rate (CR + PR +MR) was 23%. A univariate analysis to
identify possible relationships between clinical parameters
and overall response failed to show any statistically
significant factors. The conditioning regimen did not
significantly affect the response rate, although the statistical
power was not cnough due to the small number of patients
in each group, Response was observed in two of the seven
patients who received the most intensive regimen including
fludarabine, BU and gemcitabine, while it was seen in one
of the six patients who received the least intensive regimen
with fludarabine and low-dose TBI. None of the patients
with mixed chimerism showed a response, but this
difference was not statistically significant. DLI (donor
lymphocyte infusion) was performed in four patients who
had progressive discase after RICT, and the number of
infused CD3-positive cells was between 2.7 x 107 and
1.8 x 10* cells/kg. One patient showed tumor shrinkage
after DLI, but the response was transient.

Figure la shows overall survival after RICT. Median
survival was only 139 days and the major cause of death
was tumor progression. Other causes of death included
infection in one and chronic GVHD in two. In a univariate
analysis, ECOG-PS below 2 and infused CD34-posiuve cell
dose greater than 4.0 x 10° cells/kg were associated with
significantly longer survival alter RICT (Table 2; Figures
Ib and ¢). A multivariate analysis revealed that these two
factors were almost independently significant (Table 2).
With regard to post transplantation factors, while the
development of grade 11-1V acute GVHD did not
significantly affect survival (#=0.76), the eight patients
who developed chronic GVHD tended to survive longer
than those who survived longer than 100 days after RICT
but did not develop chronic GVHD (P =0.092; Figure 2).
This analysis was unlikely to be biased by the fact that
patients who survived longer had more chance to develop
chronic GVHD, as most of the patients developed chronic
GVHD as a progressive type from acute GVHD.

Discussion

To summarize these findings, 23% of the 22 patients in this
series showed a response to RICT. However, the duration
of the response was generally short and most of the patients
eventually died with progressive disease. The median
survival after RICT was only 139 days and only one
survived longer than 1 year after transplantation. Good
ECOG-PS and higher number of CD34-positive cells in the
graft were independently associated with longer survival.
The relationship between the number of infused CD34-
positive cells and transplant outcome has been studied in
PBSC transplantation for hematological malignancies.'’
The infusion of a higher number of CD34-positive cells has
been associated with faster recovery of neutrophils and plts,
but chronic GVHD was more frequently observed in
patients who received a very high dose of CD34-positive
cells (that is, >8.0x 10° cells/kg). In this study, two
patients failed to achieve engraftment, and both had
received less than 4.0 x 10° cells/kg of CD34-positive cells.
However, a statistically significant survival advantage was
confirmed even after these two patients were excluded from
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Figure | Patient survival, overall (a) and grouped according to risk
factors (b and ¢).
the analysis. If we consider that the major cause of death in
this study was progressive disease, the infusion of a higher
number of CD34-positive cells might have protected
patients from disease progression by a graft-versus-host
reaction, although we failed to show a significant difference
between the number of infused CD34-positive cells and
tumor response or the incidence of chronic GVHD,
probably due to the small number of patients. Patients
who developed chronic GVHD showed better survival than
those who did not, with a borderline significance, suggest-
ing that they had some immunological protection against
the progression of pancreatic cancer.
Bone Marrow Transplantation
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Y Kanda =t &
Tahle 2 Univariate and multivanate analyses for overall survival
Factor Median survival days) Pevalue
A, Univariate
Age [ years)
<35 115 063
255 180
Sex
Male 87 0.69
Female 170
ECOG-PS
0-1 21 0.0067
4 B0
Stage
Locally advanced 192 0.21
Metastatic 121
Serum CEA
Negative 122 0.70
Positive 192
Serum CAI9-9
Negalive 157 0.84
Positive 132
Regimen
Flu+ BU based 191 025
Flu+CY 156
Flu+ TBI 7
CDM+ cell dose
4.0 = 10%kg 85 0018
>4.0 % 10%kg 201
GVHD prophylaxis
CsA alone 132 0.55
CsA +« MTX 191
CsA + MMF 96
B. Multivariate Relative risk (95% Cl) P-value
ECOG-PS
01 1.00 0.032
24 3139 (L11-10.3)
CD34 + cell dose
4.0 = 10%kg 1.00 0.068
>4.0 % 10%kg 0.37 (0.12-1.07)

Abbreviations. CT = confidence interval. ECOG-PS = Eastern Cooperalive
Oncology Group performance status; Flu = fludarabine; MMF = myco-
phenolate mofetil

This study was limited by the heterogeneity of trans-
plantation procedures among centers. However, consider-
ing the difficulty of performing a large-scale prospective
study on RICT against pancreatic cancer, this small survey
may currently represent the best evidence of the efficacy of
this novel treatment strategy against advanced pancreatic
cancer and may suggest a future direction for improving
the treatment outcome. We showed that pancreatic cancer
can be a possible target for allogeneic immunotherapy.
However, the immunological effect was not strong or durable
enough to prevent tumor progression. A possible strategy
for enhancing a graft-versus-tumor effect against pancrea-
tic cancer without enhancing GVHD is a combination with
specific immunotherapy using antigens including CA19-9,
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Figure 2  Overall survival of patients who survived ai least 100 days afler
transplantation grouped according to the presence or absence of chronic
GVHD.

CA242, CEA, Her-2, mutated K-ras and MUC-1."* Among
these, CEA is attractive, since it is expressed in 85-90% of
pancreatic cancer, and a specific immunotherapy against
CEA could also be applied to other gastrointestinal
cancers. An increase in the serum anti-CEA antibody level
associated with a tumor response was observed in the
University of Tokyo Study.'* In addition, Kim et al.'*
showed that a peptide CEA652, TYACFVSNL, binds to
HLA-A24 and induces CEA-specific cytotoxic T cells.
Therefore, vaccination with such a peptide may be
promising as a post transplantation immunotherapy
against pancreatic cancer. Another approach is to add
molecular targeting agents such as erlotinib after RICT.
This may induce tumor cell death, leading to the enhanced
presentation of tumor antigens to donor T cells. In
addition, RICT can be combined with surgical resection,
since the prognosis of pancreatic cancer is very poor even
after complete resection.'”* Maximum graft-versus-tumor
effect can be expected when the tumor load is at its
lowest level.

In conclusion, a tumor response was observed in
approximately one-fourth of the patients who underwent
RICT against advanced pancreatic cancer. Although the
response was not durable, our findings, such as the
relationship between longer survival and the infusion of 2
higher number of CD34-positive cells or the development
of chronic GVHD, should support a future study to
enhance the specific immunological effect against pancreatic
cancer.
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Human FIt3 Is Expressed at the Hematopoietic Stem Cell and
the Granulocyte/Macrophage Progenitor Stages to Maintain
Cell Survival'

Yoshikane Kikushige,*" Goichi Yoshimoto,*' Toshihiro Miyamoto, Tadafumi lino,"
Yasuo Mori,*' Hiromi Iwasaki," Hiroaki Niiro," Katsuto Takenaka,* Koji Nagafuji,*
Mine Harada,* Fumihiko Ishikawa,’ and Koichi Akashi**'*

FLT3/FLK2, a member of the receptor tyrosine kinase family, plays a critical role in maintenance of hematopoietic homeostasi

and the constitutively active form of the FLT3 mutation is one of the most common genetic abnormalities in acute myelogenous
leukemia. In murine hematopoiesis, FIt3 is not expressed in sell-r ing h poietic stem cells, but its expression is restricted
to the multipotent and the lymphoid progenitor stages at which cells are incapable of self-renewal. We extensively analyzed the
expression of FIt3 in human (h) hematopoiesis. Strikingly, in both the bone marrow and the cord blood, the human hematopoietic stem
cell population capable of long-term reconstitution in xenogenvic hosts uniformly expressed Flt3. Furthermore, human FIL3 is expressed
not only in early lymphoid progenitors, but also in progenitors continuously along the granulocyte/macrophage pathway, including the
common myeloid progenitor and the granulocyte/macrophage progenitor. We further found that human FIt3 signaling prevents stem
and progenitors from spontaneous apoptotic cell death at least through up-regulating Mcl-1, an indispensable survival factor for
hematopoiesis. Thus, the distribution of FIt3 expression is considerably different in human and mouse hematopoiesis, and human FLT3
signaling might play an important role in cell survival, especially at stem and progenitor cells that are critical cellular targets for acute

myelogenous leukemia transformation.  The Journal of Immunology, 2008, 180: 7358 -7367.

ematopoiesis is one of the most intensely studied stem
H cell systems where hematopoietic stem cells (HSCs)'

self-renew, generate a variety of lineage-restricted pro-
gemitors, and continuously supply all types of mature blood cells.
The technical advances of the multicolor FACS and the use of
mAbs have enabled the prospective isolation of hematopoietic
stem and progenitor cells according 1o the surface marker expres-
sion. In mice, multipotent hematopoietic activity resides in a small
fraction of bone marrow (BM) cells lacking the expression of lin-
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cage-associated surface marker (Lin) but expressing high levels of
Sca-1 and ¢-Kit (1, 2). Within the c-Kit* Lin ~ Sca-1" (KLS) frac-
tion, the most prmitive self-renewing HSCs with long-lerm re-
constituting activity (LT-HSCs) do not express murine (m) CD34,
but they do express mCD38 and a low level of mCD90 (Thyl),
whereas mCD34 ", mCD38 ", or mThy |~ KLS cells are short-term
HSCs (ST-HSCs) or multipotent progenitors that do not self-renew
(3-5). Downstream of the mCD34° ST-HSC stage, common lym-
phoid progenitors (CLPs) (6) and common myeloid progenitors
(CMPs) (7) that can differentiate into all lymphoid cells and my-
elo-erythroid cells. respectively, have been purified. CMPs differ-
entiate into  granulocyte/macrophage progenitors (GMPs) and
megakaryocyte/erythrocyte progenitors (MEPs), both of which are
also prospectively 1solatable by FACS (7).

