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ABSTRACT
HOX transcription factors play important roles in the self-
renewal of hematopoietic cells. HOX proteins interact with
the non-HOX homeobox protein PBX1 to regulate, both
positively and negatively, the expression of target genes. In
this study, we synthesized a decoy peptide containing the
YPWM meotif from HOX proteins {decoy HOX [decHOX)),
which was predicted to act as a HOX mimetic, and analyzed
its effects on self-renewal of human cord blood CD34™ cells.
We were able to deliver decHOX into approximately 70% of
CD34™ cells. By examining the expression of HOX target
genes c-myc and p2IYP! we confirmed that decHOX
nhanced HOX functions. After 7 days of culture in serum-
free medium containing a cytokine cocktail, cultures treated

with decHOX had approximately twofold-increased num-
bers of CD34™ cells and primitive multipotent progenitor
cells compared with control cells. Furthermore, decHOX-
treated cells reconstituted hematopoiesis in nonobese diabetic/
severe combined immunodeficiency mice more rapidly and
more effectively (more than twofold greater efficiency, as
determined by a limiting dilution method) than control cells.
decHOX-ireated cells were also able to repopulate second-
ary recipients. Together, these results indicate that in
combination with growth factors and/or other ap-
proaches, decHOX might be a useful new tool for the ex
vive expansion of hematopoietic stem/progenitor cells.
STEM CELLS 2006;24:2592-2602

INTRODUCTION

Human umbilical cord blood (CB) is a useful source of hema-
topoietic stem cells (HSCs) for transplantation. In fact, during
the last few years, an increasing number of patients have re-
ceived CB transplants [1]. However, clinical applications of CB
are inevitably limited by the fact that the number of HSCs in
each CB sample is insufficient for many adult patients. Also,
compared with transplantation of HSCs from the bone marrow
or HSCs mobilized into peripheral blood, the recovery of he-
matopoiesis is rather delayed in patients receiving CB trans-
plants, partly because of the insufficient number of transplanted
HSCs and progenitor cells and the persistent quiescence of CB
HSCs that sometimes accompanies lethal complications [1].
Therefore, it is of particular interest to expand CB HSCs ex vivo
and to develop strategies for hastening hematopoietic recovery
after CB transplantation in vivo [2]. Regarding strategies for ex
vivo expansion, the most important problem is to preserve the

functions and properties of HSCs, that is, self-renewal and
multipotency, during culturing. At present, the use of cytokines
is the most promising and practical strategy for this purpose. To
establish the culture conditions most suitable for expansion of
HSCs, a2 number of investigators have used various cytokine
combinations {2, 3]. When their effects were compared by
long-term reconstitution assays in transplanted mice, the com-
bination of stem cell factor (SCF), FLT3 ligand (FL), thrombo-
poietin (TPO), and IL-6/soluble IL-6 receptor (SIL-6R) was
found to expand HSCs most efficiently, with a 4.2-fold increase
in severe combined immunodeficient (SCID)-repopulating cells
(SRC) [4]. Several patients have received the transplantation
with cytokine-expanded CB HSCs, and these cells were trans-
planted without serious toxicities [5, 6]. However, although
increased numbers of infused CB HSCs were shown to correlate
with good outcomes, cytokine-expanded CB HSCs did not
shorten the nadir period after transplantation, indicating the
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limited usefulness of cytokines for ex vivo expansion of CB
HSCs. Thus, further improvement in ex vivo expansion proce-
dures is necessary to prepare more efficient HSCs.

During the last few years, several molecules that can con-
tribute to HSC self-renewal have been identified and character-
ized. These include external signaling molecules such as Wnt
[7-10], bone morphogenic protein (BMP) [11], Sonic hedgehog
(SHH) [12], and Notch ligands [13-15]. Furthermore, endoge-
nous transcriptional modulators such as HOXB4 and Bmi-1
have been shown to be important for HSC self-renewal [16-18].
Among these, HOXB4 is of particular interest because it pro-
motes prominent expansion of HSCs without causing leukemia.
When HOXB4 was introduced into murine or human HSCs by
gene transfer or protein delivery, these HSCs could be expanded
without losing their normal potentials for differentiation into all
lineages and for long-term repopulation, with a few exceptions
[16, 19-22]. In addition to HOXB4, other HOX homeobox
transcription factors play important roles in the proliferation and
differentiation of hematopoietic cells [23, 24]. For example,
HOXAZ9 regulates HSCs by mediating the expression of a va-
riety of gene families [25, 26]. HOXAS5/A10 and HOXB6
induce differentiation toward the myelomonocytic or ery-
throid lineage, respectively [27-30]. Furthermore, other
HOX transcription factors, especially paralogous groups
from A, B, and C, are expressed in normal hematopoietic
cells; however, their physiological functions have not been
elucidated. :

HOX proteins have been demonstrated to interact with non-
HOX homeobox family proteins (i.e., PBX and MEIS) at the
DNA sequence 5'-TGATNNAT(G/A)YG/T)-3' in the regulatory
region of target genes [31, 32]. These protein complexes regu-
late target gene expression both positively and negatively, de-
pendent on binding to coactivators or corepressors such as
CBP/p300, histone deacetylases, or NcoR/SMRT [33-36]. For a
subset of HOX proteins, the formation of a HOX-PBX-DNA
ternary complex is mediated through both the HOX homeodo-
main and a short, conserved YPWM motif located just upstream
of the HOX homeodomain [37, 38]. The interaction between the
YPWM motif of HOX and the third a-helix in the homeodo-
main of PBX1 is thought to modify HOX-PBX1 DNA-binding
affinity and transcriptional activity [39-41]. In addition, it was
reported that PBX1 expressed in HSCs is a negative regulator of
HOXB4-mediated self-renewal of HSCs [42]. Consistent with
this report, a very recent study demonstrated that although
DNA-binding activities are necessary for HOXB4 to expand
HSCs ex vivo, the interaction with PBX1 is dispensable for this
function [43].

In an attempt to expand potent CB HSCs with high
efficiency, we synthesized a peptide containing the YPWM
motif from HOX, which was predicted to modify HOX func-
tion by inhibiting binding between the YPWM motif in
endogenous HOX and the PBX1 homeodomain. Here we
show that this decoy HOX (decHOX) peptide augments the
cytokine-dependent ex vivo expansion of CD34-positive he-
matopoietic stem/progenitor cells (CD34* hHSCs/HPCs),
and these cells have the ability to reconstitute hematopoi-
esis more effectively and rapidly in mice that received
transplants.

www.StemCells.com

MATERIALS AND METHODS

Peptide Synthesis

Peptides were synthesized at Greiner Bio-One (Tokyo, Japan,
http://www.gbo.com/en) with purities of more than 95%. Syn-
thetic peptides were lyophilized and stored at —20°C until use.

Reagents and Antibodies

Recombinant human SCF, TPO, IL-6, and sIL-6R were pro-
vided by Kirin Brewery (Tokyo, Japan, http://www kirin.co.jp/
english/). Recombinant human FL. was purchased from R&D
Systems Inc. (Minneapolis, http://www.rndsystems.com). Anti-
asialo-GM1 antibody (Ab) was purchased from Wako Chemical
(Osaka, Japan, http://www.wako-chem.co.jp/english). Antibod-
ies (Abs) against HOXB4 (N-18) and PBX! (P-20) were pur-
chased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
http://www .scbt.com).

Plasmids
The expression vectors for HOXB4 and PBX1 were kindly

provided by Dr. R. X. Humphries (British Columbia Cancer
Agency, Vancouver, BC, Canada) and Dr. M. Featherstone
(McGill University, Montreal, QC, Canada), respectively.

Preparation of Glutathione S-Transierase

Fusion Proteins

Mutants of PBX1 were generated by polymerase chain reac-
tion (PCR) and subcloned into pGEX-5X-1 (GE Healthcare
Bio-science Corp., Piscataway, NJ, http://www.gehealthcare.
com). Glutathione S-tiansferase (GST)-PBX1 fusion proteins
were produced in Escherichia coli and purified as described
previously [44].

In Vitre Binding Assays Using the BIAcore System

To assess in vitro binding between decHOX and PBX1, we used
the BlAcore system (Biacore AB, Uppsala, Sweden, http://
www.biacore.com/lifesciences/index.html). The details of this
system are described elsewhere [45]. Briefly, we immobilized
decHOX on the surface of CMS5 sensor chips. Solution contain-
ing each GST-PBX1 fusion protein was injected over the sensor
chips. Binding kinetics were monitored by changes in the weight
of sensor chips and evaluated as arbitrary resonance units (RUs).

Mice

Nonobese diabetic/Shi-severe combined immunodeficient
{(NOD/SCID) mice, which lack mature lymphocytes and circu-
lating complement proteins and have defective macrophages,
were obtained from Jlackson Laboratory (Bar Harbor, ME,
http://www jax.org). The mice were kept in microisolator cages
on laminar flow racks in a clean experiment room and fed an
irradiated, sterile diet and autoclaved, acidified water. Animal
care was in accordance with institutional guidelines.

Cell Preparation
Human umbilical CB was obtained from normal, full-term de-

liveries upon obtaining informed consent. After sedimentation
of the red blood cells with 6% hydroxyethy! starch (HES),
mononuclear cells (MNCs) were separated by Ficoll-Hypaque
density gradient centrifugation. CD34™ cells were purified from
MNCs using 2a MACS Direct CD34 Progenitor Cell Isolation Kit
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(Miltenyi Biotec, Bergisch Gladbach, Germany, http://www.
miltenyibiotec.com). After purification, over 95% of the sepa-
rated cells were confirmed to be CD34" by flow cytometric
analysis (data not shown). Each experiment was performed with
cord blood CD34™ cells derived from the same sample.

Suspension Cultures
Purified CD34™ cells were seeded at a cell density of 1-2 X 10*

cells per milliliter in 24-well tissue plates (Falcon, Becton,
Dickinson and Company, Franklin Lakes, NJ, http://www.bd.
com) with QBSF-60 serum-free medium (Quality Biological,
Inc., Gaithersburg, MD, http://www.qualitybiological.com) con-
taining SCF (100 ng/ml), FL (100 ng/ml), TPO (10 ng/mi), IL-6
(100 ng/nil), and sIL-6R (100 ng/ml). Cells were cultured in
humidified air with 5% CO, at 37°C.

