattern with the negative control (Figure AL
botom panelsi. Therefore, wild-type of Runx1 and the mutants that
lack the ¥V \PP\ domain (A4dd, A397) or the mSin3A-binding
region (A131-2107 could resore the pmduumn of hematopoietic
cells in the "\()h fi/-null P-Sp cullure, whereas those mutants tha
lack trunsactvation domain 3.3 35, A28%, AML1a, and A205-3323
or Runt domain (ARD; could not rese
Notelil-nult P-Sp cells. Since chunges

the prowin could influcnce the funca

cuch dom H

COBrast.

ue hematopoiesis from the

the role of
isolated

on independent of

i
390G, a mutant from a

i, we also exany

in the wertary structure of
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patient with myelodysplastic syndrome (MDS) that harbors ¢ point

mutation causing substitution of Arg139 in the Runt domain with

The DNA-binding ability s scverely impaired in R129G,
although the ability to heterodimerize with CBFR/PEBP2B
spared.?’ This mutant could not restore hematopoiesis. These

results suggest that. in the presence of an intact Runt domain, the
wanseriptional acuvating function is necossary and sufficient for
Runx} to rescue the hematopoietic defect of Morchi/-null mice in
the P-Sp culwre system,
funiction is dispensable

while the wunseriptional repressing

Notch sighaling also regulates transactivating
function of Runxi

Hesl s known o be a canonical Nowh-RBP-Jx arget genc in
mai hm.;x‘\ It 15 also evident. howover by o number of studies m 1l
Hes! medintes a part of. but not the whoele, Nowh-RBP-Jx
signaling.*? In adult hematopolesis, Hest mainins HSCs in vitro
and w\pmd\ them in vivo when retrovirally introduced o o highly

HSC-enriched population.® Bee Hest is expresse ed in the
hemutopoietic clusters budding from the dorsal aorta &hn transcrip-
tion factor is a cundidate as o physiologic targer of the Noteh-
RBP-Jic pathway in the embryonic hemutopoietic dcxch»pmcm,
Hes T has also been known to mediate cross-tajk between Noteh and
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Figure 5. The transcriptionally active form ot Runx1 is required for hematopoi-
etic rescue. P-8p csiis from Nowohi-null embryos at E 8.5 were infected with

i ftured on OP8 cells for 12 days.
Runt indicates the Runi
on domain: 1D, mhibitory
ntations {center solimn:
s {right 2 columng) of cells
t{center colurmng) and cells in each

other signaling
ransducer and activator of ganscription JAK/STAT), Wi, and

pathwavs sach us Janus-activating kinasefsignal
pns o

H2 Fur-
the transactivating functon of Runx2, another Runx
family member is modified by Hes proteins and their relatives Hey
proteins. When overexpressed, Hest potentiates RunxZ-mediated
transactivalion in the transfected cefls.”” while Hey
Runs2-me -

Ruas/mitogen-activated protein Kinase (MAPK) pathways
thermore,

FEPICSSes

sdiated ransactivation

Based on these pieces of inforn
Hest oalso modulutes Runx f-med

adon. we assessed whether
tated transactivation. Consistent
with a previous report in which Hes b was shown to bind o Runx
in ghutathione S-tranferasc Ty pull-down assays.” w
Hf\—l'xggcd Runx1 protein i the anti-FLAG im
and reversely. FLAG-tagged Hest protein in the
prcupzt;mt indicating phy\ic:a! intevaction of Hesl with Runst
iFigure 6A1 Moreover. Hes! potentiated Runxi-mediated transac-
tvation when expressed in Heba cells, depending on the expres-
sion levels of Hest (Figure 6B

e derected
munopprecipitant,
anti-HA immuno-

Discussion

rescues the defective
QP9 culture system. The
Noteh and Runx families during

Runxl
-nufl mice i the
tronship between !

b this showed  that
hematopoiesis of Nogedif
functionad refa

study, we
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hematopoietic development was st indicated m Drosopdila. in
which Notch ap-regulates the oxpression of a Ruar family
More recently, it was shosen
signaling mutant wind bomb fails in the specification of definitive