Interestingly, the expression pattern of these surface markers in
carly stem and progenitor populations are considerably different in
human (h) hematopoiesis, In humans, LT-HSCs express hCD34
(8). The hLLT-HSC resides in the hCD34 " hCD38 ™ (9, 10) or the
hCD34 “hCDY0" (11-13) fractions in both human BM and cord
blood (CB). It is still unclear what percent of hCD34 hCD38 ™ or
hCD34 " hCD90" cells are LT-HSCs in human hematopoiesis. The
human counterpant for mCMPs, mGMPs, mMEPs, or mCLPs is
also isolatable in the BM and the CB within the hCD34 "hCD38 "
progenitor fraction (14, 15). Ithas thus been suggested that, despite
the difference in the expression patierns of key Ags in human and
mouse hematopoiesis, lineage commitment processes from HSCs
1o mature blood cells might be generally preserved in both species.
For example. the existence of prospectively isolatable CMPs and
CLPs suggests that lincage commitment from HSCs involves my-
elond vs lymphoid bifurcation in both mouse and human,

Recently. two independent groups have reported that in murnine
hematopaiesis, FIL/FIK2, a tyrosine Kinase receptor, is expressed in
ST-HSCs but not in LT-HSCs. One group showed that mCD34



The Journal of Immunology

FIGURE 1. A flow cytometnc anal-
yses of human early hematopoietic
populations in the BM and the CB. In

hCD34"hCD38™ Immature BM (A) B
and CB (B) cells, hFIid was expressed

al a low level in both hCD90O (Thyl)
positive and negative fractions. In
contrast, the hCD34"hCD38™ BM

and CB progenitor populations did

not express hCD90, and hFI3 was ex-
pressed in only a fraction of these
populations. €, hHSCs and mycloid
progenitors expressed ¢-Kit at high
levels, and CLPs at a low level. Rep- c
resentative data of mdependent five
experiments are shown here.
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KLS cells (LT-HSCs) are mFU3 (16), and the other showed that
only the mFIt3 ™ fraction of mCDY0"™ KLS cells possesses LT-HSC
activity (17). Each group further studied the detailed differentiation
activity of mFI3* KLS cells, but drew different conclusions. Adoli-
sson et al. (18) reported that the mPFI " mCD34" KLS population
maintmns the granulocyte/macrophage (GM) and the T/B lymphod,
but not the megakaryocyie/erythrocyte (MegE) potential, if any. This
result suggests that, in addition to the lymphoid vs myeloid develop-
mental pathway represented by CLPs and CMPs, respectively, there is
a entical stage common to GM. T, and B lymphoid cells, The other
group, however, showed that mFI3 " mCDY0 - KLS cells are multi-
polent, thus claiming that the stage common o GM/ymphod lin-
eages proposed by Adolfsson et al. (18) does not constitute a major
pathway for hematopoietic development (19). In contrast, down-
stream of the mST-HSC stage, there 1s a general agreement that mFI
is expressed in progenitors with lymphoid potential, such as the ma-
jonty of CLPs and a minor fraction of CMPs, that retain a weak B cell
potential (20), whereas it s down-regulated in late myeloid stages.
such as GMPs and MEPs (20, 21). The FlIt3 ligand (FL) is required lor
development of CLPs from mFI3™ KLS cells, whereas mFIt3 is dis-
pensable for HSC maintenance and myeloid development (22). These
results suggest that in mouse hematopoiesis, FIt2 signaling plays an
important role in lymphoid, but not in HSC or myeloid, development.

The precise expression and the role of hFI3 in human hematopaor-
esis, however, remain unclear, Around 40-80% of hCD34" BM and
CB cells express hFIt3 (23, 24). Although a fraction of both the
hFIt3" and the hFit3 populations gave rise to multilineage “mixed”
colomies comtamning  all myelo-erythroid components,  the
hFN3"hCD34" and hFI3 " hCD34 " populations predominantly
formed GM und erythroid colonies, respectively (23-25). It has also
been shown that cells with NODVSCID reconstitution activity reside
in the hCD34 " hFI3 " fraction (24), These data collectively suggest
that LT-HSCs and GMPs may reside mainly in the hFli3 "hCD34 "
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fraction, whereas MEPs may be contained in the hFI3 ™ hCD34™ frac-
tion. Therefore, the expression pattern of FIt3 could be quite different
in mouse and human hematopoiesis. FIt3 expression has also been
imphicated in development of human acute myelogeneous leukemia
(AML). FIt3 is expressed in leukemic blasts in most cases with AML
(26, 27). Furthermore, FLT3 1s one of the most frequently mutated
genes in AML (28, 29), and the FLT2 mutams transduce the consti-
tutively active FLT3 signaling, that could be the cause of poor prog-
nosis in AML with FLTS mutanons (30-32),

In this study, we extensively analyzed the expression and func-
tion of hFIt3 in steady-state human BM and CB hematopoiesis.
Interestingly, hFlt3 was expressed in the entire human BM and CB
HSC population. and purified hFIt3" HSCs could reconstitute mul-
tilineage cells for a long-term in our xenogeneic transplantation
system (33). Therefore. unlike mouse hematopoiesis, the negative
expression of Fit3 does not mark LT-HSCs in human. Further-
more. in striking contrast o mouse hematopoiesis where mFld is
expressed in CLPs but not GMPs (20, 21), hFlt3 was expressed in
GMPs as well as in CLPs at a high level, The hFIt3 signaling did
not affect the lineage fate decision of hHSCs, but supported cell
survival of hFIt3" stem and progemitor cells, at least through the
up-regulation of Mcl-1, a survival promoting Bel-2 homologue
(34). These data collectively suggest that Fit3 signaling plays a
entical role in maimenance of self-renewing LT-HSCs, and of GM
and lymphoid progenitors in human hematopoiesis.

Materials and Methods
BM and CB samples

Fresh human sieady-state BM and CB samples were collected from healthy
adulis and newborns after normal deliveries, Informed consent was ob-
talned from all subjects. The Institutional Review Board of each instiunon
participating in this project approved all research on human subjects
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FIGURE 2. The expression patterns of hFIt3 are similar in early human BM (A) and CB (8) hematopoiesis. In the myeloid pathway in both the BM and
CB, hFI3 was up-regulated into the GM pathway, but was down-regulated in the MegE pathway; GMPs expressed hFIt3 at a high level, whereas MEPs
did not express hFI3. CMPs contwined both hFI3 ™ and hFI3 © fractions. In the lymphoid pathway, CLPs expressed hFIt3 at a high level in BM (A) and

a low level in CB (8), whereas hCDIO"hCDNY" proB cells did not express hFIY in either the BM or the CB. Rey

experiments are shown here

Cell preparation, flow cvtometric analvsis, and cell sorting

The BM and CB m« cells were d by gradiemt centrifugation
and the CDM " cells were enniched from mononuclear cells by using the In-
direct CD34 MicroBead kit (Miltenyi Biotec) as deseribed previously (14, For
the analyses and sorting of myeloid progenitors, cells were stwined with a
CyS-PE- or PCS-conjugated lincage mixture, including anti-hCD3 (HIT3a),
hCD4 (RPA-T4), hCD7, hCDS8 (RPA-TE), hCD10 (HI10a), hCD19 (HIB19),
hCD20 (2ZH7). hCDI1b (ICFR44), hCD14 (RMO52), hCDS6 (NKH-1).
and hGPA (GA-R2), FITC-conjugated anti-hCD34 (8G12), or anti-hCDASRA
(HI100), PE-conjugated anti-hFlt3 (CD135) (4G8), or anti-hCD123 (6H6),
allophycocyanin-conjugated anti-hCD34 (8G12), or anti-hCD38 (HIT2),
Pacific Blue-conjugated anti-hCDASRA (HI100). and biotinylated anti-
hCD38 (HIT2), or anti-hCD123 (9F5). The lymphoid progemiors were
stuned with the same lineage mixiure except for the omission of ann-
hCINMO and WCDIY followed by FITC-conjugated anti-hCD10 (S52/36),
PE-Cy7-conjugated anti-hCD19 (SI25C1), and anti-hFit3, hCD34, hCD38,
and hCD4SRA as described above. For additional analyses. PE-Cy7-con-
Jugated amti-hCD34 (8G12), FITC-conjugated anti-hCD90 (SEI10), PE-
conjugated anti- hCD117 (YBS.B§), biotinylated anti-hFlt3 (BVI10A4H2),
and PE-conjugated anti-hCI127 (R34,34) mAbs were used. Strepravidin-
conjugated allophycocyanin-Cy7 or PE-Cy7 was used for visualization of
the biotinylated Abs (BD Pharmingen). The dead cells were excluded by
propidium iodide (Pl) staining. Appropriate isotype-matched, rrrelevant
control mAbs were used (o determine the level of background staming. The
cells were sorted and analyzed by FACS Ana (BD Biosciences), The sorfed
cells were subjected 10 an additional round of sorting using the same gate
to eliminate contaminating cells and doublets, For single-cell assays, the

ive data of i fent five

re-sont was performed by using an automatic cell-deposition unit system
(BD Biosclences).

