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Functional Domains of Runxl Are Differentially Required for
CD4 Repression, TCRf Expression, and CD4/8
Double-Negative to CD4/8 Double-Positive Transition in
Thymocyte Development'

Masahito Kawazu,*" Takashi Asai,* Motoshi Ichikawa,* Go Yamamoto,* Toshiki Saito,*
Susumu Goyama,* Kinuko Mitani,’ Kohei Miyazono,” Shigeru Chiba,** Seishi Ogawa,**
Mineo Kurokawa,”* and Hisamaru Hirai**

Runx1 (AML1) has multiple functions in thymocyte development, including CD4 repression in immature thymocytes, expression
of TCRP, and efficient B-selection. To determine the functional domains of Runxl important for thymocyte development, we
cultured Runxi-deficient murine fetal liver (FL) cells on OP9-Delta-like 1 murine stromal cells, which express Delta-like 1 and
support thymocyte development in vitro, and introduced Runx1 or C-terminal-deletion mutants of Runx1 into the FL cells by
retrovirus infection. In this system, Runx]-deficient FIL cells failed to follow normal thymocyte development, whereas the imtro-
duction of Runx1 into the cells was sufficient to produce thymocyte development that was indistinguishable from that in wild-type
FL cells. In contrast, Runxl mutants that lacked the activation domain necessary for initiating gene transcription did not fully
restore thymocyte differentiation, in that it neither repressed CD4 expression nor promoted the CD4/8 double-negative to CD4/§
double-positive transition. Although the C-terminal VWRPY motif-deficient mutant of Runxl, which cannof interact with the
transcriptional corepressor Transducin-like enhancer of split (TLE), promoted the double-negative to double-positive transition,
it did not efficiently repress CD4 expression. These results suggest that the activation domain is essential for Runx1 o establish

thymocyte development and that Runxl has both
development.

unx! (also called AMLI, Pebpa2b, or Cbfa2) encodes a
member of a family of runt transcription factors that was

& first identified in humans as a gene that is disrupted in
t(8 ;21) acute myeloid leukemia (1). Homozygous disruption of
RunxI in mice revealed that Runx! plays an essential role in de-
finitive hematopoiesis (2, 3). Furthermore, it has been suggested
from the very beginning of its cloning that Runx1 also plays roles
during thymocyte development (4-6). Runx1, together with other
cofactors, binds to the enhancers of TCRe (7), B (8), ¥ (9). and &
(10) and activates transcription of these genes. Runx1 is expressed
during thymocyte development as demonstrated by Northern blot-
ting, as well as in situ hybridization of mRNA (11, 12). Itis mainly
expressed in cortical thymocytes (13), and quantitative real-time
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PCR of reverse-transcribed RNA revealed that Runx] mRNA is
abundant in CD4/CD8 double-negative (DN)* thymocytes (14).
When Runx1 was overexpressed in thymocytes using a transgenic
system, it was shown to induce CD8 single-positive (SP) thymo-
cyte differentiation (15) and to inhibit the differentiation of Th2
effector T cells (16). Recently, we found that T cell-specific dis-
ruption of Runx/ in mice using the Cre-loxP recombinase system
results in a profound defect in the DN to CD4/8 double-positive
(DP) transition,* and others also demonstrated that Runx | ac-
tively represses CD4 expression in DN thymocytes (14). To-
gether, these findings confirm that Runx1 plays an essential role
in early thymocyte development. In view of its functions in T
cell development, it is noteworthy that the Runx/ gene is dis-
rupted in t(4;21)(q28;q22) found in T cell acute lymphoblastic
leukemia (17, 18).

Runx] has several distinct domains of defined biochemical
functions. The Runt domain mediates both binding to DNA and
dimerization with core-binding factor S8 subunit (4), whereas the
activation domain interacts with transcriptional coactivators to up-
regulate transcription of the target genes (19, 20). Toward the C
terminus of the activation domain lies an inhibitory domain that
counteracts the effect of the activation domain (21). Furthermore,

* Abbreviations used in this paper: DN, double-negative; SP, single-positive; DP,
double-positive; TLE. Transducin-like enhancer of split: FTOC, fetal thymus organ
culture; FL. fetal liver; tg, transgenic; rh, recombinant human; cko. conditionally
knocked out; ctrl, control.

4T, Asai, T. Yamagata, T. Saito, M. Ichikuwa, S. Seo, G. Yamamoto. K. Maki, K.
Mitani, H. Oda, S. Chiba, et al. Runx! is required for integrity of the pre-T cell
receptor complex and Lek kinase activity in early thymocyte development. Subminted
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the C-terminal VWRPY motif, which mediates the interaction with
Transducin-like enhancer of split (TLE), a transcriptional core-
pressor (22, 23) (see Fig. 3A), and a domain which represses p2/
transcription through the interaction with mammalian Sim3 iso-
form A corepressor (24) (not shown in Fig. 34) are also known,
Runx1 activates the transcription of different genes by interacting
with different cofactors in various types of cells (25). To elucidate
the mechanism by which Runx! exerts various functions, the con-
tributions of each domain to a particular function of Runx1 have
been evaluated. Okuda et al. (26) examined the ability of full-
length and mutant Runx/ genes to rescue the hemopoietic defect in
Runxl-deficient embryonic stem cells through a knock-in ap-
proach and demonstrated that the activation domain, but not the
VWRPY motif, is indispensable for definitive hematopoiesis. No
alterations in thymocyte subpopulations were detected in mice in
which the VWRPY motif of Runxl is genetically disrupted. al-
though they have a significantly small thymus (27). In their study,
the roles of the activation domain during thymocyte development
were not assessed, due to a profound defect in hematopoiesis in the
absence of the activation domain of Runx1. Therefore, the roles of
functional domains of Runx ! in thymocyte development have not
yet been adequately clarified.

Although fetal thymus organ culture (FTOC) has been conven-
tionally used for in vitro studies on thymocyte development (28),
it is difficult to achieve high gene-transduction efficiency and to
obtain a sufficient number of cells for analyses with FTOC., We
used an in vitro culture system in which fetal liver (FL) cells from
wild-type mouse embryos follow normal thymocyte development
on a layer of OP9-Delta-like | (DL1) murine stromal cells ex-
pressing a Notch ligand, DLI, on their surface (29, 30). In this
system, FL cells from Runxi-deficient embryos exhibited defec-
tive thymocyte development, which was successfully restored by
the reintroduction of full-length Runx 1 by retroviral infection. We
also introduced several forms of Runx! mutants into the Runx1-
deficient FL cells and evaluated their ability to restore thymocyte
development, which revealed distinct functions of Runx! domains
during thymocyte development.