Protein Delivery
Synthetic peptides were delivered into 293T and CB CD34™

cells using the Profect Protein Delivery System (Targeting Sys-
tems, Santee, CA, http://www.targetingsystems.com) according
to the manufacturer’s instructions.

Colony Assays
Cells were seeded into methylcellulose medium (MethoCult GF

H4434V; Stem Cell Technologies, Vancouver, BC, Canada,
http://www.stemcell.com) at a density of 2.5 X 107 cells per
35-mm dish and were cultured with 5% CO, at 37°C. All
cultures were performed in triplicate, and the numbers of colo-
nies were counted after 10 days.

Reconstitution Assays Using NOD/SCID Mice
Transplantation assays using NOD/SCID mice were performed
according to procedures described previously [4] with some
modifications. Briefly, 6—8-week-old NOD/SCID mice were
total-body irradiated (TBI) with a dose of 2.4 Gy (60 Co) and
then transplanted with the whole of peptide-treated cells or 2 X
10* freshly isolated CD34™ cells through the tail vein. Because
natural killer cell activity is retained in NOD/Shi-scid mice, the
recipients were injected i.p. with 400 ul of phosphate-buffered
saline containing 20 pl of anti-asialo-GM1 Ab immediately
before cell transplantation. Identical freatments were performed
on days 7 and 14. The proportion of reconstituted human cells
in peripheral blood (PB) or bone marrow (BM) was assessed by
flow cytometry with the anti-human CD45 Ab. For secondary
transplantations, bone marrow cells were obtained from tibiae
and femurs of the first mice that received transplants 12 weeks
after transplantation, and 0.5 X 107 total bone marrow chimeric
cells were injected into secondary NOD/SCID recipients sub-
jected to immunosuppressive treatment before and after trans-
plantation as described above (n = 5). Six weeks after trans-
plantation, the presence of transplanted human cells in recipient
BM was confirmed by flow cytometry as described above.

Limiting Dilution Analysis

The frequencies of human HSCs that were capable of repopu-
lating in NOD/SCID mice in freshly isolated CB CD34™ cells
and peptide-treated cells were quantified by a limiting dilution
analysis as described previously [46-48]. In this analysis, to
avoid graft rejection, the recipients were treated with TBI in
combination with anti-asialo-GM1 Ab immediately before and
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after transplantation (days 7, 14, 21, and 28). Data from several
limiting dilution experiments were pooled and analyzed by
applying Poisson statistics to the single-hit model. Frequencies
were calculated using the maximum likelihood estimator.

Luciferase Assays

The details of the —1,137-c-myc-Luc vector, containing a 1,653-
base pair (bp) fragment of the c-myc promoter (1,137 to +516),
were described previously [49]. To construct 3 X HB4(-316)-Luc
and 3 X HB4(-72)-Luc, three tandem repeats of HOXB4-respon-
sive elements at the indicated positions in the insulin-like growth
factor-binding protein (IGFBP)-1 promoter were subcloned into
pGL3 basic-TK-Luc. The sequences of the HOXB4-responsive
elements were as follows: HB4(-316), 5'-CTTGTGTCAATTA-
AAGA and HB4(-72), 5'-GCGCTGCCCAATCATTAA. Lucif-
erase assays were performed with a Dual-Luciferase Reporter Sys-
tem (Promega, Madison, WI, http:///www promega.com) as
previously described [50]. Briefly, 293T cells (2 X 10° cells) were
seeded in a 60-mm dish and cultured for 24 hours. Using the
calcium phosphate coprecipitation method, cells were transfected
with 6 ug of pcDNA3-HOXB4 alone or in combination with 6 ug
of pCS2-PBXla, along with 2 pg of reporter gene and 10 ng of
pRL-CMV, a Renilla luciferase expression vector. After 12 hours,
cells were washed, serum-starved for 24 hours, and subjected to
luciferase assays. In some experiments, various doses of synthetic
peptides were delivered into 293T cells 24 hours prior to luciferase
assays.

Electrophoretic Mobility Shift Assay

Electrophoretic mobility shift assay (EMSA) was performed
as previously described [51]. The double-stranded oligonu-
cleotide HB4(-316) (described above) was used as a probe or
competitor.

Semiguantitative Reverse Transcription

PCR Analysis
Total RNA was isolated from 5 X 10* cells using a Concert

Micro-to-Midi Total RNA Purification System (Invitrogen,
Carlsbad, CA, http://www.invitrogen.com). Reverse transcrip-
tion PCR (RT-PCR) was performed using a SuperScript One-
Step RT-PCR system (Invitrogen) according to the manufactur-
er’s instructions with forward/reverse primer sets as follows:
c-mye, 5'-CTT CTG CTG GAG GCC ACA GCA AAC CTC
CTC and 5'-CCA ACT CCG GGA TCT GGT CAC GCA GGG;
p21vaflieirl 5T ACA GCA GAG GAA GAC CAT GT and
5'-GGT ATG TAC ATG AGG AGC TG; and B-actin, 5'-GGC
GGC AAC ACC ATG TAC CCT and 5'-AGG GGC CGG ACT
CGT CAT ACT.

Chromatin Immunoprecipitation Assays
Chromatin immunoprecipitation (ChIP) assays were performed
with a ChIP Assay Kit (Upstate, Charlottesville, VA, http://
www.upstate.com). Briefly, after transfection with various ex-
pression vectors, 293T cells were fixed with 1% formaldehyde.
After isolation of nuclear extract, the chromatin was sonicated.
Then, protein-DNA complexes were immunoprecipitated with 2
g of anti-PBX1, anti-HOXB4, or anti-actin Ab. Immunopre-
cipitated DNA was eluted and subjected to PCR analysis with
the following primer pair to amplify 420 bp of the human
IGFBP-1 promoter (M59316): forward primer, 5'-GGC ATT
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Tanaka, Matsumura, Itoh et al.

A FFLdecHOX $1.W. 305259

SEFL-NH- SPK!{KRK'V’EAQASGLV PRGSH[VYPWMR]- CONHZ
NLE of V40 Hnker

SCPL.RC IV, 320460

SGWL-NH- SPK}(KRKVERQASGLV?RGS_{ EiINEX;.:‘:f-CGNHZ

. Borodomain
G8T ml 233 284 433
GET-PENIFL & 0071 1
GET-PEXIHD 73 o

GST-PBNT de CRITTIImmTITTIITD

@ 148

infetion polnt
e g N N JR—
Hinsding ; iz istim s GRTPENIFL
™ B yres
we - 1 e GSTPEX 480
g o ]
E e E%
§ 4 %
g_ & f il
Y
= e g’ | I
; i -
P i ] AU
2,,,./»’" ”"nﬂ/" [ N UUT |
i o ] .
& “”Tﬁ‘ % Thas t2Q
% 168 369
-3 sazpie R contant with s face

-4

Figure 1. Binding of decHOX to GST-PBX1. (A): The structures of
the 5'-FL synthetic peptides 5'-FL-decHOX and 5'-FL-NC are indi-
cated. (B): GST-PBX1 fusion proteins expressed in E. coli were purified
by glutathione-Sepharose 4B beads, and their qualities and quantities
were confirmed by Coomassie staining. (C): In vitro binding of GST-
PBX1 to decHOX evaluated by the BlAcore system, with decHOX
attached to the sensor chip. To examine the kinetics of the binding and
dissociation, various GST-PBX1 proteins were injected onto the sensor
chip for 180 seconds and then washed with HEPES-buffered saline for
180 seconds. Abbreviations: decHOX, decoy HOX; delC, C-terminal
deletion; FL., fluorescein: GST, glutathione S-transferase; HD, ho-
meobox domain; M.W., molecular weight; NC, negative control; NH
NLS, nuclear localization signal; RU, resonance unit.

GTT TTC TGC GTT TGA GAA CTG CTG; reverse primer,
5-CTG GAC ACA GCG CGC ACC TTA TAA AGG GCA.
After electrophoresis, PCR products were visualized with
ethidium bromide staining.

Statistical Analysis
Data are presented as mean * SEM or mean *= SD. The

statistical significance of the data was determined by the Mann-
Whitney U test or Student’s ¢ test. The significance level was set
at .05.

RESULTS

The Synthetic Peptide decHOX Binds Directly to the
Homeodomain of PBX1

In this study, we attempted to expand CB CD34* hHSC/HPCs
by modifying the function of HOX family proteins. For this
purpose, we designed and synthesized a peptide designated
decHOX, which was expected to inhibit the interaction between
HOX and PBX1. decHOX contains the YPWM motif of HOX,
used for its cooperative interaction with PBX1 [36, 37], and the
nuclear localization signal (NLS) of the SV40 large T antigen
(Fig. 1A) [52]. The negative control (NC) peptide contains the
unrelated amino acid sequence CINEVA. To evaluate the effi-

www.StemCells.com
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ciency of peptide delivery into CB CD34™ hHSC/HPCs and the
subsequent kinetics, FL protein was conjugated to the N termini
of both peptides.