HSCs dumw embrycgenesis. and that Rumxl is reguired for
expansion of HSCs in the rebralish AGM region sufficient to
restore the HSC specitication in the mind bonib mutant.” The dats
shown in the present study stromgly indicate that the Nowh-Runx
pathway is conserved from inveriehrates to mammals and that

207K,

;’__u‘*c;zw( a zebratish Notch-

Runx ! fovates ot a very proximal position in the Nowhl
puthway during establishment of definitve

signaling
hematopolesis,

GATA 2 1s also reported to have an important role downsueam
of Nowh signaling in the establishment of detinitive hematopoiesis,
ftwas reported that NICD directly binds 1o the Gara? promoter and
increases s expression ievel in mouse AGM cells.® Similurly In
Dirosophila, Notch up-regulates Serpens ‘md induces emergence of
hemocyie pmunmlm\ n bymph glands, SXPres-
sion system. howe GATA2 could not rescue the hematopoietic
defect of Nowhl-nul P-~Sp cells tFigure 1B). 1t remuains anknown
whether GATAZ expression in mere reguluted levels and/or timings
could rescue the hematopoletic deticient phenotype of Notwh/-
knockout P-Sp cells.

We clearly demonstrated that definitive hematopoiesis s res-
cued by forced expression of Ruax in the Noteli/-null P-Sp cells
but it should be direaily shown whether transplantable HSCs are
generated Runxi-introduced P-Sp cells.
Fresh P-Sp cells obtained from wild-type embryos can e engrafied
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to mouse bone marrow if injected in the preconditioned newborn
mice, as described.’* It is unknown., however, whether the
cultured P-Sp cells are also engraftable with the same method, We
were unable to observe engraftment of the cultured P-Sp cells
unlike fresh P-Sp cells, when injected to busulfan-pretreated
newborn mice (data not shown). Culturing the cells. even for just a
short time, is prerequisite for the retroviral gene transfer. which
stands as a major technical obstacle to assess the engraftability of
the Noich/-null Runx-introduced P-Sp cells. Transgenic expres-
sion of Runx!, under an appropriate promoter, in the Notchl-null
background may reveal further that the Notchl-RunxI pathway
represents an essential physiologic channel for the mammalian
HSC generation from the P-Sp cells.

We also showed that Hesl. a known mediator of Notch
signaling. cooperatively activates the Runxl-responsive pM-
CSF-R luciferase reporter. This observation suggests that the
Notchl pathway modulates expression of Runx1 target genes
through multiple mechanisms. There is a possibility that Notchl

BLOOD, 15 NOVEMBER 2006 » VOLUME 108, NUMBER 10

directly augments the expression of Runx1 target genes. Although
overexpression of Runxl is sufficient to restore hematopoietic
potential in Notchl-null P-Sp cells, both of these mechanisms
might cooperatively contribute to HSC generation during normal
development.
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Pharmacokinetics of Alemtuzumab after Haploidentical
HLA-Mismatched Hematopoietic Stem Cell
Transplantation Using in Vivo Alemtuzumab With or
Without CD52-Positive Malignancies
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We recently reported that the addition of in vivo alemtuzumab to the conditioning regimen
enables 2- or 3-locus-mismatched hematopoietic stem cell transplantation without an exces-
sive risk of graft rejection or graft-versus-host disease. In a later series of patients, however,
one patient with refractory chronic lymphocytic leukemia with large residual tumors at trans-
plantation developed graft rejection. While the peak alemtuzumab concentration in the
previous patients without graft rejection was higher than 5 pg/ml, the peak alemtuzumab
concentration in this patient was only 1.44 pg/mi. We considered that alemiuzumab was bound
to the large residual tumors, which resulted in a low blood concentration of alemtuzumab.
Therefore, it is important to debulk tumors before the conditioning regimen for patients with
refractory CD52-positive hematological malignancies, or the dose of alemtuzumab should
be adjusted by monitoring the blood concentration, when alemtuzumab is used for in vivo
T-cell depletion in 2- or 3-locus-mismatched transplantation. Am. J. Hematol. 81:875-879,
2006. © 2006 Wiley-Liss, Inc.