In vitro assavs to determine the differentiation potential of
progenitors

Clonogenic CFU assays were performed using a methyleellulose culture
system that was set up to detect all possible outcomes of myeloid differ-
entiation as reported previously (14, 351 For myeloid colony formation,
cells were cultured in IMDM-based methyleellulose medium (Methocult
H4100, StemCell Technologies) supplemenied with 20% FCS, 1% BSA, 2
mM 1 -glutaming, 50 M 2-ME, and antibiotics in the presence of human
evtokines such as 1L.-3 (20 ng/ml), stem cell factor (SCF) (20 ng/ml), FL
(20 ng/ml), IL-11 (10 ng/ml}, thrombopoietin (Tpo) (30 ng/ml), erythro-
potetin (Epo) (4 UWml), and GM-CSF (50 ng/mi). All eytokines were ob-
twned from R&D Systems. Colony numbers were enumerated on day 14 of
culture. For the shor-term liguid cell culiure, cells were cultured in IMDM
with 10% FCS in the presence of the cytokines descnibed above. All of the
cultures were incubated at 37C in a humidified chamber under 5% CO,.

Apaptosis assay and cvtokine stimulation assayys in the
serum-free medium
To exclude the unexpected effects of FCS and to evaluate the effects of

cytokine stimulation precisely, the cells were prepared in the FCS-free
condition. The anti-apoptotic effect of FL and SCF was evaluated after 24 h
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cells, hCD3A3* gmnulocytes, hCD14* monocytes, CD41* megakaryocytes, hCD19" B cells, hRCD3™ T cells, and hCDS6" NK cells were detected in the
BM of recipient mice. 2, Stem and progenitor analyses of BM from mice reconstituted with hFlIt3" HSCs. The BM contained hFI3 " hCD34 " hCD38
HSCs. and all 1ypes of myeloid progenitors within the hCD34 "hCD38° populaiion, including hCD4SRA hCDI23% CMPs, hCD4SRA “hCD123"

GMPs, and hCD45RA“hCD123~ MEPs. The expression patiemns of hFIi? in each population were identical with those of freshly isolated stem and

progenitor cells, A representative experiment by using BM

from three i

fependent normal donors is shown

serum-free liquid culture, using Annexin ¥V and PI stwning (BD Pharmin-
gen). The sorted cells were cultured in the serum-free medium
(STEMPRO-34 SFM; Invitrogen) with or without FL (20 ng/ml) and/or SCF
(20 ng/ml) for 24 h. The living cells were defined as Annexin V™ /P1° among
the live-gated cells (as shown in Fig. 58). For the eywokine sumulation assays,
cells were sored in the IMDM and then the cytokines were added,

In vive assavs to determine the differentiation potential and
reconstitution capacity

The NOD.Cg-Prkdc™“IL-2rg""™"/S2 (INOD/SCIDAL2:y™") mice were
developed at The Jackson Laboratory, The NOD/SCIDAL2ry™" strain was
established by backe ing & complete null tion at yc locus (36) onto
the NOD.Cg-Prkdc™* sirain. The establishmen of this mouse line has
been reported elsewhere (37 ). For the reconstitution assays, the soned cells
were transplanted into irradiated { 100eGy ) NOD/SCIDIL2ry™" newborns
via a facial vein within 48 h of birth. To confirm the long-term reconsti-
tution by hHSCs, the chimerism of circulating human blood cells were
analyzed until ot least 24 wk after transplantation, as previously reported
(33). In addition 10 the Abs described above, the following mAbs were
used: allophycocyanin-conjugated anti-hCD4S (133), PE-Cy7-conjugated
anti-hCD123 (6H6), FITC-conjugated anti-hCD33 (HIM3-4) or hCD14
(MSE2), and PE-comjugated anti-hCD41 (VIPL3), hCD5S6 (B159). anti-
hGiycophorin A (GPA) (GA-R2). or anti-hCD3 (HIT3a)

Quantitative real-time PCR

To examine the gene expression profile of each population, RNA was
isolated from 2,000-sorted cells using Isogen reagent (Nippon gene) ac-
cording 1o the manufacturer’s instructions. The total RNA was reverse
transcribed to cDNA using a TaKaRa RNA PCR kit (Takara Shuzo), The
mRNA levels were quantified in triplicate using a real-time PCR (7500
Real-Time PCR system; Applied Biosystems). hB2-microglobulin mRNA
was separately amplified in the same plate 10 be used for internal control
The primer and probes were designed by Primer Express software (Applied
Biosystems).

Results
The hCD34 " hCD3S
in both BM and CB

The hCD34 " Lin~ population was divided into hCD38" and
hCD38  populations (Fig. 1, A and B). It has been shown that
HSCs with long-term reconstitution activity reside in the
hCD38  fraction within the hCD34" BM and CB populations
(9, 10). As shown in Fig. 1A, in the BM., hCD38 " cells con-
stituted only —35% of the Lin hCD34" population. This pop-
ulation uniformly expressed hFI3 at a low level. More than

HSC fraction express hFIt3 at a low level
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FIGURE 4. The lineage potential and the relationship of myeloid prog populati A, C) : colony formation of purified populations on
methylcellulose in the presence of cytokine misture. The hCD34 *hCD3I® HSCs and hFI3 " CMPs gave rise 10 various myeloid colonies including
CFU-GEMM., whereas GMPs and MEPs formed exclusively GM and MegE lineage-related colonies, respectively. In contrast, hFlt3 " CMPs predominantly
gave rise 10 MegE lineage-related colonies but failed to form CFU-GEMM. The mean value of eight independent experiments is shown. CFU-M
CFU-macrophage. CFU-G: CFU-granulocyte. CFU-GM: CFU-granulocyte/macrophage. CFU-MegE: CFU-megakaryocyte/erythroid. CFU-Meg: CFU-
megakuryocyte, and BFU-E: burst-forming units-erythroid. 8, The lineal relationship between hFIG3 " CMPs and hFitd”CMPs. After 72 b of culturing.
hFIt3 "CMPs gave rise to hFlt3  CMPs, GMPs, and MEPs. In contrast, hFlit3” CMPs differentiated into only MEPs, thus suggesting hFit3 CMP 1o be a
transitional intermediate population from hFI3*CMPs to hiFi3"MEPs, €, The colony formation activity of phenotypically defined secondary CMPs,
GMPs, and MEPs purified from the primary cubure of hFi3* CMPs or hFIt3" CMPs. Each population displayed the colony formation activity consistent

with their phenotypic definition. The mean value of four independent experiments is shown

60% of the hCD34 hCD38~ BM cells also expressed hCDYO,
another cnitical marker for hHSCs (11-13), whereas the
hCD34 "hCD38 " Lin  fraction was constituted of hCD90™ lin-
eage-committed progenitors.

In the CB, only —30% of hCD34"hCD38 " cells expressed
hCDY0 (Fig. 18). In the NOD/SCID/IL2ry™" newborn system.
the hCD34 "hCD38 " hCD%0) ™ population was highly ennched for
HSCs capable of long-term reconstitution as compared with the
hCD34 "hCD38 hCD90 "~ CB fraction (F. Ishikawa, unpublished
data). The vast majority of hCD34 " hCD38  cells expressed hFl3
at a low level as previously reported (38). Furnthermore, the
hCD34 "hCD38 hCI90* CB population expressed hFlL3.

These data clearly show that hFIL3 is expressed in all cells with
the hHSC phenotype in both the BM and the CB, and suggest that
Fli3 expression does not discriminate ST-HSCs from LT-HSCs
in human as it does in mouse (16. 17). In contrast. the BM and
the CB hCD34 "hCD3I8 " progennor fraction expressed negative
1o high levels of hFlt3. We thus further subfractionated the
hCD34 "hCD38 " population to evaluate the hFIL3 expression in
a vanety of lineage-restncted progenitors

The expression af hFIt3 within the hCD34" hCD38" progenitor
fraction

In mouse hematopoiesis, the expression of mFIL3 is associated with
early lymphoid progenitor activities: it is expressed in the majority

of CLPs, and in the minority of CMPs with weak B cell potential
{20). but not in MEPs or GMPs (20) (21). Fig. 2 shows the ex-
pression of hFlt3 in the myeloid and lymphoid progenitor popu-
lations. According to the phenotypic definition of human myeloid
and lymphoid progenitors (14, 15, 39, 40), hCD34 " hCD38 " cells
were subfractionated into myeloid and fymphoid progenitors,
including the hCD4SRA hCDI23 (IL-3Ra)'™™ CMP. the
hCD4SRA “hCDI23 MEP, the hCD4SRA "hCD123"™ GMP,
the hCDIO*ACD19 ™ CLP, and the hCDIO"hCDI9 " proB popu-
lations, Interestingly, in both the human BM and CB, —70-80%
of CMPs expressed hFIt3, whose level wis progressively up-reg-
ulated at the GMP stage. In contrast, hFlt3 expression was com-
pletely shut down in MEPs. In the lymphoid lincage, the
hCD34 ' hCD38"hCDIO® CLP (15) strongly expressed hFit3,
whereas hFlit3 was down-regulated in the proB cells. The expres-
sion level of hFlt3 in GMPs and CLPs appears to be higher than
that in hCD34 *hCD38 hCDY0" HSCs (Fig. 2). We also tesied
the level of hFI3 transeripts in purified hBM HSCs and progenitor
populations (Fig. 34). The pattern of hFIt3 mRNA expression was
generally consistent with that in hFlit3 protein, as evaluated by
using anti-hFlI3 Abs on FACS (Figs. | and 2). Consistent with
previous report (41), MEPs and hFlt3 CMPs had the lowest lev-
els, GMPs and CLPs had the highest levels, and the
hCD34 "hCD38  HSC population had a medium level of hFit3
mRNA. Collectively, functional hLT-HSCs express hFII3 mRNA
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Anti-apoptatic effects of FL and/or SCF on HSCs and Fit3™ CMPs. Annexin® Pl