First, we examined in vitro binding between decHOX and
several GST-PBX1 fusion proteins using the BIAcore system. In
this system, the analyte protein is injected onto the sensor chip,
the surface of which is covered by the immobilized partner
ligand. Binding of the ligand to the analyte is monitored by an
increase in arbitrary RUs. Prior to this analysis, we purified
several GST-PBX1 fusion proteins (Fig. 1B, left panel) and
confirmed their qualities and quantities by Coomassie Brilliant
Blue staining (Fig. 1B, right panel). Injection of either GST-
full-length PBX1 protein (GST-PBX1 FL) or GST-PBX1 ho-
meobox domain (HD) protein (GST-PBX1 HD) over the
decHOX surface resulted in a significant increase in RUs with a
fapse of 3 minutes for the binding reaction (Fig. 1C), and these
signals increased in a dose-dependent manner (data not shown).
In contrast, GST alone and GST-PBX1 delC (lacking the HD)
did not bind appreciably to decHOX. After the binding reaction,
we injected HEPES-buffered saline for 180 seconds. During this
dissociation reaction, GST-PBX1 HD bound to decHOX more
stably than GST-PBX1 FL (Fig. 1C). These results suggest that
GST-PBX! FL and GST-PBX1 HD bind to decHOX, probably
through HD.

decHOX Can Modulate the Transcriptional Activity

of HOX-PBX
To assess the effects of decHOX on HOX-PBX-mediated gene

expression, we performed luciferase assays with three types of
reporter genes for HOXB4, one containing the c-myc promoter
(-1,137-c-myc-Luc) and the other two containing IGFBP-1 pro-
moters (3 X HB4[-316]-Luc and 3 X HB4{-72]-Luc) as re-
sponsive elements, as described previously [49, 53]. Although
HOXB4 activated ~1,137-c-myc-Luc 5.2-fold in 293T cells,
PBX1 suppressed this induction (Fig. 2B). However, this inhib-
itory effect of PBX 1 was decreased in a dose-dependent manner
by pretreatment with decHOX. Similar responses were observed
in assays using 3 X HB4(-316)-Luc and 3 X HB4(-72)-Luc
(Fig. 2B). These results indicate that decHOX can enhance the
activity of HOXB4 that is suppressed by PBX1.

In a previous study using EMSA, mutant HOX proteins that
cannot bind to PBX1 were shown to have defects in DNA-
binding activities [39—~41]. In contrast, it was reported that the
interaction with PBX1 is not necessary for HOXB4 to induce
HSC self-renewal [43]. Because decHOX was designed to in-
hibit the interaction between HOX and PBX1, we evaluated the
effect of decHOX on the DNA-binding activity of HOXB4-
PBX1 using EMSA. For this purpose, we transfected 293T cells
with wild-type (WT) HOXB4 or mutant HOXB4 harboring a
WM~— AA mutation in the YPWM motif (designated HOXB4
AA; Fig. 2C). Protein(s) in nuclear extracts from 293T cells trans-
fected with PBX1 and HOXB4 WT bound to the HB4(-316) probe
(Fig. 2C, lane 2). This band was abolished by WT DNA competitor
(Fig. 2C, lane 3) but not by mutant (mt) competitor (Fig. 2C, lane
4), implying that it contains the HOXB4 WT-PBX1 complex. In
contrast, proteins in the nuclear extract from HOXB4 AA-trans-
fected cells scarcely bound to the probe, indicating the importance
of the YPWM motif for the DNA-binding activity of HOXB4-
PBX1 (Fig. 2C, lane 5). Also, pretreatment with decHOX inhibited
DNA binding of the HOXB4 WT-PBX1 complex in a dose-
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Figure 2. Effects of decHOX on DNA-binding and transcriptional
activities of the HOX/PBX complex. (A): To construct —1,137-c-myc-
Luc, a 1,653-base pair fragment of the c-myc promoter (-1137 to +516)
was subcloned into the plasmid pSP72-Luciferase [47]. To generate 3 X
HB4(-316)-Luc and 3 X HB4(-72)-Luc, three tandem repeats of
HOXB4-responsive elements in the IGFBP-1 promoter at the indicated
locations were subcloned into TK-pGL3 basic-Luc at just upstream of
the murine minimal TK promoter linked to the firefly luciferase gene,
and their sequences were as indicated. (B): 293T cells (2 X 10° cells)
seeded in a 60-mm dish were transfected with 6 ug of pcDNA3-HOXB4
alone or in combination with 6 ug of pCS2-PBX1a along with 2 ug of
reporter gene and 10 ng of pRL-CMV. After 12 hours, cells were
washed, serum-starved for 24 hours, and subjected to luciferase assays
using a Dual Luciferase Reporter Assay System. In some experiments,
various doses of synthetic peptides were delivered into 293T cells 24
hours prior to luciferase assays. Results are shown as mean = SD of
triplicate cultures. (C): 293T cells were transfected with PBX1 together
with HOXB4 WT or HOXB4 AA. After 36 hours, nuclear extract was
isolated and subjected to electrophoretic mobility shift assay (EMSA)
with probes of 3 X HB4(-316). In competition assays, a 200-fold excess
of unlabeled wt or mt competitor oligonucleotide was added to the
binding mixture. In some experiments, various doses of synthetic pep-
tides were delivered into 293T cells 24 hours prior to EMSA. (B): 293T
cells transfected with the indicated expression vectors were fixed with
1% formaldehyde. After the isolation of the nuclear extract, chromatin
was sonicated. Then, protein-DNA-binding complexes were immuno-
precipitated with the 2 ug of the indicated antibodies. Immunoprecipi-
tated DNA was subjected to polymerase chain reaction (PCR) analysis
with a primer pair that amplifies 420 base pairs of the human IGFBP-1
promoter. PCR products were electrophoresed onto the agarose gel and
visualized with ethidiam bromide staining. Abbreviations: decHOX,
decoy HOX; IGFBP-1, insulin-like growth factor-binding protein; IP,
immunoprecipitation; mt, mutant; WT, wild type.

dependent manner (Fig. 2C, Lanes 6 and 7). These results suggest
that decHOX inhibits the interaction between HOXB4 and PBX1
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in the ex vivo EMSA binding experiment, thereby suppressing the
DNA-binding activity of the HOXB4 WT-PBX1 complex. How-
ever, in ChIP assays, which reflect the in vivo DNA-binding state
of transcription factors more precisely than EMSA, the HOXB4
AA-PBX1 complex bound to the endogenous IGFBP-1 promoter
as efficiently as the HOXB4 WT-PBX1 complex (Fig. 2D, top and
second panels, lane 4 vs. lane 5). Also, decHOX barely influenced
the DNA-binding activity of the HOXB4 WT-PBX1 complex (Fig.
2D, top and second panels, lane 4 vs. lane 6). Furthermore, we
obtained similar results from ChIP assays using two additional
primer sets that amplify different sites in the IGFBP-1 promoter
(data not shown). From these results, we speculated that HOXB4 is
capable of binding to DNA regardless of its interaction with PBX1.
However, since we found that PBX1 bound to target DNA in the
presence of HOXB4 AA, it is also possible that the YPWM is not
required for the interaction between HOXB4 and PBX1. Because
the latter speculation is inconsistent with several previous reports
indicating the essential role of the YPWM motif in the interaction
between HOXB4 and PBX1 [37, 38], further studies using several
endogenous promoter sequences will be required to draw a definite
conclusion.

decHOX Is Efficiently Delivered into CB CD34"

and Colocalizes with PBX1
Next, we introduced 5’-FL-decHOX into CB CD34* hHSC/

HPCs and analyzed the efficiency of delivery by examining
fluorescein intensity with flow cytometry. CD34" hHSC/HPCs
were isolated from CB using AutoMACS and cultured in
QBSF-60 serum-free medium containing SCF, FL, TPO, IL-6,
and sIL-6R. After cuituring for 24 hours, FL-decHOX or FL-NC
was delivered into CD34™ cells using the Profect Protein De-
livery System. Immediately after delivery (day O; total culture
day 2), 76.2% of CB CD34™ cells were fluorescein-positive
(Fig. 3A). Fluorescein intensity decreased with time in culture
and was scarcely detectable at day 7. This result suggested that
the direct influence of decHOX on CD34" hHSC/HPCs is
limited to 7 days.

Next, we examined the subcellular localizations of PBXI,
decHOX, and the NC peptide in hHSC/HPCs using fluorescent
microscopy. Forty-eight hours after peptide delivery, both pep-
tides were predominantly detected in the nucleus because of the
respective nuclear localization signals. In NC-delivered cells,
PBX1 was mainly localized in the cytosol (Fig. 3B, upper
panel). On the other hand, in decHOX-delivered cells, PBX1
colocalized with decHOX in the nucleus (Fig. 3B, lower panel).
These results suggested that decHOX could interact with PBX1
and colocalized with PBX1 in the nucleus.

decHOX Can Modulate HOX/PBX-Mediated Gene
Expression in CB hHSC/HPCs

PBX1 is known to modulate the function of HOX proteins both
positively and negatively [30, 32, 33]. For example, HOXB4
induces the expression of c-myc in HSCs, and this effect is
suppressed by PBX1. On the other hand, HOXA 10-mediated
expression of p21¥* /! i5 enhanced by PBX1 in myelomono-
cytic progenitors [28]. To assess the effects of decHOX on the
function of HOX proteins in CB cells, we examined the expres-
sion of these two target genes. First, to characterize
CD347CD38" and CD34"CD38™ cells after the ex vivo ex-
pansion, we sorted these cells after 9 days in culture and
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Figure 3. Expression and intracellular localization of decHOX in
hHSC/HPCs. (A): FL-decHOX was transferred into CD34" cells by the
Profect Protein Delivery System, and fluorescence intensity was as-
sessed by flow cytometry at the indicated times. (B): Cytospin prepa-
rations of the FL-NC (upper panel)- or FL-decHOX (lower panel)-
delivered CD34" cells were fixed, permeabilized, and incubated with a
rabbit anti-human PBX1 antibody (Ab) for 1 hour and then with the
anti-rabbit IgG Ab AlexaFluor 546. Cells were rinsed with phosphate-
buffered saline containing Hoechst 33342, The stained cells were ob-
served under a confocal laser microscope. Abbreviations: decHOX,
decoy HOX; MFI, mean fluorescence intensity; NC, negative control.