Key words: chronic lymphocytic leukemia; hematopoietic stem cell transplantation;

alemtuzumab; serum concentration; rejection

INTRODUCTION

Alemtuzumab (Campath-1H) is a humanized mono-
clonal antibody directed against human CD52 that is
expressed at a high density on B- and T-cells and den-
dritic cells, but not on hematopoietic stem cells [1].
Although alemtuzumab was approved for the treat-
ment of fludarabine-refractory chronic lymphocytic
leukemia (CLL) [2], it has also been used for in vivo
T-cell depletion to prevent graft rejection and graft-
versus-host disease (GVHD) in allogeneic hemato-
poietic stem cell transplantation (HSCT) [3.,4]. The
addition of alemtuzumab to a conditioning regimen
decreases graft rejection by depleting host T-cells. In
addition, it has a long terminal half-life (15-21 days)
and the blood concentration is maintained at a lym-
pholytic level for about 2 months after transplanta-
tion, which contributes to the prevention of GVHD
[5]. We extended the use of in vivo alemtuzumab to 2-
or 3-locus-mismatched transplantation and successfully

© 2006 Wiley-Liss, Inc.

reduced the incidence of grade lI-IV acute GHVD to
only 9% without graft rejection in the first 12 patients
in a prospective study approved by the ethics com-
mitee [6]. However, in a later series of patients, a
patient with fludarabine-refractory CLL with large
residual tumors at transplantation developed graft re-
jection after an initial neutrophil recovery. We describe
here the clinical course and discuss the pharmacoki-
netics of alemtuzumab in patients with or without
CD52-positive hematological malignancies.
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Clinical Course of a Patient Who Developed
Graft Rejection

A 56-year-old woman with CLL, which was
refractory to 10 courses of fludarabine (30 mg/m* x
5 days), 2 courses of rituximab (375 mg/m-~), and
4 courses of CVP therapy (cyclophosphamide 750 mg/
m® x 1 day, vincristine 1.4 mg/m? x 1 day, predni-
solone 60 mg/m* x 5 days), chose to participate in
a clinical study of 2- or 3-locus-mismatched HSCT
using in vivo alemtuzumab, since she did not have
an available HLA-matched or I-locus-mismatched
donor among her family members and her disease
status precluded a time-consuming donor coordina-
tion to identify an HLA-matched unrelated donor.
Just before starting the conditioning regimen, she
still had large residual tumors in the abdomen, al-
though the peripheral blood lymphocyte count was
decreased to 2.66 x 10°/L. The conditioning regi-
men consisted of alemtuzumab (0.2 mg/kg/day from
day —8 to —3), fludarabine (30 mg/m” from day —8
to —3), busulfan (4 mg/kg/day on days —5 and —4)
and total body irradiation (TBI; 2 Gy twice daily on
day —1). Peripheral blood mononuclear cells were
collected from her 3-locus-mismatched son following
a mobilization with filgrastim, cryopreserved with-
out ex vivo manipulation, and infused on day 0.
The number of infused CD34- and CD3-positive
cells was 4.75 x 10° cells/kg and 0.86 x 10® cells/kg
of recipient body weight, respectively. Posttransplan-
tation prophylaxis against GVHD was performed
with the continuous infusion of cyclosporine A
(3 mg/kg) and short-term methotrexate (15 mg/m?
on day 1 and 10 mg/m” on days 3, 6, and 11). Regi-
men-related toxicities were mild. Neutrophil engraft-
ment, defined as the first of 3 consecutive days with
an absolute neutrophil count of at least 0.5 x 10%/L,
was documented on day 15. On day 18, however,
the granulocytic count began to rapidly decrease,
associated with a high fever up to 104°F, dissemi-
nated intravascular coagulation, and a high lactate
dehydrogenase level. We restarted filgrastim but the
neutrophil count decreased to below 0.10 x 10°/L.
Eighty-two percent of the bone marrow cells were
of donor origin on day 22, but donor cells became
undetectable in both the bone marrow and periph-
eral blood on day 28. The abdominal CT scan on
day 22 showed decreased but residual tumors. Flow
cytometry analysis of the peripheral blood on day
26 showed that more than 90% of lymphocytes were
CD8-positive T-cells. Although we waited for autol-
ogous hematopoietic recovery, the neutrophil count
remained below 0.10 x 109/L. Therefore, we per-
formed the second peripheral blood stem cell trans-
plantation from the same donor on day 51 after the
first transplantation following a conditioning regi-
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men consisting of alemtuzumab (0.2 mg/kg/day
from day —10 to —5), cyclophosphamide (30 mg/kg/
day on days —7 and —6), and fludarabine (25 mg/
m~/day from day —5 to —1). The number of CD34-
and CD3-positive cells infused at the second trans-
plantation was 2.86 x 10° cells/kg and 0.53 x 10*
cells/kg of recipient body weight, respectively. We
started the continuous infusion of CsA on day —1.
However, she developed acute renal failure and
thus we replaced CsA with prednisolone at 1 mg/
kg/day from day 2. At the same time, high fever,
skin rash, fluid retention, weight gain, and noncar-
diogenic pulmonary edema rapidly progressed,
which required mechanical ventilation from day 2
and continuous hemodiafiltration from day 9. Twice,
we administered high-dose methyl-prednisolone at
1000 mg/day for 3 days (from days 9 and 15).
Despite these treatments, capillary leak syndrome
did not improve and she died on day 18 due to
severe hypotension, although donor cell engraft-
ment was confirmed on day 11. The clinical course
of the CLL patient is summarized in Figure 1.
Autopsy revealed no residual CLL cells and no
microbiologically documented infections. Patholog-
ical finding of the skin showed the degeneration of
epidermal cells and sweat gland cells with little lym-
phocyte infiltration, which were compatible with
acute GVHD.