Materials and Methods

Preparation of ¢DNAs of Runxl mutants and gene transduction

cDNAs of C-terminal deletion mutants of Runx 1, A447. A372, A320, and
A291, with a Nodl site on their 5’ terminus and an Xhol site on their 3'
terminus, were PCR amplified from template murine Runx/ cDNA (a gift
from M. Salake. Tohoku University. Sendai, Japan) using TaKaRa LA tag
(Takara Bio) with the following sets of primers: a sense oligonucleotide for
all constructs. 5'-AAAAGCGGCCGCATCGATACCATGCGTATCCCC
GT-3'. antisense oligonucleotides: A477. 5'-TTTTCTCGAGTCAGGC
CTCCTCCAGGCGCGCGGG-3": A372. 5'-TTTTCTCGAGTCAGCCGG
TCTGGAAGGGCCCGGC-3"; A320, 5'-TTTTCTCGAGTCAGCGCGGG
TCGGAGATGGACG-3"; and A29/, 5-TTTTCTCGAGTCAAAGTT
CTGCAGAGAGGCTGG-3'. Each PCR product was digested with Noil
and Xhol and cloned into the Notl-Xhol site. 5" upstream of internal ribo-
somal entry site-GFP of the pGCDNsam (a gitt from H. Nakauchi, Tokyo
University. Tokyo, Japan) retrovirus vector (31). Nucleotide sequences of
these mutant plasmids were confirmed using the ABI Ready Reaction Dye
Terminator Cycle Sequencing kit and ABI3100 semiautomated sequencers
(Applied Biosystems). To obtain retrovirus-producing cells. $MP34 pack-
aging cells (a gift from Wakunaga Pharmaceutical) were transfected with
these retrovirus plasmids. followed by single cell sorting for GFP with a
FACSVantage (BD Biosciences). To characterize cells transduced with
retrovirus plasmids, GFP-positive cells were gated and analyzed.

Cell preparation and genotyping

Embryos at 14.5 days postcoitus (E14.5) were obtained by mating
RunxI™*'™ mice (female) and Runx/™Y*, Lek-Cre transgenic (tg)* mice
(male), both of which had been backcrossed for nine generations to
C57BL/6. Lek-Cre tg mice were kindly provided by J. Takeda (Osaka
University. Osaka, Japan) (32). FLs were dissected from the E14.5 em-
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bryos and then subjected to single cell suspension by pipetting. An aliquot
of the FL cell suspension was subjected to DNA extraction followed by
genotyping using PCR with primers f2 (5'-ACAAAACCTAGGTGTAC
CAGGAGAACAAGT-3), fi20 (5'-CCCTGAAGACAGGAGAAGTTT
CCA-3"). and r! (5'-GTCTACTCCTTGCCTCAGAAAACAAAAAC-3),
in which floxed and floxed-out (or deleted) alleles were amplified as
280-bp (£120-r1) and 220-bp (f2-ri) PCR fragments. respectively.

Culture of FL cells on OP9-DLI stromal cells

FL cells were cultured on OP9-DLI cells (generous gifts from J.C. Ziiiiga-
Pfliicker, University of Toronto, Toronto, Canada) (29) according to the
original descriptions with minor modifications. In brief. mononuclear cells
were separated from a single cell suspension of E14.5 embryos of C57BL/6
mice by centrifugation on a Ficoll-Hypaque (AXIS-SHIELD: Lym-
phoprep) gradient. A total of 5 X 10 mononuclear cells. without further
purification of hemopoietic progenitor cells. was cultured on confluent
OPS-DL1 cells in flat-bottom 24-well culture plates with 500 pl of MEM
(Invitrogen Life Technologies) supplemented with 20% FCS, penicillin/
streptomycin, and 5 ng/ml recombinant human (rh) IL-7 (R&D Systems).
After 5 days of culture, 5 X 10* cells were passed onto newly prepared
OP9-DLI cells in the presence of 5 ng/ml thIL-7. and retrovirus infection
was performed using polybrene (final concentration 8 ug/mi). followed by
another 5 days of culture. A total of 1 X 10° cells were again passed onto
newly prepared OP9-DL1 cells and cultured for another 5 days, but in
rhIL-7-free culture medium.

Flow c¢ytometry

Cells were collected from culture plates. suspended in PBS, and then in-
cubated with mAbs for 30 min on ice. If necessary. this was followed by
additional incubation with the secondary reagents for another 30 min on
ice. After being washed with PBS, cells were analyzed by flow cytometry
using a FACSCalibur (BD Biosciences) equipped with CellQuest software.
All mAbs and fluorochromes used in flow cytometry were purchased from
BD Pharmingen: FITC, PE, PerCP, PerCP-CY5.5, allophycocyanin. or Bi-
otin-conjugated CD3e (500A2), CD4 (RM4-5), CD8a (53-6.7). CD24 (M1/
69), CD25 (PCo1). CD44 (IM7). CD45.2 (104), CD45R/B220 (RA3-6B2).
CD90.2 (Thyl.2: 52-2.1), or TCRB (H57-597). Intracellular anti-TCR3
allophycocyanin staining was performed using a BD Cytofix/Cytoperm kit
(BD Pharmingen) in accordance with the manufacturer’s instructions.

Results
Normal FL cells can differentiate into DN and DP thymocytes
on OP9-DLI cells

The ontogenic profiles of nonpurified FL cells on OP9-DLI cells
were essentially similar to those of purified FL cells for hemopoi-
etic progenitor cells (CD24"¥, Lin~, Sca-1"" CDI117/c-Kit™)
(29). Most of the FL cells from wild-type C57BL/6 mouse em-
bryos cultured on OP9-DL1 cells expressed Thy! without the dis-
tinct expression of B220, whereas FL cells cultured on parental
OP9 cells did not show a high expression level of Thy! but had
apparently committed to B lymphocytes, as manifested by B220
expression (Fig. 1A). After 15 days of culture on OP9-DL1 cells,
a considerable number of FL-derived cells became CD4*CD8™*
(Fig. 1B) and were thought to correspond to CD4/8 DP thymo-
cytes. These CD47CD8™ cells also expressed TCRfB at a level
comparable with that in DP thymocytes in adult thymus (Fig. 1),
indicating that the FL cells cultured on OP9-DL1 cells in vitro can
follow the normal development of DP thymocytes in the thymus.
A small number of SP (i.e., CD47CD8™ or CD4~CD8") cells
were also observed, but they expressed only intermediate levels of
TCRP on their cell surface (Fig. 1C), suggesting that these cells
were not as fully mature as the CD4 SP cells or the CD8 SP cells
in the thymus. Another prevalent population in the normal FL cell
culture on OP9-DLI cells was CD4~CD8™ cells, which were con-
sidered to be reminiscent of CD4/CD8 DN thymocytes. DN thy-
mocytes differentiate through the maturation sequences DNI
(CD44*CD257), DN2 (CD44*CD25™), DN3 (CD44'°%CD257),
and DN4 (CD447CD257) (33), and each DN fraction was de-
tected in FL-derived CD47CD8™ cells cultured on OP9-DLI cells
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FIGURE 1.