Annexin V

Annexin V
Effect of FL and SCF on the survival of punfied progenitors. A, The effect of additional FL on colony formation of purified progenitors in
methylcellulose in the presence of SCF, IL-3, 1L-11, GM-CSF., Epo, and Tpo. Results from five independent expenments are shown here. Note that colony
numbers are increased by the addition of FL into cultures in all hFIi3-expressing subsets including HSCs, CMPs, and GMPs but notin hFii3™ MEPs. 8.
An evaluation of apoptotic cell death in cultures of stem and progenitor cells. HSCs, hFI3 ™ CMPs, and GMPs were cultured in the serum-free media, with
or without FL, and analyzed at 12, 18, 24, 30, 48, and 72 h after initiation of culture. A representative data obtained after 24-h cullure is shown, C,

live cells were enumerated after 24-h culture in & serum-free media

Each graph shows n-fold differences in the percentage of live cells relative to the ones without eytokine. Each bar represents the mean value and the SD

of five independem samples

and surface protein, and the distribution of FIt3 is quite different
between human and mouse in early hematopoiesis.

In contrast, ¢-Kit was expressed at high levels in human HSCs
and myelo-erythroid progenitors, while at a low level in CLPs
(Fig. 1C). The expression pattern of ¢-Kit in human hematopoietic
stem and progenitor cells is generally consistent with that in mouse
hematopaiesis (4. 6, 7), suggesting that the c-Kit expression pro-
gram is preserved in mouse and human hematopoiesis,

hFl3 is expressed in functional hHSCs capable of reconstituting
normal hematopoiesis in the NOD/SCIDVIL-2 receptor y-chain
null (INOD/SCIDAL2ry"" ) mouse model

In the NOD/SCID/IL2ry™" newborn system, hCD34 hCD38

BM and CB cells are capable of reconstitution of all hematopoietic
lineages for a long term (33). The entire hCD34 hCD38  BM
population expressed hFli3 (Fig. 14), suggesting that functional
hBM HSCs possess hFIt3 on their surface. In contrast,
hCD34 "hCD38 ™ CB cells contmned some hCD90  cells that did
not express hFIt3. To formally test whether Fli3-expressing
RCD34 hCD38 CB cells possess LT-HSC activity, we trans-
planted hFI3"hCD34 " hCD38 hCDYO " CB cells in 10 NOLY
SCID/L2ey™" newboms. As shown in Fig. 38, NOD/SCID/
IL2ry™" mice transplanted with | % 10" hFI3*hCD34*
hCD3I8 " hCDY0" CB cells reconstituted all hematolymphoid

lineages for =6 mo, indicating that hFli3 is expressed in funcuonal
hHSCs in CB as well as in BM.

Fig. 3C shows the phenotypic analysis of human progeny from
5 10" hFI3 "hCD34 " hCD38 hCDY0" BM cells 6 (upper pan-
els) or 15 wk (lower panels) after transplantation into NOD/SCID/
IL20y"" newbarns (331 hFI3"hCD34°hCD3AS hCDY0" BM
cells difierentiated mto all hematopoietic lineage cells. including
hCD23" granulocytes, hCD14™ monoceytes, hCD41" megakaryo-
cytes, hCDI9" B cells, hCD3™ T cells, hCDS6™ NK cells (Fig.
3C), and hGPA " erythrocyies (not shown). Furthermore, trans-
planted hF3 " hCD34 "hCD38 " HSCs purified from primary re-
cipients developed secondary hFli3® HSCs and hFlt3 " CMPs,
hFli3~ MEPs, and hFIi3 " GMPs recapitulating normal human he-
matopoictic development. Thus. the hCD34 " hCD38 hCD90"
BM population contains cells with long-term SCID reconstitution
potential as reponted (33, 42). and all cells within this population
express hFIG on their surface (Fig, 3D).

The up- or down-regulation of hFIL3 in the myeloid pathway is
associated with GM or MegE differentiation activiry,

respectively

Fig. 44 shows the differentiation potential of puritied BM progen-
itors in vitro in the presence of the myeloid cytokine mixture con-
taining SCF, FL, IL-3, IL-11, Tpo. Epo, and GM-CSF, hFlt3"
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CMPs formed a variety of myelo-erythroid colonies including clo-
nogenic  CFU-granulocyte/erythroid/macrophage/megakaryocyte
(CFU-GEMM), whereas hFIt3 ™ CMPs did not form CFU-GEMM,
but preferenually differentiated into the MegE lineage. Since
GMPs (hFlt3* ) and MEPs (hFlt3 ) exclusively gave nise to GM-
and MegE-related colonies. respectively, hFIt3 expression could
be associated with GM lineage development. These results sug-
gested that hFIL3 " CMPs might differentiate into MEPs via hFltd
CMPs. We thus directly tested the lineage relationship of these
purified myelo-erythroid progenitor populations (Fig. 48), hFlt3*
and hFIt3 ~ CMPs were punfied and cultured in vitro. Then, 72 h
after the initiation of culture, hFIt3* CMPs gave rise 1o hFl3
CMPs, hFlt3* GMPs and hFI3~ MEPs, whereas hFltd ™ CMPs
did not up-regulate hFIL3, differentiating only into hFIt3 MEPs,
Such phenotypically defined secondary myeloid progenitors dis-
played differentintion activity consistent with their phenotypic def-
inition (Fig. 4C). These data suggest that multipotent hFI3 "
CMPs can differentiate into both GMPs and MEPs, whereas
hFIt3~ CMPs represent a transibonal stage into MEPs,

Flid signaling protects humar hematopoietic stem and
progenitor celly from apoptotic cell death

We wished to elucidate the role of FIt3 signaling in human hema-
topoiesis. We first tested the effect of Flt3 signaling on the differ-

entigtion of HSCs, CMPs, and GMPs. Purified hFlIt3" HSCs,
CMPs, and GMPs were cultured in methyleellulose in the presence
of the myeloid eytokine mixture, with or without hFL., As shown
in Fig. 5A, the addition of FL in the culture did not affect the
percentage of GM, MegE, or mix colonies in any of these popu-
lations. Interestingly, however. the colony numbers significantly
increased in all cases when FL was added to the culture. This effect
was dose-dependent, and the sumulatory activity of FL reached its
peak at a concentration of 5 ng/ml (not shown). The plating effi-
clencies of hFIt3 " HSCs, CMPs, and GMPs cultured with the cy-
tokine mixture containing FL (20 ng/ml) were significamly higher
than those culiured without FL, suggesting that FL signaling may
enhance the viability of cells (Fig. 54). We then directly tested the
vigbility of HSCs, CMPs, and GMPs 24 h after the imtiation of
culture in serum-free media, with or without FL. The live, apo-
protic, and dead cells after culture were enumerated by the An-
nexin/PL staining (43). In this staining. live cells are Annexin /
P1 . whereas Annexin* /Pl and Annexin*/P1* cells are apoptotic
and dead cells, respectively (Fig. 5B). Without FL., a considerable
proportion of purified HSCs, CMPs, and GMPs rapidly became
Annexin ' /Pl and Annexin */P1" cells undergoing apoptotic cell
death. The addition of FL significantly blocked apoptotic cell death
in all of these populations, indicating that FL plays a enucal role
in human hematopoietic stem and progenitor cell survival (Fig.
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58). These data strongly suggest that Ft3 signaling does not in-
struct hematopoietic lineage commitment in hFl3-expressing my-
elowd progenitors, but it does promote their survival,

SCF, the ligand for c-Kit, has also been shown to play a critical
role in the maintenance of survival in early hematopoiesis. Both
c-Kit and Fit3 belong 1o the class 11l receptor tyrosine kinase
(RTK) family, sharing their major signaling cascade (44), Human
HSCs, CMPs, and GMPs expressed both ¢-Kit and Fit3 at the
single cell level (Fig. 1), Thus, we tested the anti-apoptotic effect
of SCF in this system. As shown in Fig. 5C, in all HSC, CMP. and
GMP populations, SCF also displayed anu-apoptotic effects whose
impact on cell survival is similar to that of FL.. Furthermore, in
HSCs and CMPs. the combination of FL and SCF further increased
percentages of live cells as compared with those in the presence of
either FL. or SCF alone, suggesting that SCF and FL signals col-
laborate 1o maintain cell survival of HSCs and CMPs.

Fli3 signaling up-regulates Mcl-1, but not Bel-2 or Bel-x,,
expression in human hematopoietic siem and progenitor cells

The gquesuon: is the mechanism of cell survival enhancement by
signaling of RTKs, such as FIt3 and ¢-Kit? We have shown that in
murnne hematopoiesis, Mcl-1, a Bel-2 homologue, 1s indispensable
for hematopoietic stem and progenitor cell survival, and that ¢-Kint
signaling is one of the most critical inducers for Mcl-1 expression
in mHSCs {45). We therefore hypothesized that Flt3, as well as
c-Ki signaling may up-regulate Mcl-1 1o maintain cell survival in
human hematopoiesis as well.