Blood Concentration of Alemtuzumab

The serum concentration of alemtuzumab was
determined by indirect immunofluorescence using
frozen sera as described in detail elsewhere [7,8].
The serial serum concentrations of alemtuzumab of
the present patient in the first and second transplan-
tations and those of three control patients who
underwent haploidentical HSCT using alemtuzumab
from a 3-locus-mismatched related donor and whose
serum samples before and after transplantation were
available are shown in Figure 2. The current patient
and the three control patients participated in the
same study to evaluate the safety of unmanipulated
peripheral blood stem cell transplantation from 2-
or 3-locus-mismatched related donors using alemtu-
zumab in vivo and received exactly the same alemtu-
zumab dosage schedule (0.2 mg/kg/day from day —8
to —3) and the same supportive care [6]. Of the
three control patients, two (C1 and C2) had myeloid
malignancies and the other (C3) had diffuse large B-
cell lymphoma in partial remission. Patients C2 and
C3 received the same conditioning regimen as the
CLL patient did, whereas patient Cl received TBI
at 2 Gy twice daily on days =7, —6, and -5, fol-
lowed by cyclophosphamide at 60 mg/kg on days
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Clinical course of the first and second haploidentical transplantation using in vivo alemtuzumab. PB, peripheral
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Fig. 2. Serial serum concentrations of alemtuzumab.
Alemiuzumab activity was measured by indirect immuno-
fluorescence. The lower limit of this assay for serum sam-
ples is 0.50 pg/ml and the upper limit is 20.00 pg/mL.

—3 and —2. Although the serum alemtuzumab con-
centrations in the three control patients were com-
parable to those in previous studies where alemtuzu-
mab was used in a conditioning regimen [9,10], the
serum alemtuzumab concentration in the CLL
patient was persistently lower than 2.0 and 4.0 pg/ml

in the first and second transplantations, respectively,
and it quickly decreased to an undetectable level
(<0.5 pg/ml) after transplantation. Therefore, the
serum concentration of alemtuzumab before trans-
plantation was too low to suppress host T-cells,
which may have resulted in graft rejection after the
first transplantation. In the second transplantation,
host T-cells might have been sufficiently suppressed
by the repeated conditioning regimen, but a strong
reaction compatible with hyperacute GVHD oc-
curred a few days after the infusion of donor graft,
probably due to the insufficient alemtuzumab con-
centration on day 0 and thereafter.