FACS analysis of wild-type C57BL/6 FL cells cultured on a stromal layer of OP9 cells that express DL1 (OP9-DL1). A, Expression levels

of B220 and Thyl on day 15 in FL cells cultured on an OP9-DL1 layer (thick line) and in FL cells cultured on a control OP9 layer (OP9-GFP; thin line)
are shown, Cells were stained with anti-B220 PerCP and anti-Thy1.2 FITC. B, CD4/8 expression profile of FL cells cultured on OP9-DLI for 15 days. The
-percentage of cells in each quadrant is indicated. C, FL cells cultured on OP9-DL1 for 15 days were stained with anti-CD4 PE, anti-CD8 PerCP, and
anti-TCRf allophycocyanin. Expression levels of TCRS (filled histograms) in each subpopulation, as determined by CD4 and CD8 expression, are shown
with the isotype control (blue lines) and expression levels of TCRB in a corresponding population of adult thymocytes (red lines). D, Cells cultured on
OP9-DLI for 15 days were stained with anti-CD4 FITC, anti-CD44 PE, anti-CD8 PerCP. and anti-CD25 allophycocyanin, CD47CD8 ™ cells were gated
and their CD25/CD44 expression profile was analyzed. The percentage of cells in each quadrant is indicated.

by staining with CD25 and CD44, although the proportion of cells
at the DN2 stage was prominent (Fig. 1D).

Phenotypes of Runx! conditionally knocked out (cko) FL cells
cultured on OP9-DLI cells

Using this FL/OP9-DL1 coculture system, FL cells from Runx!-
targeted (cko: Runx]"™*Y~ [ ck-Cre tg) mice were tested for their
capacity to differentiate into DP thymocytes. Whereas 10 days of
culture of the control (ctrl; RunxI ", Lek-Cre tg) FL cells on
OP9-DLI cells exclusively produced CD47CD8™ cells, a similar
culture of cko FL cells generated a population that showed an
intermediate expression level of CD4 without CD8 (CD4"™CD8™)
in addition to CD47CD8 cells (Fig. 24). The CD4""CD8~ subsel
in the cko FL cell culture is thought to be as immature as the
CD47CD8™ subset because it is quite unfikely that so many cko
cells can differentiate beyond DP stage, due to that fact that only
a small proportion of ctrl cells progressed to the CD4*CD8™ cells
after 10 days of culture (Fig. 24). Indeed, TCRB and CDS5, whose
expression levels rise as thymocytes maturate, were up-regulated
in CD4"CD8™ cirl cells, but not in CD4*CD8™ cko cells (Fig.
2B). In addition, CD24, whose expression level diminishes as thy-
mocytes maturate, is down-regulated in CD4*CD8™ curl cells, but
not in CD4*CD8™ cko cells (Fig. 2B). Furthermore, the expres-
sion profile of CD44 and CD25 was comparable with that of
CD47CD8™ cells (Fig. 2C). The extent of Cre-mediated depletion
of the floxed Runx/ allele was greater in CD4™CD8™ cells than in
the CD47CD8™ cells (Fig. 2D), which is consistent with the fact
that Runx 1 actively represses CD4 expression in DN thymocytes
(14). After 15 days of culture, the cul FL cells cultured on OP9-
DLI cells consisted mainly of CD4*CD8* and CD4~CD8 ™ cells,
corresponding to DP and DN thymocytes in the thymus, respec-
tively (Fig. 2A). In contrast, cko FL cells cultured for 15 days
contained mainly CD47CD8™ cells, and only a small fraction
were CD47CD8™ cells. The CD4"CD8™ cells from the ctrl FL
cell culture showed higher expression levels of TCRB than did
CD4~CD8™ cells, whereas expression of TCRB on CD4*CD8”"
cells derived from cko FL cells was as low as that on CD4~CD8™
cells (data not shown). indicating the impaired maturation of
CD4*CD8" cells derived from cko FL cells on day 15. These

observations are consistent with our unpublished finding in Runx/
cko mouse, in which TCRB expression on DP and CD4 SP thy-
mocytes was significantly reduced.*

The DN (CD47CD87) population in the ctrl FL-derived cells
appeared to contain four subsets of DN1 to DN4 on day 15 of
culture (Fig. 2E). In contrast, the CD4~CD8™ population observed
in the cko FL cell culture mainly consisted of DN1 and DN2 cells,
indicating differentiation arrested at the DN2-3 (ransition. Thus,
on OP9-DLI cells, ctrl FL cells produced both DN and DP cells in
almost the same manner as FL cells from wild-type C57BL/6 mice,
whereas thymocyte development from cko FL cells was signifi-
cantly impaired at the DN2-3 transition and showed the premature
expression of CD4.

Runxl gene transduction can restore the impaired differentiation
of Runxl-deficient FL cells

To confirm that the impaired maturation of cko FL-derived cells
was caused by a lack of Runx1, we examined whether the rein-
troduction of Runx! could rescue the block in the DN2-3 transi-
tion found in cko FL-derived cells. The cko FL-derived cells trans-
duced with Runx! by retrovirus infection showed a significant
increase in DN3 cells accompanied by the appearance of DN4
cells, which was not seen in mock-infected cells (Fig. 3B, top
panel). These results demonstrated that Runx1 is essential for the
DN2-3 transition during thymocyte development. Remarkably,
when Runx1 was introduced, the control FL cells generated more
DN3 and DN4 cells than did mock-infected ctrl FL cells (Fig. 35,
botrom panel), suggesting that an increased dosage of Runx! may
also affect thymocyte development.