Fig. 64 shows the distribution of the transcripts of Bel-2 family
molecules including Mcl-1, Bel-2, and Hel-x; in human stem and
progenitor cells, Mcl-1 is expressed at the highest level in HSCs,
CMPs and CLPs expressed similar levels of Mcl-1. and MEPs
expressed Mcl-1 at the lowest level. This expression patem of

Mel-1 transcript in human hematopoiesis is consistent with that in
murine hematopoiesis (45). In comrast, Bel-2 was highly ex-
pressed in GMPs and CLPs, whereas Bel-x, was expressed in
MEPs at the highest level.

Purified stem and progenitor populations were incubated with
FL. and/or SCF in serum-free media. Both FL. and SCF dramati-
cally up-regulated the expression of Mcl-1 in a dose-dependent
manner. and it reached its peak 30 min after initiation of culture at
a concentration of 5 ng/ml (data not shown). Fig. 68 shows the
relative expression level of Mcl-1, Bel-2, and Bel-x; in the pres-
ence of 20 ng/ml FL and/or SCF, We found that both FL. and SCF
significantly up-regulated the expression of Mcl-1, but not of Bel-2
or Bel-x,. in HSCs, CMPs, and GMPs. These data collectively
suggest that one of the important functions of these class [11 RTKs
is to specifically activate Mcl-1 expression, Interestingly. in HSCs,
FL and SCF displayed an additive effect on the up-regulation of
Mcl-1. Therelore, FIt3 and c-Kit signaling collaborate to protect
Flt3* HSCs and early myeloid progenitors from apoptotic cell
death, presumably through activating anti-apoptotic Mcl-1 tran-
seription. In CLPs, however. FL activated not only Mcl-1 but also
Bel-2 transeniphion,

Discussion

In this study. by using & multicolor FACS and a highly efficient
xenograft system. we provide evidence that the distribution of Fhid
RTK 1s quite different in human and mouse hematopoiesis, First,
although mouse LT-HSCs do not express mFIL3, the HSC-enriched
hCD34"hCD38 hLin population, that can reconstitute human
hematopotesis for a long-term in our xenogenic mouse model, uni-
formly expresses hFIi3 in both BM and CB. It is still unclear
whether SCID-repopulating cells direetly correspond to hLT-
HSCs. However, because the hCD34 " hCD38 "hLin  cells never
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reconstituted in xenogenic hosts for a long-term in our and others’
experiments (42), it is highly likely that hCD34 “hCD38 "hLin
population is highly ennched for hLT-HSCs. Therefore. 1t 15 sug-
gested that the negative expression of hFIt3 does not mark LT-
HSCs in human. while mFlt3 does in mouse (16, 17). Second, in
contrast 10 mouse hematopmesis, where mFIt3 expression 1s re-
stricted within progenitor populations of lymphoid potential n-
cluding CLPs and a minority of CMPs that can differentiate into B
cells (200, hF1t3 is expressed in human CMPs and GMPs, as well
as in CLPs. The FIt3 expression 1s suppressed after cells are com-
mitted into the MegE lineage in both human and mouse. The dis-
tribution of Ft3 in mouse and human hematopoiesis 1s schema-
tized in Fig. 7. The significant difference of FIG3 distribution in
human and mouse hematopoiesis suggests that the cnitical role of
Fit3 signaling in hematopoietic development could also be differ-
ent between these species.

We further found that the important function of hFlt3 should
include the maintenance of cell survival via the up-regulation of
anti-apoptotic Mcl-1 in early hematopoiesis. Previous studies have
demonstrated that FL can support in vitro survival of human long-
term culture-imtiating cells (24, 46, 47). MCL-1 is a non-redun-
dant anti-apoptotic protein, at least in mouse hematopoiesis, be-
cause the removal of Mcl-1 from hematopoieuc cells in a
conditional knockout system caused fatal hematopoietic failure,
and because in vitro disruption of Mel-1 1n mouse HSCs, CMPs, or
CLPs rapidly induced their apoptotic cell death (45). The expres-
sion level of Mcl- | was the highest at the HSC stage and gradually
declined as HSCs differentiate into myeloid and lymphoid progen-
itors in mouse hematopoiesis (45), The pattern of Mcl-1 distribu-
tion is well preserved in human hematopoiesis (Fig, 6A), suggest-
ing that Mcl-1 might also be essential for hHSC survival. In mouse
HSCs, Mcl-1 is up-regulated by signals from cytokines including
SCF. IL-6, and IL-11, and SCF exerts the most potent effect on the
up-regulation of Mcl-1{45). In contrast to mouse LT-HSCs that
express ¢-Kit but not FIt3, functional hLT-HSCs coexpress ¢-Kit
and FIt3 (Fig. 1), and importamtly, FL as well as SCF are potent
inducers for Mcl-1 transeription (Fig. 6. The fact that FL and SCF
activated only Mcl-1. bul not Bel-2 or Bel-x, ., in tumn suggests that
Mel-1 might be the mast eritical survival factor controlled by ex-
ogenous cytokine signals at the HSC stage. Although it remains
unclear whether hFIt3 and/or c-Kit signaling is absolutely required
for hHSC survival, our data suggest that, to maintain the Mcl-1
level in hHSCs. the FILW/FL system could work as an alternative to
the SCF/c-Kit system. This is of interest because the SCF/e-Kit
system is non-redundant in mouse hematopoiesis (48), where
mouse LT-HSCs express only c-Kit, but not Flt3.

The anti-apoptotic effect of hFIt3 signaling was also seen in
hFlt3-expressing myeloid progenitor populations. The incubation
of CMPs and GMPs with FL significantly prevented their apopto-
tic cell death in vitro, and FL, as well as SCF, rapidly activated the
Mcl-1 transcription in these progemitors. Interestingly, in CLPs, FL
activated not only Mcl-1 but also Bel-2. In lymphopoiesss, Bel-2
(49, 50, as well as Mel-1 (51), is critical, FL may collaborate with
1L-7 to maintain lymphoid cell survival by up-regulating both
Bel-2 and Mcl-1. Collectively. in humans. FIt3 signaling might
suppon cell survival in carly hematopoietic stages with only the
exception of the MegE lineage developmental pathway.

Our data also provides an imporant msight into pathog of
AML with FLT3 mutations. A total of 15-35% of AML patients
have either internal tandem duplications (I'TDs) in the juxtamem-
brane domain or mutations n the activating loop of FLT3 (28, 29),
resulting in ligand-independent constitutive signal activation, The
FLT3 mutations are rarely found in acute lymphoblastic leukemia
(28, 29). The enologic link of FLTS mutations with AML does not

Fit3 EXPRESSION IN HUMAN HEMATOPOIESIS

fit the lvmphoid-only expression pattern of FlIi3 in mouse hema-
topoiesis. In mouse models. however, the ectopic expression of
FLT3-ITDs in the bone marrow promotes development of myelo-
proliferative disorders, but these mutations themselves do not
cavse leukemia (52). We have found that AML cells with FLT3-
ITD mutations possess extremely high levels of Mcl-1, and trans-
duction of FLT3-ITD into normal HSCs induces rapid up-regula-
tion of Mcl-1 of up 1o =10-fold higher levels (G. Yoshimoto and
K. Akashi, manuscript in preparation). Because the expression of
FLT3 mutations should occur in concert with that of normal Flt3,
our data suggest that once FLT3 mutations are acquired in human
hematopoiesis. abnormal survival-promoting signals of Mcl-|
should be expressed in LT-HSCs. and is progressively up-regu-
lated in GMPs, It has been shown that both LT-HSCs and GMPs
are the critical cellular target for leukemic transformation. The
reinforced survival of CMPs/GMPs by blocking two independent
apoptotic pathways (53). or the enforced expression of ber-abl -
gether with survival-promotung Bel-2 at the GMP stage (54), re-
sults in AML development in mouse models. In human ber-abl-
positive chronic myelogencous leukemia, GMPs could be the
target for blastic transformation by acquisition of B-catenin sig-
naling (55). GMPs can also be converted into leukemic stem cells
simply by transducing leukemia tusion genes, such as MLL-ENL
(561 or MOZ-TIF2 (57). Thus, these data collectively suggest that
the acquisition of FLT3 mutations in human hematopoiesis might
induce the reinforced survival of cells at the HSC and myeloid
progenitor stages, where FLT3 mutations might collaborate with
other genetic abnormalities to achieve full AML transformation.