DISCUSSION

The use of in vivo alemtuzumab in an HSCT set-
ting enables durable engraftment and a significant
reduction of GVHD, even in 2- or 3-locus-mis-
matched HSCT [6,10]. Pharmacokinetic studies of
alemtuzumab at a dose of 20 mg/day for 5 days
before transplantation with a reduced-intensity con-
ditioning regimen have demonstrated that the serum
alemtuzumab concentration was higher than the
level that was required to kill infused donor T-
cells at the time of transplantation and remained at

American Journal of Hemarology DOI 10.1002/ajh
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TABLE i. The Incidence of Graft Failure after Allogeneic Transplantation Using Fludarabine, Melphalan, and Alemtuzumab

Underlying disease n Donor R°U Dose of alemtuzumab Primary graft failure Secondary graft failure
CLL 41 2417 100 mg in 27 3 5
60 mgin 6
S0mgin 7
40mgin |
AML/MDS 76 3541 100 mg 2 0
MM 25 0725 100 mg 0 0
NHL 88 65/23 100 mg I 3
HL 49 31,18 100 mg 0 0

Note. CLL. chronic lymphocytic leukemia; AML. acute myeloblastic leukemia; MDS. myelodysplastic syndrome; MM, multiple myeloma; NHL, non-
Hodgkin's lymphoma: HL, Hodgkin's lymphoma: R. related donor; U. unrelated donor.

a potentially lympholytic level for approximately
2 months after transplantation [5].

The pharmacokinetics of alemtuzumab in the
treatment of CLL are quite different. The peak
blood concentration after the first infusion of alem-
tuzumab at 30 mg for refractory CLL patients
showed a wide variation among patients [7]. In addi-
tion, the blood concentrations of alemtuzumab
showed a modest negative correlation with the start-
ing lymphocyte counts [7]. These results suggest that
the pharmacokinetics of alemtuzumab in CLL pa-
tients were affected by the number of tumor cells.
The alemtuzumab concentration tends to be lower
when the patient has bulky tumor cells, since alem-
tuzumab may bind to tumor cells.

In a transplantation setting, only a cumulative
dose of 100 mg or less, which is far lower than
that in the treatment of CLL, is highly immuno-
suppressive and clinically effective for the preven-
tion of graft rejection and GVHD [11]. However,
the cumulative dose of 1.2 mg/kg (66 mg/body)
might have been insufficient to prevent graft rejec-
tion in this patient with bulky CDS52-positive resid-
val tumor cells. On the other hand, previous trans-
plantation studies have not pointed out any differ-
ences in the pharmacokinetics of alemtuzumab
between patients with CDS352-positive lymphoid
malignancies and those with myeloid malignancies
[5]. However, Delgado et al. recently reported the
results of 41 consecutive allogeneic hematopoietic
cell transplantation for CLL using fludarabine,
melphalan, and alemtuzumab [12]. They showed a
higher incidence of primary or secondary graft
failure (8 of 41) than that in transplantation for
the other hematological malignancies using the
same regimen (Table I) [13-16]. The alemtuzumab
concentrations in these patients were assumed to
be lower than those in transplantation for the
other hematological malignancies, because they had
CLL and/or the dose of alemtuzumab was reduced
in 14 of the 41 patients. These data further support
our hypothesis that the low alemtuzumab concentra-
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tion might have resulted in graft rejection in the cur-
rent CLL patient.

In conclusion, a residual CD52-positive tumor
may strongly affect the blood concentration of alem-
tuzumab. It may be worthwhile to decrease tumor
cells before the conditioning regimen or to increase
the dose of alemtuzumab in a conditioning to pre-
vent graft rejection and GVHD. More data on the
pharmacokinetics of alemtuzumab are needed to
determine an optimal dose for HSCT, especially
from a 2- or 3-locus-mismatched donor.
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