We next sought to determine the functional domains of Runx 1
that are involved in thymocyte development. For this purpose, we
generated a series of C-terminal deletion mutants of Runx! (Fig.
3A) and transduced them into cko FL cells by retrovirus infection.
Infection efficiencies were ~80% as assessed by GFP positivity
and were almost constant for all of the constructs (data not shown).
A447 lacks the C-terminal VWRPY motif, which is required for
interaction with TLE (22, 23), whereas A372 lacks the inhibitory
domain that impedes transcriptional activity mediated by the acti-
vation domain of Runx1 (21). The A320 mutant lacks a part of the
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activation domain, and A291, which completely facks the activa-
tion domain, shows less potent transcriptional activity than does
A320 (21). The proportions of DN3 and DN4 cells on day 15 of
culture were calculated for cko FL-derived cells infected with each
mutant (Fig. 3C).

A447-transduced cko FL cells produced DN3 and DN4 cells in
numbers comparable with full-length Runx/-transduced cko FL
cells. Therefore, the VWRPY motif is not necessary for the func-
tion of Runx] in the DN2-3 transition. Although A372, which
lacks the inhibitory domain, can rescue the DN2-3 transition as
efficiently as full-length Runxl, rescue of the DN3—4 transition
was still marginally impaired. Despite the fact that the transcrip-
tional activity of Runx! is derepressed in the absence of the in-
hibitory domain (21), the differentiation of A372-transduced cko
FL cells is not promoted compared with that of Runx/-transduced
cko FL cells in this culture system, suggesting that the elevated
transcriptional activity does not affect Runx1-dependent thymo-
cyte development.

In contrast, both A320 and A291, which lack part of and the
entire activation domain, respectively, failed to restore either the
DN2-3 or DN3--4 transition. Thus, the activation domain is re-
quired for the function of Runx! in the DN2-3 and DN3-4 tran-
sitions. Interestingly, the DN3 and DN4 subsets of A320- or A29]-
transduced control FL cells were diminished compared with mock-
infected ctrl FL cells (Fig. 3B, botrom panels), which raises the

Y

possibility that both A320 and A291 suppress the function of en-
dogenous Runx! in the DN2-3 and DN3-4 transitions in a dom-
inant-negative manner. The suppressive effects of A320 and A291
were confirmed in three independent experiments (proportions of
DN3 cells, p = 0.031 for mock vs A320 and p = 0.016 for mock
vs A291; proportions of DN4 cells, p = 0.028 for mock vs A320
and p = 0.029 for mock vs A291).

To determine the efficiency of Cre-mediated gene deletion in
this culture system, genotyping of the Runx/ alleles was performed
for each stage of DN cells. DN3 and DN4 cells were obtained from
day 10 culture of Runx/-transduced Runxjoxed/foxed [ ok Cre tg
FL cells. The whole culture on day 5 was used to genotype DN2
cells, because almost all of the cells were at the DN2 stage on day
5. Genomic DNA was extracted from each DN subpopulation and
used as a template for genotyping. Only the floxed allele was de-
tected in the FL cells on day 0, whereas both the floxed and deleted
alleles were detected in day 5 DN2 cells. In contrast, only the
deleted allele was detected from the DN3 and DN4 subsets derived
trom Runx/-transduced FL cells (Fig. 3D). These results indicated
that Cre-mediated gene deletion was only partially achieved in the
DN2 cells, but was complete at the DN3 stage in this culture
systen.

Because our unpublished observation using Runx/ cko mice re-
vealed decreased TCRf expression in Runx1-deficient DN3 thy-
mocytes,* we examined expression of intracellular TCRB in DN
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FIGURE 3. Development of DN3 and DN4
cells in FL-derived cells. which were transduced
with the genes for Runx1 or its C-terminal de-
letion mutants. A, Construction of Runx! and
C-terminal deletion mutants. Numbers indicate
the positions of amino acid residues from the N
terminus. B. CD25/CD44 expression profile of
CD4/CD8 DN cells on day 15 are shown for cko
FL-derived cells (top panels) and ctrl FL-de-
rived cells (bottom panels) with transduced
Runx! mutants. Cells were stained with anti-
CD44PE, anti-CD3PerCP.anti-CD4 PerCP. anti-
CD8 PerCP. and anti-CD25 allophycocyanin,
GFP-positive and PerCP-negative cells were
gated and analyzed for the CD25/CD44 expres-
sion profile. The percentage of cells in each
quadrant is indicated. C, Proportions (%) of
DN3 (CD44"°CD25%) and DN4 (CD44~
CD257) cells on day 15 in nine independent
experiments were averaged and are shown with
*1X SE. Asterisks indicate statistically signif-
icant differences, and p values were indicated.
ANOVA and post hoc comparison (Fisher test)
were performed using StatView software (SAS
Institute). D, DN3 and DN4 thymocytes were
sorted by a FACSVantage SE cell sorter (BD
Biosciences) after being stained by anti-CD3e
PE, anti-CD4 PE. and-CD8 PE. anti-CD25
PerCP-CY5.5, and anti-CD44 allophycocyanin.
Genomic DNA was extracted from the sorted cells
and electrophoresed after PCR amplification.
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cells in day 15 culture of FL cells. A significant proportion of RunxI, whereas cko DN cells transduced with A320 or A29/ did
Runx]-transduced cko DN cells expressed intracellular TCRS, not express intracellular TCRB. In accordance with the increase in the
whereas TCR was barely detected in mock-infected cko DN cells proportions of DN3 and DN4 cells among Runx/-transduced ctrl cells
(Fig. 4). Transduction of A447 or A372 restored intracellular (Fig. 3B, bottom), the percentage of Runx/-transduced ctrl DN cells
TCRP expression to a level comparable with that of full-length expressing intracellular TCRB was increased compared with the
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FIGURE 4. Expression levels of intracellular TCRB in the CD47CD8™ subset among cko (rop panels) and ctrl (bottom panels) FL-derived cells on day
15. Transduced Runx! mutants are shown above. Cells were stained with anti-CD4 PE. anti-CD8 PerCP. und anti-TCRf allophycocyanin. GFP-positive,
PE-negative, and PerCP-negative cells were analyzed for TCRf expression (filled histograms). Expression levels of intracellular TCR in splenic B cells
are overlaid as negative controls (thick lines). The percentages of positive cells are indicated in each histogram.
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mock-infected cells (Fig. 4, botrom), and those TCR B-expressing
cells corresponded with CD44-negative (DN3 or DN4) cells (data
not shown). Although it is yet to be determined whether decreased
expression of TCRB was the cause or the result of impaired thy-
mocyte differentiation, the fact that the TCRB gene has canonical
binding sites for Runx within its enhancer region (34) and is
transcriptionally up-regulated by Runx1 (8) supports the notion
that Runx 1 promotes thymocyte maturation at least partly by up-
regulating TCR 3 expression. Our results also indicate that the ac-

tivation domain, but not the VWRPY motif, is critical for Runx |-
mediated TCR up-regulation.