performed methylcellulose colony assays (Fig. 4A). It was re-
ported that CD347CD38 cells can develop from
CD34"CD38™ cells through the loss of CD38 expression during
culturing with cytokines [54]. We found that the primitive
colony, mixed hematopoietic colony-forming unit (CFU-
Mix) was formed from CD34%CD387 cells but not from
CD34*CD38% cells. Therefore, we supposed that
CD34+CD38~ cells were more primitive than the CD347CD387
cells that developed after ex vivo culturing. Next, we treated CB
CD34" cells with 5'-FL-decHOX, cultured for 48 hours, and
subjected them to flow cytometric analysis. At that point, 43.1%
of the cultured cells were fluorescein*CD38", 30.5% were
fluoresceintCD38~, 7.82% were fluorescein”CD38", and
18.2% were fluorescein “CD38~ (Fig. 4C). Then, we sorted the
cells from each fraction and subjected them to semiquantitative
RT-PCR analysis. In the CD347CD38~ immature cell fraction,
c-myc expression was increased in the decHOX-delivered fluo-
rescein™ fraction compared with the fluorescein™ control frac-
tion (Fig. 4D, top panel, lane 1 vs. lane 3). Conversely, in the
CD34*CD38* mature fraction, the expression of p21™*f!/®!
was decreased in the fluorescein™ fraction compared with the
fluorescein™ fraction (Fig. 4D, middle panel, lane 2 vs. lane 4).
Together, these results suggest that decHOX binds to PBX1 as
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Figure 4. Effects of decoy HOX (decHOX) on target gene expression
in hHSC/HPCs. Cord blood (CB) CD34* cells were cultured in
QBSF-60 serum-free medium containing cytokines (stem cell factor,
100 ng/ml; fluorescein [FL], 100 ng/ml; TPO, 10 ng/ml; IL-6, 100
ng/ml; and sIL-6R, 100 ng/ml) for 9 days. (A): Before and after
culturing, the expression of CD34 and CD38 were examined by flow
cytometry. (B): After culturing, CD34*CD38~ and CD34*CD38™ cells
were sorted and subjected to colony assays. (C): CB CD34™ cells were
treated with FL-decHOX for 48 hours, and then CD38 and fluorescein
expression was examined by flow cytometry. (D): Cells from each
fraction were sorted and subjected to RT-PCR analysis. Abbreviations:
APC, allophycocyanin; CFU-GM, colony-forming unit-granulocyte/
monocyte precursor; CFU-mix, mixed hematopoietic colony-forming
unit.

a HOX decoy and cancels both the positive and negative effects
of PBX1 on HOX proteins in CD34* hHSC/HPCs.

decHOX Enhances Cytokine-Dependent Ex Vivo
Expansion of CB hHSC/HPCs

Next, we examined effects of decHOX on the growth and
differentiation of CB CD34* hHSC/HPCs. As shown in Figure
5, purified CD347 cells were exposed to 5'-FL-decHOX or
5'-FL-NC for 24 hours. Then, | X 10* fluorescein™ cells were
sorted and cultured in QBSF-60 serum-free medium containing
SCF, FL, TPO, IL-6, and sIL-6R for 7 days, during which,
medium dilution was performed as indicated. After these cul-
tures, no apparent difference was observed between the total
number of viable decHOX-treated and NC-treated cells (Fig.
6A). However, the proportion of CD34™* cells was significantly
higher in decHOX-treated cells than in NC-treated cells
(decHOX, 33.2%; NC, 17.9%) (Fig. 6B). Similar results were
obtained from five independent experiments (data not shown).
Accordingly, the fold expansion of CD34™ cells was higher in
decHOX-delivered cells than in NC-delivered cells (decHOX,
32.5 + 8.71-fold; NC, 17.2 = 6.25-fold [n = 6] [p < .05]) (Fig.
6A). Furthermore, cultures treated with decHOX retained im-
mature cells with CD347CD38~ or CD45 HLA-DR™ pheno-
type more effectively than NC-treated cells (percentage
CD34%CD38" cells: decHOX, 24.2% * 6.67%; NC, 14.8% *
6.17% [n = 3] [p < .05]; percentage CD45 HLA-DR™ cells:
decHOX, 37.2% *+ 6.98%; NC, 18.8% = 7.44% [n = 3] [p <
,05)) (representative results from one experiment are shown in
Fig. 6B). To characterize the ex vivo expanded cells, we ana-
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Figure 5. Bxperimental design. CD34™ hematopoietic stem/progenitor
cells were isolated from cord blood and cultured in serum-free medium
containing cytokines. FL-decHOX or FL-NC was then delivered into
CD34" cells. Twenty-four hours after peptide delivery, approximately
70% of cultured cells were fluorescein-positive. Fluorescein-positive
cells were sorted and cultured for 7 days. Medium dilutions were
performed as indicated. Cultured cells were then subjected to FACS
analyses, colony assays, and reconstitution assays using NOD/SCID
mice. Abbreviations: decHOX, decoy HOX; FACS, fluorescence-acti-
vated cell sorting; FL, fluorescein; NC, negative control.

Iyzed the expression of lineage markers on these cells (Fig. 6C).
Fluorescence-activated cell sorting analyses after 7 days in
culture indicated that both NC- and decHOX-treated cells con-
tained not only immature cells but also mature cells expressing
lineage markers such as CD33 (myeloid), CD14 (monocytic),
CD19 (B lymphoid), GPA (erythroid), and CD41 (megakaryo-
cytic). Except for GPA and CD41 expression, the expression of
these markers was notably lower in decHOX-delivered cells
than in NC-delivered cells. Next, we analyzed the effects of
decHOX on colony-forming activities of CB CD34% hHSC/
HPCs. As shown in Figure 6D, both decHOX- and NC-deliv-
ered cells, which contain approximately 33% and 18% of
CD347" cells, respectively (Fig. 6B), generated all types of
colonies, and the numbers of colony-forming unit-erythrocyte
precursor/burst-forming unit-erythroid precursor and colony-
forming unit-granulocyte/monocyte precursor colonies were
nearly the same in both cultures. However, decHOX more
effectively yielded CFU-Mix primitive colonies than NC (CFU-
Mix colonies per 250 cultured cells: decHOX, 15.3 £ 2.1; NC,
7.5 = 0.8 [n = 6] [p < .05]). Together, these results suggest that
although both immature progenitors and mature cells were am-
plified during culturing, decHOX selectively expands immature
progenitors.

decHOX-Treated hHSC/HPCs Reconstitute
Hematopoiesis Rapidly and Efficiently in

NOD/SCID Mice

Next, we assessed the effects of decHOX on engrafting abilities
of CB CD34*% hHSC/HPCs by xenotransplantation into NOD/
SCID mice. For this purpose, 2 X 10* CB CD34™ cells were
treated with decHOX or NC and cultured in QBSF-60 contain-
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Figure 6. Effects of decHOX on biological properties and functions of
hHSC/HPCs cultured with cytokines. After treatment with fluorescein
(FL)-decHOX or FL-NC, fluorescein-positive cells were sorted and
cultured for 7 days. (A): The total number of viable cells and their
surface phenotypes were examined. Results are shown as mean = SD
(n = 6). (B, C): Representative fluorescence-activated cell sorting data
from one experiment are shown. (ID): Cultured cells were subjected to
methylcellulose colony assays using freshly isolated cells as a control.
All cultures were done in triplicate and scored after 10 days. Results are
shown as mean * SD (n = 4). Abbreviations: BFU-E, burst-forming
unit-erythroid precursor; CFU-E, colony-forming unit-erythrocyte pre-
cursor; CFU-GM, colony-forming unit-granulocyte/monocyte precur-
sor; CFU-Mix, mixed hematopoietic colony-forming unit; CTL, control;
decHOX, decoy HOX,; FITC, fluorescein isothiocyanate; HLLA, human
leukocyte antigen; NC, negative control; PE, phycoerythrin.

ing cytokines for 7 days. Then, total cultured cells were trans-
planted into NOD/SCID mice that were treated with 2.4 Gy of
TBI and i.p. injection of anti-asialo-GM1 Ab immediately be-
fore and after transplantation (days 7 and 14) (each group, n =
9). Also, 2 X 10 freshiy isolated CB CD34 " cells derived from
the same sample as the expanded cells were transplanted as a
control (CTL). CTL cells are expected to contribute to hemato-
poiesis in approximately 10% of BM cells after 4 weeks under
our experimental conditions using NOD/SCID mice. When de-
cHOX-treated cells were transplanted, human CD45%
(hCD45%) cells constituted 9.17% of the BM cells 4 weeks after
transplantation, whereas NC-treated cells yielded only 4.28%
hCD45™ cells (Fig. 7A). In addition, the proportion of hCD34*
cells in the BM was increased by decHOX (decHOX, 3.05%;
NC, 1.22%) (Fig. 7A). We also analyzed the lineage distribu-
tions of hCD45™ cells in BM of mice that received transplants
of decHOX-treated cells at-4 and 8 weeks after transplantation.
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Figure 7. Xenotransplantation into nonobese diabetic/severe combined
immunodeficient (NOD/SCID) mice. (A): A total of 2 X 10% decHOX-
or NC-delivered cells were sorted and subjected to the culture for 7 days.
Whole expanded cells or 2 X 10* freshly isolated CD34* cells were
transplanted into 5-6-week-old NOD/SCID mice subjected to immuno-
suppressive treatment before and after transplantation (each group, n =
9). Four weeks after transplantation, the proportion of engrafted human
cells in BM was assessed by flow cytometry with anti-hCD45-PE
antibody (Ab). Four weeks and 8 weeks after transplantation, short-term
repopulation abilities of the ex vivo-expanded cells were analyzed using
BM and PB cells with the indicated Abs. Representative flow cytometry
data obtained from BM cells are shown. (B): Kinetics of engraftment in
PB and BM of NOD/SCID mice are indicated. Results are shown as
mean * SD (each group, n = 9). Abbreviations: BM, bone marrow;
CTL, control; decHOX, decoy HOX; NC, negative control; PB, periph-
eral blood; PE, phycoerythrin; W, weeks.

As shown in Figure 7A, transplanted decHOX-treated cells not
only retained CD34* cells but also generated CD33™ myeloid
cells and CD19" B cells more effectively than CTL and NC-
treated cells.

We also analyzed the kinetics of short-term repopulation in
the PB and BM of recipient mice. Two weeks after transplan-
tation, hCD45™ cells were detectable in both BM and PB
without significant differences in their frequencies among
decHOX, NC, and CTL groups (Fig. 7B). However, at 4 weeks,
the proportion of hCD45™ cells in PB was significantly higher
in the decHOX group than in the NC and CTL groups (decHOX,
2.70% * 0.36%; NC, 1.73% =+ 0.14%; CTL, 1.72% = 0.16%)
(p < .05). This result suggests that decHOX reduces the delay
in engraftment associated with CB transplantation (Fig. 7B).
Also, the percentage of hCD45™ cells in BM was significantly
higher in the decHOX group than in the CTL and NC groups at
8 weeks (decHOX, 29.0% + 10.9%; CTL, 11.9% = 6.64%; NC,
14.9% = 7.91% [p < .05)).