In conclusion, our data show that the distribution of FIi3 is quite
different in mouse and human hematopoeisis. hFIt3 targets LT-
HSCs and myeloid progenitors except for MEPs, Flt3 signaling
might support cell survival in early hematopoiesis including the
HSC and the myelod progenitor stages through up-regulation
of Mcl-1. This is a striking example that the expression pattern
of key molecules could be significantly different between hu-
man and mouse. Accordingly, special considerations are re-
quired 1n using mouse models to understand the role of Fitd and
FLT3 mutations in human hematopoiesis,
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CD34 +CD38 +CD19 + as well as CD34 + CD38-CD19 + cells are leukemia-
initiating cells with self-renewal capacity in human B-precursor ALL
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The of rare malignant stem cells supplying a
hlerarchy of malignant cells has recently been reported. In
human acute myelogenous leukemla (AML), the leukemia stem
cells (LSCs) have been phenotypically restricted within the
CD34 + CD38 - fraction. To understand the origin of malignant
cells in primary human B-precursor acute lymphocytic leukemia
(B-ALL), we established a novel /n vivo xenotransplantation
model. Purified CD34 + CD38 + CD19+, CD34 + CD38-CD19 +
and CD34 +CD38-CD19- bone marrow (BM) or peripheral
blood (PB) cells from three pediatric B-ALL patients were
in Injected Into sublethally Irradiated newborn NOD/
SCIDA mice. We found that both CD34 + CD38 + CD18 +
and CD34+CD38-CD19+ celis Initiate B-ALL In primary
reciplents, whereas the reciplents of CD34 +CD38-CD10-
CD19- cells showed normal human hematopoletic repopula-
tion. The extent of leukemic Infiltration into the spleen, liver and
kidney was simllar between the reciplents transplanted with
CD34 +CD38+ CD19 + cells and those transplanted with
CD34 + CD38-CD19 + cells, In each of the three cases studled,
transplantation of CD34 + CD38 + CD19+ cells resulted In the
development of B-ALL In secondary reciplents, demonstrating
sell-renewal . The Identification of CD34 4 CD38 +
CD19+ sell-renewing B-ALL cells proposes a hlerarchy of
leukemia-initiating cells (LICs) distinct from that of AML.
Recapitulation of patient B-ALL in NOD/SCIDAL2ry"" recipients
provides a powerful tool for directly studying leukemogenesis
and for developing therapeutic strategles.

Leukemia advance onling publication, 17 April 2008;

doi: 10.1038/eu.2008.83

Keywords: acule lymphocytic leukemia; stem cells; transplantation

Introduction

Acute lymphocytic leukemia (ALL) is the most common
hematological malignancy in childhood. On the basis of
ontogenic classification, pediatric ALL is divided into T-ALL,
B-precursor ALL and mature B-ALL. B-precursor ALL accounts
for B0-85% of total pediatric ALL cases."? Recent reports
suggest that at least some cases of human leukemia and cancer,
including acute myelogenous leukemia (AML), selectively
develop from a rare fraction of malignant stem cells.” Unlike
AML, however, whether the malignant clone arises from such a
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leukemic stem cell fraction has not been clarified in B-precursor
ALL.

To identify human leukemia stem cells (LSCs), the in vivo
leukemia-initiating capacity of purified cells has been evaluated
in various xenotransplantation systems using immunocompro-
mized mice. These leukemia-initiating cells (LICs) have been
considered equivalent to LSCs, although not all studies have
demonstrated other properties of stem cells, that is, differentia-
tion and self-renewal capacities. In AML, the cell surface
phenatype defined by the markers CD34 and CD38, that is,
CD34 + CD38~ analogous to normal hematopoietic stem cells
(HSCs), have been used to identify LIC-enriched cell popula-
tion."” Although the engraftment of B-ALL CD34 + cells in
NOD/SCID mice has been reported,™'” markers for further
enrichment of B-precursor ALL-initiating cells have not been
identified. CD38 is expressed by a variety of normal and
malignant leukocytes and functions in cell adhesion and
signaling. In normal hematopoiesis and in AML, its absence
on CD34 + cells highly enriches a primitive self-renewing stem
cell population.®” Similarly, Cobaleda et al'® have reported
that in Ph+ ALL CD34+CD38- cells exclusively initiate
leukemia in NOD/SCID recipients. In this study, we aimed to
clarify the significance of CD38 expression in B-precursor
Al L-initiating cells.

For this purpose, we used the newborn NOD/SCIDAL2ry™"
xenotransplantation model. This model takes advantage of the
absence of acquired immunity accompanied by multiple defects
in innate immunity in a novel NOD/SCID strain carrying a
complete null mutation in the cytokine receptor common y
chain,"" The use of this severely immunocompromised strain
overcomes the limitations of existing SCID-repopulating assays
using CB17-scid, NOD/SCID and NOD/SCID/B2m™"' mice in
engraftment levels of human normal and primary leukemic cells,
and differentiation from normal or leukemic stem cells into
progeny.'*'" Especially, when human cells are intravenously
injected into newbomn recipients, differentiation and self-
renewal capacities are efficiently detected both in normal and
malignant hematopoiesis, making this model an ideal system for
creating mouse models of primary human hematological
malignancies,'” "

Using the newborn NOD/SCIDAL2ry™" xenotransplantation
model, we demonstrate that CD34 + CD38 + CD19 + cells as
well as CD34 + CD38-CD19 4 cells have the capacities 1o
initiate B-ALL, to infiltrate into non-hematopoietic organs in vivo
and to self-renew. Leukemia initiation by self-renewing
CD34 +CD38 4+ CD19+ primary human ALL cells demon-
strates a distinct pathogenesis of B-precursor ALL from that of
AML, which may provide new insight into the development of
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novel for the tr it of pediatric B-precursor ALL.
Furthermore, the use of anti-human CD19 antibody may
discriminate normal HSCs and LSCs within CD34 +CD38-
stem fraction, enabling autologous BM transplantation without
LIC contamination in patients with B-precursor ALL.

Materials and methods

Mice

NOD.Cg-Pridc=“IL2eg ™Sz (NOD/SCID/AL2ry™")  mice''
were developed at The Jackson Laboratory (Bar Harbor, ME,
USA). The NOD/SCID/L2ry™" strain was established by back-
crossing a complete null mutation of the y chain locus onto the
NOD.Cg-Prkdc*™ strain. These mice have been bred and
maintained under defined flora with irradiated food at the
animal facility at RIKEN Research Center for Allergy and
Immunology (RCAI). All experimental procedures were
formed according to the guidelines established by the Institu-
tional Animal Committee at RCAL

Cell purification and xenogeneic transplantation

Bane marrow (BM; Cases 1 and 3) or peripheral blood (PB; Case 2)
samples were obtained from three pediatric patients with
newly diagnosed B-precursor ALL after written informed
consent. The patient ages at the time of diagnosis were 6 years,
3 months and 10 months old, respectively, for Cases 1, 2 and 3.
The white blood cell count at the time of diagnosis were 260.0,
134.0 and 196.0 ( x 10"ml~"), respectively, for Cases 1, 2 and
3. MLL rearrangement was identified in Cases 2 and 3. BM and
PB mononuclear cells (MNCs) were isolated by density
centrifugation using lymphocyte separation medium (ICN
Biomedicals, Oh, USA), BMMNCs or PBMNCs were stained
with mouse anti-human CD10, CD19, CD3, CD4, CDS8, CD34
and CD38 monoclonal antibodies (BD Immunocytometry, San
Jose, CA, USA). Samples were analyzed and sorted using
FACSAria (Becton Dickinson, San Jose, CA, USA). Nonviable
cells were excluded by 7-aminoactinomycin D (BD Immuno-
cytometry) staining. Within the viable CD3-CD4-CD8-
BMMNCs or PBMNCs, CD34+CD38-CD19+, CD34+
CD38+CD19+ and CD34 4+ CD38-CD10-CD19~ popula-
tions were sorted and inﬂ‘ecied into sublethally irradiated
(1.5 Gy) NOD/SCIDAL2ry"™ " mice through the facial vein within
48 h of hirth. The purity of each cell population was higher than
97%. As control, normal human HSCs (Lin—CD34 + CD38—
cells) were purifed from cord blood MNCs and intravenously
transplanted into NOD/SCID/IL2ry™" newborns. Cord blood
was obtained from Tokyo Cord Blood Bank after written consent
was obtained from donors, and experimental plans were
evaluated at IRB.

Evaluation of hematopoietic chimerism by flow
cytometry

Starting 4 weeks after transplantation, PB was harvested from
retro-orbital plexus of the recipients every 2-4 weeks. Recipients
were killed when they became moribund and their BM, spleen
and PB were evaluated for the repopulation of human normal or
leukemic cells with mouse anti-human CD3, CD4, CD8, CD10,
CD19, CD20, CD33, CD34, CD38, CD41a, CDA45, HLA-DR
and surface IgM maonoclonal antibodies (BD Immunocyto-
metry). Multicolor flow cytometric analyses were perfarmed using
FACSAria or FACSCanto Il (Becton Dickinson). Engraftment of

Leukemia

human B-ALL was defined by
hCD45 + hCD19 + cells,

the frequency of the

Histological analysis

The liver, kidney and spleen tissues of the recipients were fixed
with 4% paraformaldehyde for 1h, dehydrated with 70%
ethanol, embedded in paraffin and 5 um sections were prepared.
Hematoxylin-eosin staining was performed on each tissue
section derived from the recipient mice, Immunostaining with
mouse anti-human CD19 primary antibody (AbD SeroTec,
Oxford, UK) and Cy3-conjugated donkey anti-mouse secondary
antibody (Jackson Immunoresearch, West Grove, PA, USA) was
performed after dehydration with graded alcohol and antigen
retrieval with heated citrate buffer. Each section was examined
using light microscopy (Zeiss Axiovert 200, Carl Zeiss,
Germany) and laser scanning confocal microscopy (Leica TCS,
Leica, Germany) to identify the infiltrating B-ALL cells.