Rux! w7

C-terminal VWRPY motif of Runxl is necessary for CD4
repression

As shown in Fig. 5A, the CD4"™CD8 ™ subsets in day 10 culture of
cko FL cells disappeared upon the reintroduction of Runx/ (Fig.
5A), which was again consistent with the established role of Runx 1
in CD4 repression (14). This observation also demonstrates that
the aberrant expression of CD4 observed in DN subsets of cko
FL.-derived cells can be ascribed to Runx/ depletion. To determine
the domains of Runx1 that are relevant for CD4 repression, a series
of C-terminal deletion mutants of Runx1 were transduced into cko
or ctrl FL, cells, and the proportion of CD4™CDS8™ cells was eval-
uated on day 10 of culture (Fig. 5). Whereas full-length Runx |
almost completely repressed aberrant CD4 expression, only partial
repression was seen with A447 or A372 mutants. These results
suggest that CD4 repression by Runx 1 requires some C terminus-
mediated interaction with other molecules such as TLE. The extent
of CD4 repression by Ad47 is greater than that by A372, which
might reflect the existence of an additional repression domain in
the C terminus other than the VWRPY motif (23).

A320 and A291 each failed to repress CD4 expression, resulting
in an increase in the CD4™ population compared with the mock-
infected cko FL cells. Because Runx/ depletion is incomplete in
the DN subsets of cko FL-derived cells on day 10 (Fig. 2D), the
increase in the CD4™ population is probably due to a dominant-
negative effect of A320 and A291 on remaining endogenous

Ajre

Runx 1. This notion is supported by the observation that A320- or
A29]-transduced control FL cells produced a significant number of
CD4™CD8™ cells, which were barely detected in mock-infected
ctrl FL-derived cells (Fig. 5A, bottom).

Discussion

In the current study, we demonstrated that Runx1 was important
for thymocyte development using the FL/OP9-DLI coculture sys-
tem. This system is superior to conventional FTOC in that a suf-
ficient number of cells for extensive analyses can be easily ob-
tained, especially DN thymocytes. Another advantage of this
system is the highly efficient transfer of the genes of interest. In
this study, we were able to introduce various mutants of Runx1 by
retroviral infection with an efficiency of ~80% (data not shown),
which is higher than that obtained with FT'OC. In contrast, termi-
nal maturation of SP cells cannot be achieved in this culture sys-
tem, which makes it difficult to analyze more mature stages of
thymocytes.

The absolute need for Runx1 in thymocyte development in vivo
has been unequivocally demonstrated using conditionally Runx/-
targeted mice. When Runx I-deficient bone marrow cells are trans-
planted to lethally irradiated mice, the development of thymocytes
is severely blocked at the DN2-3 transition (35), whereas the de-
letion of Runx] in later stages of DN thymocytes using the Lek-Cre
tg results in a profound defect in the DN3—4 transition.” Together,
these findings suggest that Runx1 is necessary for normal thymo-
cyte development at multiple steps during the DN-DP transition.
Despite the DN3-4 block in T lymphocyte-specific Runx/-tar-
geted mice, thymocyte development of the cognate FL cells was
arrested at the DN2-3 transition in this culture system. The dif-
ference in the DN stage at which the developmental block occurs
may be due to carlier Cre-mediated Runx/ deletion in vitro rather
than in vivo. In the FL culture system, deletion of the floxed Runx/
allele occurs predominantly at the DN2-3 transition, which leaves
few, if any, DN3 cells with an intact Runx/ allele (Fig. 3D, lane 3).
Lek-Cre tg mice harbor a transgenic gene encoding Cre recombi-
nase driven by the p56™* proximal promoter (32, 36). The Lck
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encodes a lymphocyte-specific protein tyrosine kinase, which me-
diates B-chain-dependent signaling during B-selection, is associ-
ated with allelic exclusion of 8 1ocus (37), and is transcribed from
two developmentally regulated, independently functioning pro-
moters. The proximal promoter is used exclusively in thymocytes.
but not in peripheral T lymphocytes (38), and Cre-mediated gene
deletions are expected o be activated by p56"* proximal promoter
at the DN2 and DN3 stages when V3 gene rearrangement and
subsequent B-selection occurs. However, even if the same p56"*
proximal promoter is used, exact timing of gene expression differs
depending on the transgenic mice lines, and different lines of Lck-
Cre tg mice are used to larget a gene at different developmental
stages (39).

The function of the VWRPY motif in hematopoiesis has been
examined in embryonic stem cell culture (26) and in para-aortic
splanchnopleural culture (40). Because Runxi mutants that lack
the VWRPY motif could fully restore hematopoiesis in Runxi-
deficient cells in these two studies, the VWRPY motif does not
seem to be necessary for hematopoiesis. On the contrary, because
mice in which ¢cDNA for the VWRPY -deficient Runx | mutant had
been homozygously knocked-in to the Runx/ alleles exhibited a
reduced number of thymocytes and deviant CD4 expression during
thymocyte ontogeny (27), the VWRPY motif seems to play a role
in thymocyte development, although the precise molecular mech-
anism is unclear. In the present study, although the VWRPY -de-
ficient Runx1 mutant (A447) could restore not only maturation to
the DN4 subset but also TCRB expression in cko FL-derived thy-
mocytes as efficiently as wild-type Runx1 (Fig. 4), it had only a
limited capacity to repress aberrant CD4 expression (Fig. 5). These
different requirements for the VWRPY motif indicate that Runx1
functions in both TLE-dependent and TLE-independent manners
during early thymocyte development. In fact, the context-depen-
dent need for interaction with a transcriptional corepressor has
been reported for Runt and Groucho, Drosophila homologues of
Runx and TLE, respectively (41). One possible explanation for
TLE-dependent CD4 repression is that TLE actively converts
Runx1 to a transcriptional repressor by recruiting histone deacety-
lase, as seen in Drosophila (41). Another possibility is that TLE
displaces some coactivators from Runx! under particular condi-
tions, which prevents Runx1 from up-regulating CD4 expression.
A similar mechanism has been proposed for transcription by lym-
phoid enhancer binding protein 1/T cell factor, which is repressed
until TLE is replaced by B-catenin (42). Further analyses are
needed to clarify the role of the VWRPY motif in the regulation of
CD4 transcription.