Given the possibility that decHOX supports the expansion
of long-term repopulating (LTR)-HSCs, we next calculated the

www.StemCells.com

A

BM (6w}

Fresh CB CD34+ cells decHOX derived CD34+ cells

NC derived CD 34+ cells

15, ©
N,

"
3

10,8
N kY

6

o

N 7Y N EEIZ T

Fraction of negative moum
PFraction of negative moose

Practon of negative mousm
o
X
v2

o
p

o1 T T - ——
° 10000 o 10000

No, of transplanted cells Ne. of transplanted celis
{uitial CE84+ cellequivalent)  (uitial CI84+ cell equivalent)

10680
No. of trangplanted c2Bs

B B (12W); decHOX

————
BCDI¢ Glem/progesiter)

hCDJAS

BOGPA (ytizoid) hCD$1 fmegakaryocryts)

decHOX
BM (2W) 2nd BM (6W)
E g
g total BM cells g
61 855107 monse
= 5 + A |3
{#x16° CL84™" oxls) o oo ek
[ mCDIE-FITC

hCD34-ARC

e —_— T
BCD4S-PE hCD45-PE

Figure 8. Long-term repopulating abilities in decHOX-delivered cells.
(A): Frequencies of human HSCs capable of repopulating in nonobese
diabetic/severe combined immunodeficient (NOD/SCID) mice in
freshly isolated CB CD34™ cells (n = 26), NC-treated cells (n = 29),
and decHOX-treated cells (n = 23) were quantified by limiting dilution
analyses. (B): Twelve weeks after transplantation, the long-term repop-
ulating ability of the decHOX-treated cells was analyzed by flow cy-
tometry using BM from NOD/SCID mouse highly reconstituted with
human cells. (C): Twelve weeks after transplantation, BM cells were
isolated from NOD/SCID mice that received transplants of decHOX-
treated cells and injected into secondary recipients (n = 5). Six weeks
after transplantation, the proportions of engrafted human cells in BM
were assessed by flow cytometry. Representative data are shown. Ab-
breviations: BM, bone marrow; CB, cord blood; decHOX, decoy HOX;
FITC, fluorescein isothiocyanate; hCD, human cluster of differentiation;
NC, negative control; PE, phycoerythrin; W, weeks.

expansion rate using a limiting dilution method. To obtain the
highest possible levels of human cell engraftment, recipient
mice were treated with TBI in combination with anti-asialo
GM1 Ab immediately before and after transplantation (days 7,
14, 21, and 28). As shown in Figure 8A, the frequency of
LTR-HSCs was calculated to be 1 in 6,017 freshly isolated CB
CD34% cells and 1 in 7,143 NC-treated cells. In contrast, the
frequency of LTR-HSCs in decHOX-treated cells was calcu-
lated to be 1 in 3,573. Accordingly, the expansion of LTR-HSCs
by decHOX was estimated to be 2.0-fold. Furthermore, in BM
highly reconstituted with decHOX-treated human cells, we
detected considerable proportions of hCD45"CD33™ cells
(22.5%) and hCD45"hCD19™" cells (51.8%) 12 weeks after
transplantation. In addition, hCD457CD34" cells were an esti-
mated 8.81% of total BM cells (Fig. 8B).
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To further examine the long-term reconstituting activity of
decHOX-treated cells, we performed a secondary transplanta-
tion. Twelve weeks after the first transplantation, we isolated
BM cells from two mice that received transplants of decHOX-
treated cells. A mixture of these cells (58.2% and 8.0% of which
were hCD45™ and hCD347, respectively) was transplanted into
five recipients at 4.0 X 10° hCD34" cells per mouse. An
apparent second engraftment was detected in the BM of 2 of 5
mice 6 weeks after the transplantation (representative data are
shown in Fig. 8C). At this point, hCD45™ cells were an esti-
mated 14.8% of the total BM cells in the recipient mouse.
Furthermore, approximately 20% of hCD45™ cells expressed
CD34 (3.17% of total BM cells). Taken together, these results
indicate that CB CD34™ hHSCs/HPCs expanded by decHOX
reconstitute hematopoiesis more' rapidly and efficiently than
control cells, and these cells have long-term reconstituting abil-
ities in NOD/SCID mice.

DISCUSSION
HOXB4-deficient mice do not exhibit obvious abnormalities in

hematopoiesis except for a minor proliferative defect of HSCs
detected by reconstitution assays, suggesting that HOXB4 is
dispensable for normal hematopoiesis [55]. It was speculated
that HOXB4 functional roles can be replaced by other HOX
family members because mice lacking both HOXB4 and
HOXB3 had more apparent defects in hematopoiesis than those
lacking HOXB4 alone [56]. However, HOXB4 has attracted
particular interest during the last few years because its gene
transfer induced ~40-fold murine and ~30-fold human HSC
expansion ex vivo, suggesting possible clinical applications [16,
21]. Regarding clinical use, there was an initial concern that
constitutive expression of HOXB4 in HSCs might cause leuke-
mia. This is because deregulated expression of HOXBS8 was
found in myeloid leukemia, and HOX family genes are some-
times involved in leukemogenic chromosomal translocations,
such as t(7,11)(p15;p15), yielding NUPI3-HOXA9 [57, 58].
However, HSCs expanded by HOXB4 treatment reconstituted
all hematopoietic lineages in mice that received transplants mice
without causing leukemia, indicating that HSCs expressing
HOXB4 were regulated by the hematopoietic system [16]. To
eliminate any deleterious effects caused by stable HOXB4 gene
transfer, Krosl et al. tried to expand murine HSCs by delivering
HOXB4 protein [20]. In that study [20], cell membrane-perme-
able, recombinant TAT-HOXB4 protein was added to the cul-
ture medium, inducing a fivefold net expansion of HSCs. Al-
though TAT-HOXB4 was supposed to be delivered with high
efficiency, its half-life was estimated to be only | hour. In
addition, Amsellem et al. tried to expand human CB HSCs using
HOXB4 protein [19]. They used HOXB4 protein secreted into
the culture supernatant from cocultured MS-5 murine stromal
cells, and this approach increased NOD/SCID mouse repopu-
lating cells (SRCs) 2.5-fold. However, the efficiency of protein
delivery was not very high, and the coculture system may not be
practical for clinical applications. In contrast, our decHOX
could be delivered into more than 70% of CB CD34% hHSC/
HPCs and was detected in these cells even after 4 days.
Because similar decoy peptides, such as NFAT and JNK-
interacting-protein-1 (JIP-1) decoy peptides” were shown to be
harmless at the genomic level [59, 60], decHOX may be useful
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for clinical applications. Furthermore, it is possible to use
decHOX in combination with HOX proteins [19, 20] to further
augment the activity of HOXB4. However, it should be noted
that Brun et al. reported that an excessive amount of HOXB4
introduced by an adenoviral vector system inhibits self-renewal
of human CB HSCs and induces myeloid differentiation [22].
Therefore, it is necessary to determine the optimal amount of
HOXB4 for enforcing HSC self-renewal.

Recently, DiMartino et al. generated Pbx1-null mice, which
died at embryonic day 15 or 16 due to anemia, and reported that
PBX1 is required for the maintenance of definitive hematopoi-
esis and contributes to the mitotic amplifications of progenitor
subsets [61]. However, Kros] et al. demonstrated that antisense
DNA against PBX1 apparently augmented self-renewal of
HSCs overexpressing HOXB4 but was not effective on normal
HSCs, suggesting that PBX1 may be a negative regulator of
HOXB4-mediated self-renewal of HSCs [42]. In accordance
with this result, we found that decHOX could enhance cytokine-
mediated self-renewal of HSCs by modifying the function of
HOXB4. Furthermore, we found that decHOX restored HOXB4
activity suppressed by PBX1 without affecting DNA-binding
activities. The interaction between the YPWM motif in HOX
and the homeodomain in PBX1 modifies the DNA-binding
affinities of the proteins and their coactivator/corepressor bind-
ing-dependent transcriptional activities, and decHOX presum-
ably affects the latter interactions. At present, we know that
decHOX can augment HOXB4-dependent transcription of c-
myc, which we recently identified as a key regulator of HOXB4-
and Notchl-mediated HSC self-renewal [49]. However, HOX-
PBX complexes regulate a number of genes in HSCs both
positively and negatively. Also, PBX1 shows dual (positive and
negative) effects on HOX-mediated transcription according to
the target genes and/or the cellular context {31, 33, 34]. Thus,
further studies to identify the target genes of HOX/PBX1 in
HSCs would provide useful information to facilitate decHOX-
mediated ex vivo amplification of HSCs.

To date, two groups of investigators have used ex vivo-
amplified CB H3Cs for transplantation. Shpall et al. [5] isolated
CD34% cells from CB. Forty percent of the isolated cells were
expanded in medium containing SCF, G-CSF, and TPO for 10
days, and the remaining 60% were immediately transplanted or
stored frozen until transplantation. After high-dose chemother-
apy, 37 patients (25 adults, 12 children) received transplants of
expanded CD34% cells and nonexpanded cells with a median
dose of 0.99 X 107 nucleated cells per kilogram. The median
time to engraftment of neutrophils (neutrophil count > 500/ul)
was 28 days (range, 15-49 days) and that of platelets (platelet >
20,000/ul) was 106 days (range, 38345 days). The authors of
that study concluded that although the ex vivo expansion of CB
cells was feasible and safe, expanded HSCs did not improve the
time to engraftment in recipients [5]. In a phase I trial, Jaroscak
et al. [6] transplanted CB HSCs expanded by PIXY321, FL, and
EPO into 28 patients with a median dose of 2.4 X 107 nucleated
cells per kilogram. They also concluded that the ex vivo ex-
panded CB HSCs were not effective in shortening the recovery
period [6]. In contrast, the present study showed that decHOX
can expand short-term as well as long-term SRC, thereby short-
ening the delay in hematopoietic recovery, suggesting that
decHOX may be an effective tool to resolve this problem. Since
HSC quiescence is regulated by p21¥a/ePl 16MNK4A and
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p18™K4C and progenitor quiescence by p275P? [62-66], a basic
study focusing on the expression of cell cycle control molecules
in decHOX-transduced cells may clarify the mechanism of
decHOX-mediated rapid recovery of hematopoiesis.