Serial transplantation

For serial transplantation, either sorted human CD45 +
CD34 +CD38+CD19+ cells or magnetic bead-enriched
human CD34 + cells (Miltenyi Biotec, Germany) were obtained
from the recipient BM and spleen, and 10*-10° purified cells
were intravenously transplanted into newborn NOD/SCID/
IL2ry™" mice. Human engraftment was evaluated in the serially
transplanted recipients at 4-12 weeks post-transplantation.

Statistical analysis

Continuous variables were expressed as mean+s.d. The data
were analyzed by SPSS software version 13.0 (SPSS Inc,,
Chicago, IL, USA).

Phﬁnorypic characterization of primary human B-ALL
cells

It is essential to understand leukemogenesis of B-precursor ALL,
the most common hematological malignancy in children, While
AML-initiating cells and Ph+ ALL-initiating cells are highly
enriched within the CD34 + CD38— population, the signifi-
cance of CD38 expression in B-precursor ALL-initiating cells has
not been clarified. To address this question, we first examined
the phenotypic characteristics of B-precursor ALL cells in three
patient samples. We analyzed the frequency of each fraction
expressing CD34, CD38, CD10 and CD19 antigens by multi-
color flow cytometry (Figure 1), As expected, considerable
heterogeneity in the expression of cell surface antigens was
ohserved in the three patient samples examined. Within the
CD3-CD4-CD8- BM or PB MNC populations, consistent with
the diagnosis of B-precursor ALL, CD34 4+ cells accounted for
90.5+3.6%. CD34+CD38- and CD34 + CD38+ cells ac-
counted for 5.2 + 6.0 and 85.3 £ 7.7%, respectively. In contrast
with normal BM and cord blood samples, CD19+ cells
accounted for 66.9 + 44.4 and 93.1 £ 11.1% of CD34 + CD38-
and CD34+CD38+  populations, respectively.  The
CD34 + CD38-CD10-CD19- subfraction was present in low
frequency (0.18+0.17%) in all three samples tested. The
complete phenotype is shown in Figure 1.
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Figure 1 Phenotypic analysis of primary B-precursor ALL cells. BM (Cases 1 and 3) and PB (Case 2) from three cases of B-precursor ALL were
analyzed for the expressions of CD34 and CD38 within T-cell-depleted MNCs. Within CD34 + CD38- and CD34 +CD38 + populations,
the expression patterns of CD10 and CD19 were analyzed, Three subiractions (CD34 +CD38-CD19+, CD34 4 CD38+ CD19+ and
CD34 +CD38-CD10-CD19- cells) from each sample were transplanted into newbom NOD/SCIDNL2ry™" mice. ALL, acute lymphocytic
leukemia; BM, bone marmow; MNCs, mononuclear cells; PB, peripheral blood; TCD, T-cell-depleted,
Both CD34 + CD38+ CD19+ and and those transplanted with CD34+CD38-CD19+ cells
CD34+ CD38-CD19+ primary human B-ALL cells (Table 1 and Figure 2). The significance of CD38 expression
have long-term engraftment and leukemia-initiating on leukemia-initiating capacity is totally different between adult
capacity AML and pediatric B-precursor ALL.
On the basis of phenotypic characterization above, we
simultaneously purified CD34 +CD38+CD19+, CD34+
CD38-CD19+, CD34+CD38-CD10-CD19- cells from
B-precursor ALL patient BM (Cases 1 and 3) and PB (Case 2),  Transplanted primary human B-ALL cells infiltrate into
and intravenously transplanted these purified populations into  recipient organs
sublethally irradiated NOD/SCIDAL2ry™" newborns, The in-  As we demonstrated leukemia-initiating capacity both in
formation on each recipient is summarized in Table 1. The  CD34+CD38-CD19+ and CD34+CD38+CD19+ cells,
engraftment of human B-ALL cells was monitored by flow  we next performed histological analyses of the recipient organs
cytometric analysis of hCD45 +CD19+ cells in the recipient to examine the infiltration of B-ALL cells in the liver, kidney and
PB. In contrast with previous reports on AML” and Ph4 spleen, In the liver and the kidney, infiliration of monomorphic
ALL,'"™™ the injection of either CD34+CD38-CD19+ or  MNCs was detected with hematoxylin-eosin staining in the
CD34 + CD38 + CD19 + cells resulted in efficient engraftment  recipients transplanted either with CD34 +CD38 + CD19 + or
of human B-ALL (Table 1). The engraftment of B-ALL inthe PBof ~ CD34 + CD38-CD19+ cells derived from all three cases
recipient mice following injection of CD34 + CD38 +CD19 + (Figure 3). When compared with the organs from normal human
cells was seen for long term, with human B-ALL cells being  HSC recipient, there are sheets and clusters of monomarphic
observed to increase over time for up 1o 15 weeks post-  MNCs in the organs of the B-ALL recipients. The infiltrating cells
transplantation, Purified CD34 + CD38-CD10-CD19~ cells  exhibited cellular morphology similar to that of cells engrafted
did not initiate B-ALL in the recipients, but showed engraftment in the spleen. These cells also expressed CD19 on their surface,
of normal human hematopoietic cells. suggesting that they are human B-ALL cells. No infiltrating
When the recipient mice exhibited ruffled fur and lethargy, CD19 + cells were detected in the liver and kidney of the
we killed them to analyze the engraftment levels of human normal human HSC recipient. The degree of infiltration in the
B-ALL in the BM and the spleen, As observed in the PB, BMand  recipients transplanted with CD34 + CD38-CD19 4 cells and
spleen showed efficient engraftment of ALL both in the  those transplanted with CD34+CD38 + CD19 + cells was not
recipients transplanted with CD34+CD38+CD19+ cells  significantly different.
Leukemia
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Table 1 Serial transplantation of primary human B-ALL CD34+4CD38+CD19+ and CD34+CD38-CO19+ cells

Patiant ID Transplart round Graft cadl type Graft cell gose Survwal post- % BM % sl % FB
transplant (wesks) hCD45+CD19+  hCDA5+CD10+  hCD454CD194
(&)
1 Primary 344384184 65E+4 13 83.7 278 ND
344384184 BSE«04 13 748 334 ND
344384184 1.0E+05 15 a3s 46.9 8.7
Secondary 344384184+ 80E+04 12 a7.8 65.3 92,0
34+384 18+ 3.0E+04 n ND ND 95.0
344 20E+05 -] ND ND B9.9
344 2.0E+05 ] 95.7 90.2 428
2 Primary 4438418 50E+03 6 90.9 ND 69.4
344384164 5.0E+04 5 ND ND 738
344384184 5.0E+04 5 899 a4 623
344384 184 B.OE+D4 5 549 108 10.7
Secondary 344384194 3.0E+04 7 B6.3 ar4 60.3
KL 1.0E+04 5 99.6 9.5 92.2
34+ 1.0E+05 4 58,4 89,1 ND
M+ 4,0E+08 4 80.3 833 ND
Tertiary 3+ 1.0E+05 5 ND ND 734
34+ 1.0E+05 4 B8 732 75.3
344 1.0E+06 4 839 722 94.8
344+ 1.0E+08 4 96.1 ar4 84.0
3 Primary 344384104 2.5E+04 10 8.1 are 723
344384194 25E405 7 888 52.7 61.2
34+38+18+ 5.0E+D5 11 291 77 ar.7
34438+ 184 1.0E404 13 a7.9 444 233
34+38-19+ 6.5E404 10 90.0 ND 700
Secondary 344384184 1.0E+05 :] 81.2 ND ND
344384184 1.0E+06 4 ND 4.7 ND
344 1.0E+05 9 728 ND 715
Tartiary 344 1.0E+06 g ND ND 98.2
344 1.0E+05 - ] ND ND 20.3
344 1.0E+06 ¥ 99.7 968.1 2.5
344 1.0E+06 8 88.7 999 56.9
)
1 Primary 34+38-10+ B6.5E404 12 52.4 ar2 ND
34+38-10+ 1.0E+05 13 803 422 76.0
Sacondary 344+ 2.BE405 4 are 293 ND
34+ 2BE+05 4 95.2 999 ND
344 2.8E405 4 B8.B ND ND
344 2.BE+06 4 98.2 293 ND
344 2.BE+08 4 |85 296 ND
34+ 28E+08 4 2a.5 99,1 ND
2 Primary 3443819+ 4,06+04 5 6.0 1.8 1.1
] 34+38-19+ 4,0E+04 5 78 48 11
34+38-18+ 5.0E+03 7 e8.7 776 B5.6
34+38-19+ 5.06+03 7 ND ND B85.7
Secondary 34+ 2.0E+05 4 138 ND ND
I+ 2.0E+05 4 7.6 36.0 ND
34+ 2.0E+05 4 11.0 41.0 ND
34+ 2.0E+05 a8 ars 49.2 47.0
3 Primary 3443818+ B.EE+D4 10 20.0 ND 70.0

Abbreviations: ALL, acute lymphocytic leukemia; BM, bone marrow; ND, not determined; PB, peripheral bicod
P8, BM and spiean angraftment levels in primary, secondary and tertiary recipients from: (a) primary recipients of CDS-‘I+CD33+CD19+ B-ALL cells
and (b) primary recipients of CD344+CD38-CD18+ human B-ALL cells.