The introduction of Runx! mutants into cko FL cells has shown
that the activation domain makes a critical contribution to various
functions of Runx! in thymocyte development, including CD4 re-
pression, the DN2-3 transition, and the expression of TCRS. Sig-
nificantly. A320 and A291. both of which lack the activation do-
main, dominantly suppress CD4 repression and the DN2-3
transition but do not interfere with TCRB expression. This may be
due to a higher affinity of Runx1 for the TCR3 enhancer compared
with A320 and A291. Although this speculation is not supported by
experimental evidence, a potential mechanism that accounts for
this finding is that the interaction of Runx ! with other transcription
factors may confer on Runx! a higher affinity for specific gene
promoters. Otherwise, A320 and A291 may retain a marginal po-
tential to up-regulate TCRB, which would prevent the total loss of
TCRB when they are forcibly expressed.

In conclusion, we have successfully reproduced the phenotype
of Runx t-deficient thymocytes in vitro using the FL/OP9-DLI co-
culture system and have evaluated the function of Runx1 and its
mutants by retroviral gene transduction. The activation domain is

FUNCTIONAL DOMAINS OF RUNX1 IN THYMOCYTE DEVELOPMENT

essential for the function of Runx 1 in CD4 repression, the DN2-3
transition, and the expression of TCR3, whereas the VWRPY mo-
tif does not contribute to the DN2-3 transition or the expression of
TCRS, but it is partially involved in CD4 repression. Further stud-
ies are needed to understand how the VWRPY motif of Runxi
regulates CD4 transcription and how Runx [ functions at multiple
steps in thymocyte development.
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In Vivo Alemtuzumab Enables Haploidentical Human
Leukocyte Antigen-Mismatched Hematopoietic
Stem-Cell Transplantation Without Ex Vivo
Graft Manipulation
Yoshinobu Kanda, Kumi Oshima, Yuki Asano-Mori, Koji Kandabashi, Masahiro Nakagawa,

Mamiko Sakata-Yanagimoto, Koji Izutsu, Akira Hangaishi, Shiho Tsujino, Seishi Ogawa, Toru Motokura,
Shigeru Chiba, and Hisamaru Hirai

Background. Alemtuzumab, a humanized monoconal antibody directed against human CD52, has a strong lympho-
lytic effect. This study evaluates the safety of unmanipulated peripheral blood stem-cell transplantation from two or
three loci~-mismatched related donors using alemtuzumab in vivo. ‘

Methods. A total body irradiation-based regimen was used in young patients, whereas those 50 years or older received
fludarabine-based conditioning. Alemtuzumab was added to these regimens by intravenous infusion at 0.2 mg/kg per
day for 6 days (days —8 to —3).

Results. We treated 12 patients with a median age of 49.5 years. Eight patients demonstrated active disease, and four
patients demonstrated acute leukemia in high-risk remission. All achieved neutrophil engraftment a median of 17.5
days after transplantation with complete donor-type chimerism. The cumulative incidence of grades III to IV acute
graft-versus-host disease was only 9%. Infection-related deaths were not observed. CD3+/CD4+ and CD3+/CD8+ T
cells were strongly suppressed within 2 months after transplantation, but recovered on day 90. Relapse was observed in
five of eight patients who underwent transplantation for active disease, whereas none of the three patients who under-
went transplantation in first remission had a relapse.

Conclusions. We conclude that in vivo alemtuzumab enables haploidentical hematopoietic stem-cell transplantation
without ex vivo graft manipulation.

Keywords: Alemtuzumab, T-cell depletion, HLA mismatch, Allogeneic hematopoietic stem-cell transplantation,

Graft-versus-host disease.

(Transplantation 2005;79: 1351-1357)

llogeneic hematopoietic stem-cell transplantation from

a human leukocyte antigen (HLA)-identical sibling do-
nor is an established treatment for hematologic malignancies.
However, such a donor is available in only approximately
30% of patients in most developed countries (I, 2). There-
fore, alternative donor transplantation, including partially
mismatched related donor transplantation, matched unre-
lated donor transplantation, and cord blood transplantation,
has been investigated. Although transplantation from a one
locus-mismatched related donor or a matched unrelated do-
nor produces outcomes similar to those of transplantation
from an HLA-identical sibling donor in high-risk patients
(3), there is little chance of finding a one locus-mismatched
related donor. In addition, it can sometimes be too time-
consuming to coordinate a matched unrelated donor for pa-
tients with high-risk diseases. On the other hand, there is an
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excellent chance of identifying a family member who shares
one haplotype with the patient and has two or three mis-
matched antigens in the second haplotype. Cord blood trans-
plantation is also a possible alternative, but it is difficult to
find a cord blood graft that contains enough nucleated cells
for adult patients. Furthermore, it is impossible to obtain ad-
ditional donor cells for immunotherapy after cord blood
transplantation.

HLA incompatibility between the donor and recipient
increases the risk of both graft rejection and severe graft-ver-
sus-host disease (GVHD). The outcome of two or three loci-
mismatched transplantation without graft manipulation has
been extremely poor (3, 4), and thus it has been believed that
ex vivo T-cell depletion from the graft is necessary to prevent
severe GVHD. Although thorough T-cell depletion by CD34-
positive cell selection has almost prevented GVHD (5), the
incidences of graft rejection and infection increase after T-
cell-depleted transplantation.

Campath-1 series of monoclonal antibodies is directed
against human CD52, an antigen expressed on T, B, natural
killer (NK), and dendritic cells, but not on hematopoietic
stem cells (6, 7). The original rat immunoglobulin (Ig)M and
[gG monoclonal antibodies, Campath-1 M and Campath-
1G, were used for ex vivo and in vivo T-cell depletion, respec-
tively. The incidence of GVHD was significantly decreased by
the use of these antibodies ex vivo only or both ex vivo and in
vivo (8~10). Subsequently, Campath-1G was reshaped into a
humanized form, alemtuzumab (Campath-1H), by genetic
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engineering (11). It has a longer terminal half-life (15-21
days) than Campath-1G (<1 day) (12). The addition of in
vivo alemtuzumab to a conditioning regimen decreases graft
rejection by depleting host T cells. In addition, it prevents
GVHD because the alemtuzumab concentration is higher
than that required to kill donor T cells at the time of graft
infusion and remains at a potentially lympholytic level for
approximately 2 months after transplantation (13). In fact,
Mackinnon and coworkers showed that in vivo alemtuzumab
has excellent prophylactic actionagainst GVHD in a reduced-
intensity conditioning regimen using fludarabine, melpha-
lan, and alemtuzumab followed by stem-cell infusion mainly
from HLA-matched donors (14, 15). However, there have
been no reports on the application of in vivo alemtuzumab in
two or three loci-mismatched transplantation. This study
evaluates the safety of unmanipulated stem-cell transplanta-
tion from haploidentical two or three loci-mismatched re-
lated donors using alemtuzumab only in vivo.