In conclusion, in the present study we demonstrated that
decHOX can further augment cytokine-mediated ex vivo expan-
sion of CB HSCs and that these expanded HSCs can restore
hematopoiesis more rapidly and effectively than freshly pre-
pared CB HSCs. However, it is necessary to further optimize
treatment conditions, such as the method and timing of peptide
delivery. Also, to enhance the effects of decHOX, it will be
useful to explore the combined effects of other signals that can
support HSC self-renewal, such as SHH and Wnt. We hope that

our decHOX will eventually benefit patients with hematopoietic
malignancies.
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Hematopoietic stem cell-engrafted NOD/SCID/IL2Ry™! mice develop human
lymphoid systems and induce long-lasting HIV-1 infection
with specific humoral immune responses
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Critical to the development of an effective
HIV/AIDS model is the production of an
animal model that reproduces long-last-
ing active replication of HIV-1 foliowed by
elicitation of virus-specific immune re-
sponses. In this study, we construcied
humanized nonobese diabetic/severe
combined immunocdeficiency (NOD/SCIDY
interleukin-2 receptor y-chain knockout
(IL2Ry™") (hNOG) mice by transplanting
human cord blood-derived hematopoi-
etic stem cells that eveniually developed
into human B cells, T cells, and other

cells associated with the generation of
lymphoid follicle-like structures in lym-
phoid tissues. Expressions of CXCR4 and
CCR5 antigens were recognized on CD4*
cells in peripheral blood, the spleen, and
bone marrow, while CCR5 was not de-
tected on thymic CD4+ T cells. The hNOG
mice showed marked, long-lasting vire-
mia after infection with both CCR5- and
CXCR4-tropic HIV-1 isolates for more than
the 40 days examined, with R5 virus—
infected animais showing high ievels of
HIV-DNA copies in the spleen and bone
marrow, and X4 virus-infected animals

showing high levels of HIV-DNA copies in
the thymus and spleen. Furthermore, we
detected both anti-HIV-1 Env gp120- and
CGag p24-specific antibodies in animals
showing a high rate of viral infection.
Thus, the hNOG mice mirror human sys-
temic HIV infection by developing spe-
cific antibodies, suggesting that they may
have potential as an HIV/AIDS animal
model for the study of HIV pathogenesis
and immune responses. (Blood. 2007;
109:212-218)
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monocytes/macrophages and dendritic

Introduction

Current animal models for either human immunodeficiency virus
type 1 (HIV-1) or simian immunodeficiency virus (SIV) suffer
from the lack of a system precisely mirroring human HIV infection
and the progression to disease state.! In current animal models with
HIV infection, such as chimpanzees, animals do not develop
AIDS.! Past animal models for HIV infection have relied on
humanized severe combined immunodeficiency (hSCID) mice
models to study prospective anti-HIV drugs and vaccines. SCID-hu
(Thy/Liv) mice, engrafted with human fetal thymus and liver tissue
in the renal subcapsular region, were first reported as the small-
animal model.> Because human T cells are generated within the
engrafted thymus, this model has been used for the study of
thymopoiesis*® and hematopoiesis’® under the burden of HIV-1
infection. However, this model allows for a limited systemic HIV-1
infection, which is restricted mainly to the engrafted thymus.
Another HIV mouse model, hu-PBL~SCID mice engrafted with
human peripheral blood mononuclear cells (PBMCs),’ has been
actively used as a tool in developing antiretroviral therapy.®!!
However, the infection persists for only a short time in association
with rapid loss of CD4* T cells because there is no active
hematopoiesis or thymopoiesis.*!>1? Furthermore, these mouse

models fail to mirror certain key aspects of the human immune
response, lacking normal lymphoid tissue and functional human
antigen-presenting cells such as dendritic cells (DCs).!4 Thus,
although these mouse models are valuable as animal models for
HIV infection, the development of a mouse model more analogous
to human HIV infection is needed if we are to better understand
HIV pathogenesis and develop successful anti-HIV therapies and
preventive vaccines.

To solve the difficult issue about the development of an ideal
HIV mouse model, we initially selected a humanized nonobese
diabetic (NOD)/SCID interleukin-2 receptor (IL-2R) vy-chain
knockout (NOG) mouse!S as a model animal because it has been
suggested that multilineage cells, including human T, B, and
natural killer (NK) cells, differentiate in these mice when given
transplants of human CD34* hematopoietic stem cells.!6-18 [n
the current study, we further reveal the kinetics of differentiation
of human B and T cells, monocytes/macrophages, and DCs in
the mice that received transplants, and we characterize the
animals by infection with both CCR5 (R5)- and CXCR4
(X4)-tropic HIV strains. Since our hNOG mice show stable and
systemic infection of both R5- and X4-tropic HIV for more than
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the 40 days studied, and HIV-specific antibodies are detectable
in the animals with high plasma viral loads and HIV-DNA copy
numbers, we also discuss the suitability of HIV-hNOG mice as
an animal model for HIV-1 infection.

Materials and methods

Transplantation of human CB-derived hematopoietic stem cells
in NOG mice

Human cord blood (CB) was obtained from Saiseikai Central hospital
(Minato-ku, Tokyo, Japan) and Tokyo Cord Blood Bank (Katsushika-ku,
Tokyo, Japan) after obtaining informed consent. All research on human
subjects was approved by the Institutional Review Board of each institution
participating in the project. CB moncnuclear cells were separated by
Ficoll-Hypaque density gradient. CD34* hematopoietic stem cells were
isolated using a magnetic-activated cell sorting (MACS) Direct CD34
Progenitor Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) according to the manufacturer’s instructions. More than 95% of
CD34% cells were positively selected after 2 time-enrichment manipula-
tions. Cells were either immediately used for the transplantation or frozen
until use. NOG mice were obtained from the Central Institute for
Experimental Animals (Kawasaki, Japan) and maintained under specific
pathogen—free (SPF) conditions in the animal facility of the National
Institute of Infectious Diseases (NIID; Tokyo, Japan). Mice used in these
studies were free of known pathogenic viruses, herpes viruses, bacteria, and
parasites. They were housed in accordance with the Guidelines for Animal
Experimentation of the Japanese Association for Laboratory Animal
Science (1987) under the Japanese Law Concerning the Protection and
Management of Animals, and were maintained in accordance with the
guidelines set forth by the Institutional Animal Care and Use Committee of
NIID, Japan. Once approved by the Institutional Commmittee for Biosafety
Level 3 experiments, these studies were conducted at the Animal Center,
NIID, Japan, in accordance with the requirements specifically stated in the
laboratory biosafety manual of the World Health Organization. Female
mice (6 to 10 weeks old) were irradiated (300 c¢Gy) and 1 X 10* to
1.2 > 10°CD34* cells were intravenously injected within 12 hours.

Flow cytometry

The purity of CB-derived CD34* cells after separation was evaluated by
double staining with FITC-conjugated anti-human CD45 (J.33) and
PE-conjugated anti~-human CD34 (Class III 581) (all from Beckman
Coulter, Fullerton, CA). After transplantation (1-7 months), peripheral
blood, spleens, bone marrow (BM), and thymi were collected for flow
cytometric analysis following staining with the following monoclonal
antibodies (mAbs): FITC-conjugated anti~human CD45 (J.33), CD3
(UCHTI), CD4 (13B8.2), CDI19 (J4.119), CD45R0O (UCHL1) (all from
Beckman Coulter), and CCRS (2D7; BD Pharmingen, San Diego, CA);
PE-conjugated anti-human CD4 (13B8.2), CD8 (B9.11), CD19 (J4.119),
CD45RA (ALB11) (all from Beckman Coulter), and CXCR4 (44717; R&D
Systems, Minneapolis, MN); anti~-mouse CD45 (YW62.3; Beckman
Coulter); ECD-conjugated anti—human CD45 (J.33: Beckman Coulter); and
PC5-conjugated anti-human CDS8 (T8) and CD14 (Rm052) (all from
Beckman Coulter). Flow cytometric analysis was conducted by 2- or
4-color staining using an EpicsXL (Beckman Coulter).

Immunohistochemistry

Organs were snap-frozen following embedding in OCT compound (Sakura
Finetechnical, Tokyo, Japan). Frozen sections were air-dried and fixed in
acetone. HIV-I~infected organs were fixed in 4% paraformaldehyde and
embedded in OCT compound following immersion in gradient sucrose
(5%-30%). Fixed samples were stained with the following mAbs: anti-
human CD45 (1.22/4014; Nichirei, Tokyo. Japan), CD3 (UCHTI; DAKO.
Glostrup. Denmark), CD20 (L.26; DAKOQ), CD68 (KPi; DAKO), CD205
(MG38: eBioscience, San Diego, CA), and DRC-1 (R4/23: DAKO) for
follicular dendritic cells (FDCs): anti-mouse FDC-M1 (BD Pharmingen)
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for murine FDCs; and HIV-1 Gag p24 (DAKO) for detection of infected
cells. Biotin-labeled goat F(ab’), anti-mouse immunoglobulin (Ig; ICN
Biomedicals, Aurora, OH)- or biotin-labeled mouse F(ab'), anti-rat IgG
(Jackson ImmunoResearch Laboratories, West Grove, PA) was used as the
secondary antibody. Samples were treated with alkaline phosphatase (AP)
or horseradish peroxidase (HRP)-streptavidin conjugate (ZYMED Labora-
tories Inc, San Francisco, CA). BCIP/NBT, DAB, or AEC (all from DAKO)
was used for the visualization. Photographs were taken by light microscopy
(Leica DMRA; Leica Microsystems Wetzlar, Wetzlar, Germany) using
Leica HC PLAN APO lenses (10%/0.40 NAPH1). Leica Q550 was used for
image processing.

Measurement of human lgs in mice plasma

Plasma concentrations of human IgM, IgG, and IgA in NOG mice that
received transplants of human stem cells were determined by conventional
human Ig quantitation assay at BML Inc (Tokyo, Japan).