Primary human B-ALL CD34+ CD38+ CD19+ cells
possess self-renewal capacity
As the AlLl-initiating capacity and the ability to infiltrate
recipient organs were confirmed in the CD34+CD38+
CD19+ as well as the CD34 +CD38-CD19+ population,
we examined the self-renewal capacity of CD34 +CD38 +

Leukemia

CD19+ and CD34 + CD38-CD19+4 populations by serial
transplantation. From CD34 + CD38+CD19 + recipients, we
intravenously transplanted 1010 sorted CD45 +CD34 +
CD38+CD194 cells or enriched CD34+ cells from the
primary (all three cases) and secondary (Cases 2 and 3)
recipients into secondary and tertiary newborn NOD/SCID/
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Figure 2 Both CD34 + CD38-CD19 4 and CD34 + CD38 + CD19+ B-ALL cells have the ability to reconstitute B-ALL in vivo, Flow cytometric
analyses of BM from representative recipients of each cell fraction from each case are shown. Lefit panels: gated on hCD45 + cells; middle panels:
gated on hCD34 + CD38— cells; right panels: gated on hCD34 +CD38+ cells. For Case 1, 6.5x 10" CD34 +CD38+CD19+ and
CD34 +CDI8-CD19 + were transplanted. For Case 2, 5.0 x 10* CD34 +CD38 +CD19 + and 4.0 x 10* CD34 + CD38-CD19+ cells were
transplanted. For Case 3, 2.5 10° CD34+CD38 +CD19+ and 65 x 10° CD34 4+ CO38-CD19+ cells were transplanted. ALL, acute
lymphocytic leukemia; BM, bone marrow.

LOMLOM-COtH mapent ——

Figure 3 Both CD34 + CD38-C0D19 + and CD34 + CD38 + CD19 + B-ALL cells infiltrate into recipient organs. Hematoxylin-eosin staining and
anti-human CD19 antibody labeling of the liver, kidney and spleen of a recipient transplanted with CD34 + CD38 + CD19 + cells and a recipient
transplanted with CD34 + CO38-CD19 + cells. Similarly stained and labeled liver, kidney and spleen sections from a recipient of normal human
cord blood CD34 + CD38- cells are included as contrals. Nuclei were stained with DAPL. ALL, acute lymphocytic leukemia; DAPI, 4.6
diamidino-2-phenylindole, Scale bars represent 20 um in HE staining and 50 um in CD19 immunostaining
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1L2ry™" recipients. In all the secondary and tertiary recipients,
high levels of hCD45+4CD19+ engraftment were seen
(Table 1a). Similarly, when 2x10°-2.8x10% enriched
CD34 + cells from CD34 4+ CD38-CD19 + primary recipients
(Cases 1 and 2) were transplanted into secondary recipients,
high levels of hCD45+CD19+ engraftment were found
(Table 1b). These findings suggest that CD34 + CD38 + CD19 +
and CD34 4+ CD38-CD19 4 cells not only initiate leukemia,
but also possess self-renewal capacity.

CD34+ CD38—-CD10-CD19— B-ALL cells exhibit
normal multilineage differentiation capacity

In normal hematopoiesis and in AML, the CD34+CD38-
population is highly enriched for self-renewing stem cells.
Transplantation  of  either CD34+CD38-CD19+ or
CD34 4 CD38-CD10-CD19- cells derived from B-ALL BM
resulted in the development of hCD19 + cells in the recipient
PB. However, 7/7 recipients transplanted  with
CD34 +CD38-CD19+ cells died of leukemia, whereas 0/3
transplanted with CD34 + CD38-CD10-CD19- cells deve-
loped disease. While almost all the engrafted CD19 + cells in
the PB of recipients transplanted with CD34 + CD38-CD19 +
cells express CD34 on their surface and lack CD20 and surface
IgM expression, the engrafted CD19+4 cells in the PB of
recipients transplanted with CD34 +CD38-CD10-CD19-
cells express CD20 and surface IgM, not CD34, on their surface
{Figure 4). In addition, human myeloid and platelet develop-
ment is also detected only in the recipients transplanted
with CD34 +CD38-CD10-CD19-  cells  (Figure 4).
CD34 +CD38-CD10-CD19- cells derived from B-ALL BM
cells are highly enriched with normal HSCs, suggesting that the
expression of CD19 distinguish LICs from normal HSCs within
the CD34 + CD38— population.

Discussion

We have recently established the newborn NOD/SCIDAL2ry™"
mouse transplantation model that supports significantly higher
engraftment levels of human normal HSCs and prlrnalT AML
stem cells compared with the NOD/SCID/B2m™!" mice.'2'? In
this study, we describe the efficient engraftment of primary
human pediatric B-precursor ALL using the newborn NODY
SCIDAL2ry™" mouse transplantation model. This is the first
report that purified CD34+CD38 4+ CD19+ ALL cells effi-
ciently engraft, initiate leukemia, and seli-renew in vivo.
Although only three individual patient samples were analyzed,
the consistent engraftment in primary and secondary recipients
by CD34 +CD38 + CD19 + cells provides new insights into the
leukemogenesis of ALL.

Previous studies have described the engraftment of purified
primal;}r B-ALL cells in adult NOD/SCID recipients. Cobaleda
et al."" demonstrated that CD34 + CD38- Ph+ ALL cells, but
not CD34 + CD38 + cells, engrafted and initiated leukemia in
adult NOD/SCID recipients. In contrast, in pediatric B-precursor
ALL, we found that the CD34 4+ CD38 + CD19 + ALL cells, as
well as CD34 + CD38-CD19 + cells, are able to efficiently
engraft, infiltrate into non-hematopoietic organs and self-renew
in vivo, B-precursor ALL and Ph+ ALL have distinct biological
and clinical characteristics, as the former is the most common
leukemia in the pediatric population and the latter is more
common in adults. The finding that the hierarchical structure of
B-precursor ALL, as defined by the surface phenotype of L5Cs, is
distinct from that of Ph+ ALL may reflect the biological
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Figure 4 (D344 CD38-CD10-CD19- B-ALL cells show multi-
lineage normal hematopoietic diff lation in vivo. Rep i

flow cytometric analysis of PB mononuclear cells demaonstrating that
the majority of human CD45+CD19+ cells in a representative
recipient of CD34 +CD3B-CD19+ B-ALL cells express CD34
but lack €D20, CD10 and surface IgM expression. In contrast,
mature human B cells, myeloid cells and platelets can be detected
in a representative recipient transplanted with 2.0x 10"
CD34 + CD38-CD10-CD19~ cells at 4 months post-transplantation.
ALL, acute lymphocytic leukemia; Mono/DC, monocytes and den-
dritic cells; Neu, neutrophils; PB, peripheral blood; plt, platelets.

differences between these two types of lymphoid malignancy.
In particular, CD34+CD38+CD19+ cells predominantly
reproduced themselves, rather than giving rise to heterogenous
cell fraction such as CD34 + CD38—-CD19+ or CD34- ALl
cells. As FACS discrimination gate border between CD38- and
CD38 + cells within CD34 + fraction is not clearly delineated,
it is not possible to totally exclude the possibility of contamina-
tion even with high levels of purity achieved with cell sorting.
Additionally, limiting dilution and serial transplantation studies
are required to fully define the differences between these
€D34 +CD38-CD19 4 and CD34 +CD38+CD19+ popula-
tions in B-precursor ALL. In addition, whether there are
differences in the LIC phenotype and the function between
these two subtypes of B-ALL remains to be determined. LICs in



other subtypes of ALL (for example, Ph+ ALL and mature
B-ALL) and various subtypes of B-precursor ALL, based on genetic
abnormalities, need to be examined in the NDD!SCID.-’IurY"""
newborn transplantation model to address this question.

In this study, we have successfully demonstrated that in
human primary B-ALL, CD38 expression is irrelevant in defining
a leukemogenic population, but rather the presence or absence
of CD19 segregates the populations with malignant or normal
repopulating capacity within the CD34 + CD38- cell popula-
tion. The role of CD19 as a marker to identify the clonogenic
B-ALL precursor cells has been examined in the past. In t{4;11)-
positive and 1(9;22)-positive  high-risk pediatric ALL, the
leukemia-specific  translocations have been identified in
CD34 +CD19~ as well as CD34+CD19+ ALL cells.”” The
reconstitution of the myeloid lineage occurring from the purified
CD19~, but not CD19 +, cells has been reported in TEL-AML1
fusion-positive and Ph+ ALL.' * Similarly, only CD34 + CD19~
and CD34 + CD10- cells were found to engraft when sorted
populations from 19;22) and t(4;11)-negative B- -precursor
ALL were transplanted into NOD/SCID recipients.” Here,
we repon the reconstitution of mature human B cell and
human platelets in addition to myeloid cells from
CD34 +CD38-CD10-CD19~ primary human B-ALL cells,
The discrepancy in the engraftment and proliferation of normal
myeloid as well as lymphoid lineages in these studies, compared
with that in our findings, may be due to the superior sensitivity
of engraftmenl and capacity for normal human hematopoietic
development in the newborn NoD/scIDAL 2™ transplanta-
tion system. Although a previous publication has raised a
concern for the possibility of LSC contamination in autologous
stem cell graft in ALL'® our finding suggests that by
CD34 + CD38-CD10-CD19~ purification, the potential con-
tamination of autologous stem cell graft by B-ALL LSCs may be
avoidable.

The finding that it is possible for both CD34+
CD38+CD19+ and CD34 +CD38-CD19+ cells to act as
the LICs in B-precursor ALL may be an important pathophysio-
logical difference between AML and ALL. Delineation of the
molecular basis of these differences between CD34 +CD38—
and CD34 +CD38 + B-AlL-initiating cells may allow us to
develop targeted therapy specific for primitive LICs that elude
current antileukemia treatment strategies.
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