PATIENTS AND METHODS

Patients

This study was approved by the ethical committee of
the University of Tokyo Hospital, and all of the patients were
seen and underwent transplantation at this hospital. Adult
patients less than 65 years old who demonstrated high-risk
acute leukemia, chemorefractory non-Hodgkin lymphoma,
chronic myelogenous leukemia (CML) in blast crisis, myelo-
dysplastic syndrome (MDS), or aplastic anemia with refrac-
tory severe neutropenia (<<500/mm”) were eligible for the
study. The definition of high-risk acute leukemia included
acute leukemia not in remission, in second or later remission,
and in first remission with poor prognostic features such as
positive Philadelphia chromosome (Ph™), requiring more
than two courses to achieve remission, and so on. Patients
who had an available HLA-A/B/DR-matched or one locus-
mismatched donor among family members were excluded.
Patients who had an HLA-matched unrelated donor were
also excluded unless the disease status precluded time-con-
suming donor coordination. Patients had to have a two or
three loci-mismatched haploidentical related donor in good
physical condition. Written informed consent was obtained
from all patients and donors.

Stem-Cell Collection

Donors received granulocyte colony-stimulating factor
at 200 wg/m’ subcutaneously twice daily starting 3 days be-
fore the first collection of peripheral blood stem cells until the
end of collection. Leukapheresis was performed daily until
more than 5.0X10° CD34+ cells/kg of the recipient body
weight were collected. Collected cells were then cryopre-
served using standard techniques without ex vivo manipula-
tion. The target cell dose was not achieved in three donors,
but the minimum requirement dose had been set at 3.0X10°
CD34+ cells/kg, and thus transplantation was performed us-
ing these grafts.

Conditioning Regimens

The conditioning regimen consisted of total body irra-
diation (TBI) at 2 Gy twice daily for 3 days (from days —7 to
—5) and cyclophosphamide at 60 mg/kg per day for 2 days
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(from days —3 to —2). The dose of cyclophosphamide was
decreased to 20 mg/kg per day for 2 days and etoposide at 40
mg/kg per day was added instead on day —4 in a patient with
impaired cardiac function caused by anthracycline. For pa-
tients 50 years old or older, a non-TBI regimen consisting of
fludarabine at 30 mg/kg per day for 6 days (days —8 to —3)
and busulfan 1 mg/kg four times daily for 4 days (days —6 to
—3) was applied. However, after we observed frequent re-
lapse of lymphoid malignancies following this regimen, we
added TBI at 2 Gy twice daily on day —1 and decreased the
dose of busulfan to 4 mg/kg per day for 2 days (days —6 and
—5) in the last two patients.

Alemtuzumab was added to these regimens at 0.2
mg/kg per day for 6 days (days —8 to —3). We adjusted the
dose of alemtuzumab by body weight, because the body
weight greatly differs among Japanese adult patients. The
dose of daily alemtuzumab was determined by considering
the total dose of alemtuzumab in previous studies (14, 15),
the average body weight of white patients, and the daily dose
of alemtuzumab in pediatric studies (16). To prevent acute
infusion-related reactions to alemtuzumab, patients were
pretreated with 1 mg/kg of methylprednisolone. Alemtu-
zumab was infused over 4 hr. On the first day of alemtuzumab
infusion, 3 mg of alemtuzumab was infused over 2 hr and,
after confirming that no severe infusion-related toxicities
were observed, we infused the remaining alemtuzumab over
the next 2 hr.

Other Transplantation Procedures

On day 0, the cryopreserved donor cells were thawed
and infused. Prophylaxis against GVHD was performed with
cyclosporine A (CsA) and short-term methotrexate. CsA was
started on day —1 at a dose of 3 mg/kg per day by continuous
infusion, and the dose was adjusted to maintain a blood con-
centration between 250 and 350 ng/mL. CsA was changed to
an oral form when it could be tolerated by the patient. Meth-
otrexate was administered at 15 mg/m” on day 1 and 10
mg/m” on days 3, 6, and 11. For patients without acute
GVHD, we started to taper CsA from day 30 by 10% per week
and discontinued CsA on day 100.

Prophylaxis against bacterial, fungal, and Pneumocys-
tis carinii infection consisted of tosufloxacin, fluconazole,
and sulfamethoxazole/trimethoprim. Some of the patients
who had active or recent aspergillosis received antifungal pro-
phylaxis with micafungin instead of fluconazole, As prophy-
laxis against herpes simplex virus infection, acyclovir was
given 500 mg/day intravenously or 1,000 mg/day orally from
days —7 to 35, followed by long-term, low-dose (200 mg/day)
oraladministration (17). Patients without myeloid malignan-
cies received granulocyte colony-stimulating factor (filgras-
tim) at 300 wg/day by 3-hr infusion beginning on day 10 until
the neutrophil count recovered to 500/mm®. Cytomegalovi-
rus (CMV) antigenemia assay using C10/C11 antibody was
performed at least once per week after engraftment. Ganci-
clovir was started when more than two positive cells were
detected on two slides (18). Acute GVHD was graded as pre-
viously described (19). Patients who developed grades 11 to IV
acute GVHD were treated with 1 mg/kg of intravenous
methylprednisolone.

Host/donor cell chimerism after transplantation was
analyzed by sex-chromosome FISH or the short tandem re-
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TABLE 1. Patient characteristics

Median age 49.5 yr (range 27-60)

Sex Male 8/Female 4

Diagnosis ALL5 (Ph* ALL 3), AML 2, MDS 2, CML-BC I, NHL 2

Disease status Active disease 8
High-risk remission 4

Comorbidities Active/recent invasive aspergillosis 5
Infective endocarditis, mitral valve replacement 1
Anthracycline-induced cardiac failure 1
Interstitial pneumonitis caused by radiation for breast cancer 1
Diffuse lung infiltration of lymphoma 1
Obstructive lung disease 1
History of autologous transplantation 1

Donor Sibling 4
Son/daughter 6
Undle 1
Cousin 1

No. of mismatched loci Graft-versus-host direction 3 loci 7

2 loci 5
Host-versus-graft direction 3 loci 7
2 loci 5

Conditioning regimen Total body irradiation-based 6
Fludarabine-based 6

Number of CD34+ cells in the graft 5.1X10° cells/kg (range 4.3-7.7)

Number of CD3+ cells in the graft 2.6X10" cells/kg (range 1.8-7.1)

ALL, acute lymphoblastic leukemia; AML, acute myeloblastic leukemia; MDS, myelodysplastic syndrome; CML-BC, chronic myeloid leukemia-blast crisis;
NHL, non-Hodgkin lymphoma.
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(21, 22). As a functional assay, a phytohemagglutinin (PHA)
stimulation test was performed as previously described (23).