Cells and viruses

Human embryonic kidney 293T cells and monkey kidney COS7 cells were
cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS)
and antibiotics. The 293T cells and COS7 cells were used for transfection of
DNA plasmids containing HIV-1jpese and simian/human immunodefi-
ciency virus (SHIV)-C2/1, respectively. The SHIV-C2/1 strain contains the
env gene of pathogenic HIV-1 strain 89.6.1% Cell-free supernatant was
collected and stored at —80°C before use. A primary clinical isolate,
HIV-Tynp, was kindly provided by Dr J. Sullivan of the University of
Massachusetts Medical School (Worcester, MA). PBMCs isolated from
HIV-1-seronegative individuals were cultured in RPMI 1640 supplemented
with 10% FBS and antibiotics with 5 pg of phytohemagglutinin (PHA)/mL
for 3 or 7 days (PHA-PBMCs). HIV-1y, was propagated in PHA-PBMCs,
and celi-free virus stocks were stored at —80°C.

The 50% tissue-culture infectious dose (TCIDsy) was determined
using PHA-PBMCs and the endpoint dilution method. A 4-fold series of
dilution was prepared from the virus stock, and then cells were mixed
and cultured for 7 days for X4-HIV-1 and 14 days for R5-HIV-1 in
RPMI 1640 supplemented with 20% FBS and antibiotics. The endpoints
were determined by screening for the p24 antigen using Lumipulse
(Fujirevio, Tokyo, Japan).

HIV-1 infection

All procedures for the infection and maintenance of NOG mice were
performed in Biosafety Level 3 facilities at NIID under standard caging
conditions. On days 102 to 132 after stem cell transplantation, 16 mice were
inoculated intravenously with R5-tropic HIV-ljzese (65 000 TCIDsp) or
X4-tropic SHIV-C2/1 (50 000 TCIDsp). On days 18 to 43 after inoculation,
plasma was collected to determine HIV-RNA copy numbers, and spleen
cells were prepared as single-cell suspensions to analyze the CD4/CDS8 ratio
using flow cytometry. A number (14) of other mice were inoculated
intravenously with RS5-tropic HIV-ljrese (200 or 65000 TCIDsg) or
Xd-tropic HIV-Tyn, (180 or 20 000 TCIDsg) on days 126 to 146 after
transplantation. On days 18 to 40 after inoculation, plasma was collected for
the determination of HIV-RNA copy numbers, and single-cell suspensions
of the spleen, BM. and thymus were prepared for HIV-DNA measurement.
The CD4/CDS8 ratio in the spleen and percentages of human CD45* cells in
organs were analyzed using flow cytometry.

Virologic analysis

Plasma viral RNA copy numbers were measured using a real-time
quantification assay based on the TagMan system (Applied Biosystems,
Foster City, CA). Plasma viral RNA was extracted and purified using a
QlAamp Viral RNA Mini Kit (Qiagen, Valencia. CA). The RNA was
subjected to reverse transcription (RT) and amplification using a TagMan
One-Step RT-polymerase chain reaction (PCR) Master Mix Reagents Kit
(PE Biosystems, Foster City, CA) with HIV-1 gag consensus primers
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(forward, 5'-GGACATCAAGCAGCCATGCAA-3’; and reverse. 5'-
TGCTATGTCACTTCCCCTTGG-3') and an HIV-1 gag consensus Tag-
Man probe (FAM-5'-ACCATCAATGAGGAAGCTGCAGAA-3'-TAMRA).
For SHIV-C2/1 analysis, primers (forward, 5'-AATGCAGAGCCCCAA-
GAAGAC-3'; and reverse, 5'-GGACCAAGGCCTAAAAAACCC-3') and
a TaqMan probe (FAM-5'-ACCATGTTATGGCCAAATGCCCAGAC-3'-
TAMRA) were designed for targeting the SITVmac239 gag region.?® Probed
products were quantitatively monitored by their fluorescence intensity with
the ABI7300 Real-Time PCR system (PE Biosystems). To obtain control
RNA for quantification, HIV-1 gag RNA and SIVmac239 gag RNA were
synthesized using T7 RNA polymerase and pKS460. Viral DNA was
extracted and purified using a QIAamp DNA Mini Kit (Qiagen). Determina-
tion of HIV-1 DNA copy numbers was performed by real-time PCR assay
with TagMan Master mixture (PE Biosystems). Primers (forward, 5'-
GGCTAACTAGGGAACCCACTG-3'; and reverse, 5'-CTGCTA-
GAGATTTTCCACACT-3') and probes (FAM-5'-TAGTGTGTGC-
CCGTCTGTTGTGTGAC-3'-TAMRA) were designed for targeting the
HIV-1 long terminal repeat region, R/US. The viral DNA was quantified
using LightCycler (Roche Diagnostics, Almere, The Netherlands). Viral
RNA and DNA were calculated based on the standard curve of control RNA
and DNA. All assays were carried out in duplicate.

HiV-antigen ELISA

Levels of anti-HIV-1 Igs against recombinant HIV-1yp Env gpl20,
recombinant HIV-1yn Env gpl120, and recombinant HIV-1y3 Gag p24 (all
from ImmunoDiagnostics Inc, Woburn, MA) in plasma from HIV-1-
infected and —uninfected control mice were determined using a standard
enzyme-linked immunosorbent assay (ELISA). Microplates (96-well) were
coated overnight with 200 ng/well antigens, and plasma diluted 1:20, 1:60,
and 1:180 with PBS were incubated for | hour. AP-labeled anti—human Igs
(v, @, and p; Sigma-Aldrich, St Louis, MO) were used as secondary
antibodies. P-nitrophenylphosphate (pNPP) Solution (WAKO Chemical
USA, Richmond, VA) was used for the visualization. The enzyme reaction
was stopped by addition of 0.1 M NaOH and read at 405 nm. All assays
were carried out in triplicate.

Statistical analysis

Data were expressed as the mean value * standard deviation (SD).
Significant differences between data groups were determined by 2-sample
Student £ test analysis. A P value less than .05 was considered significant.

Results
Reconstituiion of human lymphoid systems in hNOG mice

The initial studies describing the construction of humanized
SCID mice used the human PBMC for infection of immunodefi-
ciency viruses.>!>? However, these hu-PBL-SCID mice showed
a partial infection to the RS virus and a relatively limited period
of viral replication. To construct a more suitable mouse model
mimicking HIV-1 infection in humans, we selected human CB
stem cells as a transplant for NOG mice. NOG mice were
inoculated intravenously with human CD34% hematopoietic
stem cells, and their development of human Iymphoid systems
were then monitored. After transplantation (2 months), human
CD45* leukocytes were recognized in both PB and the spleen,
but most of the cells were human B cells (Figure 1A). Human T
cells began to be recognized clearly in PB and the spleen 4
months after transplantation (Figure 1B) and gradually in-
creased in level, as did human B cells (Figure 1C).

In Figure 1D. we summarized percentages of human CD3* T
cells in human CD457 cells from 38 mice from 39 to 213 days after
transplantation. Human CD3* T cells clearly increased 100 days
after transplantation in both PB and the spleen. After transplanta-
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Figure 1. Flow cyiometric analysis of human T cells in the peripheral blood and
spleen in NOG mice given intravenous transplants of human CB-derived
CD34* celis. (A-C) Representative profiles of the mice 2 months (A), 4 months (B),
and 7 months (C) after transplantation. The ratio of human to murine CD45* cells and
that of human CD3* to CD19* cells show an incremental increase in human CD45+
cells and human CD3* cells from 2 to 7 months. (D} Change of net percentages of
human CD3* T cells among human CD45* cells in peripheral blood and the spleen
from 38 mice 39 to 213 days after transplantation. (E) CD45RA is more efficiently
expressed than CD45RO on human CD3* T cells in spleen. A gate was set on the
human CD45* population. The fluorescence-activated cell sorting (FACS) profile is
representative of 1 in a group of 5 mice.

tion (4 months), human CD3* T cells in the spleen preferably
expressed CD45RA rather than CD45RO (70.8% = 13.4% and
27.3% * 38.8% in CD3* T cells, respectively; n = 5: Figure 1E),
demonstrating that most of the T cells were in a naive state. In
addition, plasma taken from 5 mice 113 to 143 days after
transplantation showed that all mice produced human IgM. with
concentrations ranging from 0.025 to 0.5 g/L, and that human 1gG
and IgA was also detected in some of the mice (ranges, 0.015-0.18
g/L and 0.003-0.012 g/L, respectively) (data not shown).

By 7 months after transplantation, human CD45" leukocytes
comprised more than 80% to 90% of mononuclear cells in the
spleen (Figure 1C), and most of the mice showed symptoms of a
wasting condition and a hunched back. Based upon these results,
we determined that the suitable period for HIV inoculation would
be 4 to 5 months after transplantation.

Formation of lymphoid structures, including
monocyies/macrophages, DCs, and FDCs

Next, using the hNOG mice at 4 months after transplantation, we
investigated lymphoid structure formation and the development of
human monocytes, macrophages, DCs, and FDCs. which are very
important factors not only for elicitation of immune responses
against foreign antigens, but also for the spread of HIV-1 infection
in a body.?>** Human CD14* monocytes were detected in PB, the
spleen. and BM using flow cytometry (Figure 2A). During
immunohistochemical analysis. human CD45* leukocytes gath-
ered in a form of follicle-like structures (FLSs) at the end of the
central artery in the spleen (Figure 2B). From a serial section of the
same region (Figure 2B-G). these structures consisted mainly of
human CD20™* B cells (Figure 2C) admixed with a small number of
human CD3* T cells (Figure 2D). Hardly any human FDCs
positive for DRC-1 were detected (data not shown), whereas a
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Figure 2. Flow cytometric analysis and immunohistochemical analysis of the
expression of myelomonocytic markers in hNOG mice 4 months after transplan-
tation. (A) Human CD14* monocytes/macrophages are recognized in peripheral
blood, the spleen, and BM. (B-G) Immunochistochemical findings from serially
sectioned spleen for the expressions of human CD45 (B), human CD20 (C}, human
CD3 (D), murine FDC (E), human CD205 (F), and human CD68 (G). (H) Human
CD68* macrophages are also detected in the medulla of the LN and lung.
Visualization was performed with BCIP (B-D, F-G), DAB (E), and AEC (H). Original
magnification, X100.

loose network of murine FDCs positive for FDC-M1 was recog-
nized in the distal portion of the FLSs (Figure 2E). Human CD205*
DCs were predominantly detected in a cluster form within the FLSs
(Figure 2F), while human CD68* macrophages were scattered
throughout the spleen (Figure 2G). Many human CD68* macro-
phages were also observed in various other organs, including the
lymph nodes (LNs) and the lungs (Figure 2H).