Statistical Considerations

The primary endpoint of this study was the incidence of
nonrelapse mortality within 100 days after transplantation.
We defined success as the absence of early nonrelapse mor-
tality and planned 7 and 9 patients in the first and second
stages of this study, with target and lower success rates of 80%
and 50% and alpha and beta errors of 10% and 10%, respec-
tively (24). Nonrelapse mortality was observed in only one of
the seven patients in the first stage, and thus the study was
continued to the second stage. This was an interim analysis
performed in February 2004. Overall survival and the inci-
dences of GVHD and CMV reactivation were calculated using
the Kaplan-Meier method. The data were compared with
those who underwent allogeneic hematopoietic stem-cell
transplantation from an HLA-identical sibling donor or a
matched unrelated donor in the same period. Overall survival
and the incidence of CMV reactivation were compared using
the log-rank test. The recovery of immunologic parameters
was compared using the Mann-Whitney U test.

RESULTS

Characteristics of the Patients

Twelve patients were included in the study (Table 1).
There were eight males and four females with a median age of
49.5 years (range 27-60 years). The underlying disease was
acute lymphoblastic leukemia (ALL) in five patients, acute
myeloblastic leukemia in two patients, MDS in two patients,
CML in blast crisis in one patient, and non-Hodgkin lym-
phoma in two patients. Eight patients demonstrated active
disease at transplantation. The other four patients underwent
transplantation for ALL in remission. Of these, two demon-
strated Ph™ ALL in first remission, one demonstrated ALL in
second remission, and one demonstrated ALL in first remis-
sion and required more than 3 months to achieve remission.
Most patients demonstrated comorbidities before transplan-
tation including recent or active invasive aspergillosis in five,
anthracycline-induced cardiac failure, interstitial pneumoni-
tis caused by radiation for breast cancer, obstructive lung dis-
ease, and so on. Six patients who were more than 50 years old
received a fludarabine-based regimen, whereas the other six
received a TBI-based regimen.

Recovery of Donor Cells

The median number of CD34+ and CD3+ cells in the
graft was 5.1X10° cells/kg (range 4.3-7.7) and 2.6X10°
cells/kg (range 1.8-7.1), respectively. The median duration to
the neutrophil recovery greater than 500/mm™ and platelet
recovery greater than 20,000/mm’ without transfusion was
17.5 days (range 12-29 days) and 16 days (range 12-27 days),
respectively (Fig. 1A and B). Complete donor-type chimer-
ism was achieved on day 28 in all patients and was sustained
thereafter, except for one patient who underwent transplan-
tation for MDS (chronic myelomonocytic leukemia) using a
fludarabine-based regimen and developed mixed chimerism
(8.5% host cells) on day 60, and then relapsed with acute
myeloblastic leukemia on day 90.
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Graft-Versus-Host Disease

Grades II to IV acute GVHD was observed in two pa-
tients. One of the two patients developed grade 11 acute
GVHD ofthe gut on day 32, which responded to methylpred-
nisolone. The other patient developed grade 11T acute GVHD
ofthe skin and gut on day 20, which was refractory to steroids,
and eventually died of thrombotic microangiopathy on day
66. This patient received a three loci-mismatched graft froma
cousin, He developed early hemorrhagic cystitis followed by
postrenal azotemia and could not receive CsA at a therapeutic
concentration. The cumulative incidence of grades II to IV
and IIL to IV acute GVHD was 18% and 9%, respectively (Fig,
1C and D). )

Of the eight evaluable patients who survived more
than 100 days after transplantation, limited chronic GVHD
that did not require treatment was observed in two pa-
tients. Notably, all five patients who are alive more than 100
days after transplantation as of this analysis are free from
iImmunosuppressants.

Infectious Complications

Of the five patients who had recent or active invasive
pulmonary aspergillosis before transplantation, one had a re-
currence of aspergillosis during the neutropenic period after
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FIGURE 2. Cumulativeincidence of cytomegalovirus re-
activation detected by antigenemia assay, grouped ac-
cording to the donor type (A). Overall survival of all pa-
tients (B). ISD, human leukocyte antigen (HLA)-identical
sibling donors; MUD, matched unrelated donors.
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transplantation, which was improved with neutrophil recov-
ery. Otherwise, severe bacterial or fungal infection was not
observed throughout the entire period after transplantation.

Of the 11 patients who were seropositive for CMV or
who had a donor who was seropositive for CMV before trans-
plantation, CMV reactivation was detected in 10 by antigen-
emia assay. The incidence of CMV reactivation was signifi-
cantly higher than that after transplantation from an HLA-
identical sibling donor or a matched unrelated donor
(P=0.032, Fig. 2A). However, there was no death or severe
disease related to CMV infection. Two patients developed
asymptomatic CMV retinitis on days 149 and 160, respec-
tively, and another patient developed hemorrhagic cystitis
with CMYV viruria on day 45, all of which were successfully
treated with ganciclovir.

Relapse, Nonrelapse Mortality, and Survival

As a primary endpoint of the study, early nonrelapse
mortality before day 100 was observed in one patient, who
died of thrombotic microangiopathy and gut hemorrhage on
day 66. Nonrelapse mortality was observed in another pa-
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tient, who died of worsening of interstitial pneumonitis on
day 197. This patient had received 60 Gy of local radiation to
the right upper lung lobe for breast cancer and had already
had local interstitial pneumonitis before transplantation. Six
patients had a relapse of the underlying hematologic malig-
nancy at a median of 111 days (range 49-223 days) after
transplantation, and five of these had active disease before
transplantation. Three of them died, and two are alive with
disease. The remaining patient, who had undergone trans-
plantation for ALL in second remission, received donor lym-
phocyte infusion after relapse of ALL and is alive in remission.
None of the three patients who underwent transplantation
for acute leukemia in first remission have relapsed thus far. Of
these, two patients who had Ph* ALL were in molecular re-
mission after transplantation. Overall survival is shown in
Figure 2B.

Immune Recounstitution

The peripheral lymphocyte count dramatically de-
creased on the day after the first infusion of alemtuzumab and
then gradually increased after day 28 (Fig. 3). Immune recon-
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