Expression of HIV-1 coreceptors on CD4* cells
in various tissues

Since the development of lymphoid tissues was recognized in
hNOG mice. we focused on the expressions of HIV-1 coreceptors
CXCR4 and CCRS on human CD47 cells in these tissues. CXCR4
antigen was expressed in 36.5% * 4.2% (n = 4) of the CD4™* cells
in PB (Figure 3A) and 78.1% * 17.1% (n = 5) in the spleen
(Figure 3B). CCR5™ cells were detected in 15.5% = 1.8% (n = 4)
of CD4* cells in PB and 28.6% = 12.6% (n = 5) in the spleen
(Figure 3A-B). In the thymus, CD47CD8* thymocytes existed in
82.9% = 4.4% (n = 5) as well as small numbers of CD4*CD8"
cells (6.4% = 2.4%; n = 5) and CD4-CD8* cells (7.7% = 3.0%:
n =15), with the CXCR4 antigen expressed in 50.1% * 4.5%
(n = 5) of CD4* cells, while, as with normal human thymocytes,*
CCRS5* cells were almost undetectable, with less than 1%
(0.6% = 0.1%: n = 5) (Figure 3C). Human CD3* T cells and
CD14* monocytes in BM were detected only in 3.2% =+ 2.1% and
5.8% * 3.8%, respectively, while CD4" cells were recognized in
18.1% * 6.5%, with many expressing both CXCR4
(75.0% = 23.1%) and CCRS5 (81.3% = 6.6%; n = 5; Figure 3D).
Thus. distributions of HIV-1 coreceptor—positive cells in these
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lymphoid tissues suggest that the hNOG mice allow for sufficient
development of human cells to make the study of HIV-1 pathogen-
esis possible.

Both R5- and X4-tropic HiVs efficiently infect and replicate
in hNOG mice

In our preliminary study. using low and high doses of challenge
virus, no viral infection was detected in any of the virus-inoculated
hNOG mice at 7 days after infection, while some showed detect-
able plasma viral loads at 14 days (data not shown). Then, we
prepared 16 hNOG mice that received transplants of stem cells and
inoculated them with a high dose of R5-tropic HIV-1gege (65 000
TCIDsp) and X4-tropic SHIV-C2/1 (50 000 TCIDsy) intravenously
through the tail vein at 102 to 132 days after transplantation. Upon
HIV-1pesr infection, viral copy numbers in plasma rose to a level
of 1.6 X 10° to 5.8 X 10° copies/mL (n =4) on day 33 and
2.0 X 10% to 4.7 X 10° copies/mL on day 43 (n = 4) (Figure 4A).
Moreover, for SHIV-C2/1 infection, viral copy numbers in plasma
were 1.6 X 103 to 3.2 X 10° copies/mL on day 18 (n =4) and
reached 5.4 X 104 to 1.1 X 10° copies/mL on day 42 (n = 4;
Figure 4B). In these mice, no significant decline in the CD4/CD8
ratio was observed throughout entire period of follow-up for the
RS5-tropic virus infection, while CD4* cell decline was detected for
the X4-tropic virus infection on day 42 after infection (P = .044)
but not on day 18 after infection (Figure 4C). Four mice that did not
receive transplants of human stem cells showed no detectable
levels of plasma viral load (less than 500 copies/mL) following
HIV/SHIV inoculation (data not shown).

To confirm HIV infection, we used immunohistochemistry to
detect the presence of the p24 antigen of the HIV-1 Gag protein in
various tissues of mice showing viremia. p24* cells were clearly
identified in the spleen, LN. and lungs (Figure 4D), which include
macrophage-like cells.

Different distributions of R5- and X4-tropic viruses
in lymphoid tissues

A number of mice (14) were further analyzed for HIV-1 infection
on days 126 to 146 after transplantation with a low dose (200
TCIDj()) or a hlgh dose (65 000 TCID5”) of RS'UOpiC H]V'IJRCSF
and a low dose (180 TCIDsg) or a high dose (20 000 TCIDs) of
X4-tropic HIV-1yn,. Consequently, 2 of the 4 mice given a low
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Figure 3. Surface expression of HIV-1 coreceptors on CD4* cells in various
organs of mice 4 months after transplantation. A representative FACS profile of
human CXCR4 and CCR5 on CD4* cells shows the existence of CXCR4*CD4+ and
CCR5*CD4" ceils in blood (A), spleen (B}, and BM (D), but no CCR5*CD4+ cells in
the thymus (C). BM results show that many CD4* cells are neither CD3* T cells nor
CD14* monocytes. A gate was set on the human CD45* population.
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Figure 4. The numbers of RNA viral copies in plasma, CD4*/CD8* T-cell ratios
in the spleen, and p24 detection in the immunohistochemistry of HIV/SHIV-
infected mice. (A} Viral copy numbers of 8 mice inoculated with a high infectious
dose of HIV-1 pcsr (65 000 TCIDsp) and killed on days 33 and 43 after inoculation. (B)
Viral copy numbers of 8 mice inoculated with a high infectious dose of SHIV-C2/1
(50 000 TClIDso} and killed on days 18 and 42 after inoculation. Note that all the mice
showed high levels of viremia that lasted more than 40 days after inoculation. (C)
CD4/CD8 cell ratios in the spleens of 16 infected mice and 9 uninfected control mice.
Control mice were not inoculated with HIV/SHIV and were killed on days 105 to 166
after stem cell transplantation. There was no significant rapid loss of CD4* cells in
HIV-1,acse~infected mice, while a decline of the CD4/CD8 ratio was detected in
SHIV-C2/1-infected mice on day 42 after infection compared with uninfected control
mice (*P < .05). The short bars indicate the means of each group. (D) P24+ cells are
clearly observed in the spleen, LNs, and lungs. Arrow indicates p24 positive for
macrophage-like cells. Original magnification, X100.

dose of HIV-lIjrese and 2 of the 3 mice given a low dose of
HIV-1yn, were successfully infected (Table 1), suggesting that
each dose represents an approximately 50% infectious dose of HIV
for h(NOG mice. High HIV-DNA copy numbers were mainly
detected in the spleen and BM of the HIV-1rcgr ~infected mice,
and in the thymus and spleen of the HIV-1yny-infected mice, while
their BM showed lower copy numbers (Table 1).
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Generation of HIV-specific antibodies in hNOG mice at a high
multiplicity of infection

We then tested for generation of human antibodies against HIV-1
from these 14 mice by HIV antigen-specific ELISA. The sera of
mice no. 136-3 and no. 157-3 infected with HIV-1jpese and
HIV-1ny. respectively, showed significant levels of human antibod-
ies specific for HIV-1yp-Env gp120 (Figure 5A), HIV-1yn-Env
¢p120 (Figure 5B), and HIV-11y5-Gag p24 (Figure 5C). In addition,
no. 157-4 sera from an HIV-1yy~infected animal was also weakly
positive for their Env and Gag antigens. These animals showed
intense plasma viral loads and enhanced proviral DNA copies in the
spleen, BM, and thymus (Table 1), suggesting that hNOG mice
inoculated with high doses of HIV and showing high rates of viral
infection develop HIV-1-specific humoral immune responses that
are analogous to those seen in human anti-HIV B-cell responses.

Discussion

Current small-animal models fall short of accurately mirroring
human HIV-1 infection and thus have limited usefulness in
analyzing the natural course of its progression to the disease state
and in developing antiviral countermeasures. Although successful
HIV-1 infections in immunodeficiency mice humanized with
PBMCs have been reported,'>'32! transplanted human cells are
soon depleted and do not elicit virus-specific immune responses.
shedding little light on pathogenesis and vaccine development. By
using NOG mice that received hematopoietic stem cell transplants
showing high rates of viral infection, we demonstrated HIV-
specific antibody responses and viral infection parameters, includ-
ing the following: (1) similar levels of susceptibility to both R5-
and X4-tropic HIV-1; (2) high levels of viremia stably observed
over 40 days; (3) immunohistochemical detection of infected cells
in various organs; and (4) a distinct tissue distribution for R5-
versus X4-tropic HI'V-1s.

Among CD4* T cells, CXCR4 antigen is primarily expressed
on naive and CCRS5 on activated or memory cells.? hu-PBL-SCID
mice become susceptible to R5-tropic HIV-1 strains,?” since T cells

Table 1. Comparison of viral RNA copies in plasma and HIV-DNA copies in the spleen, BM, and thymus from hNOG mice receiving low- and

high-dose viral inoculations

Time after RNA viral CD4/CD8 HIV-DNA copies/10° human cells
Mouse ID no. HIV strain TCIDso inoculation, d copies/mL ratio Spleen BM Thymus
Low-dose viral inoculation group
113-1 HIV-1mcsr 200 18 6 240 1.8 34177 11785 3495
112-2 HIV-1rcse 200 18 <500 1.2 < 100 < 100 < 100
1132 HIV-1yrcsr 200 40 6177 1.6 25 855 27 920 3473
112-3 HIV-1rcse 200 40 <500 0.9 < 100 < 100 <100
112-4 HIV-Tanp 180 18 72477 1.3 18873 100 ND
113-4 HIV-tunp 180 40 70667 0.3 4947 653 32 163
112-1 HIV-1ynp 180 40 <500 0.9 <100 <100 <100
High-dose viral inoculation group
136-3 HIV-14rcse 65 000 25 252 381 0.8 958 871 1797 600 232 155
136-2 HIV-1 gcsr 65 000 29 50 167 0.7 41172 54 521 8 600
141-1 HIV-1yrcsr 65 000 30 67 667 22 27 735 52 430 429
161-3 HIV-1)rcse 65 000 30 13 847 0.9 104 466 14 653 111 080
157-3 HIV-Tpnp 20 000 31 1253925 0.5 41053 56 802 976 556
157-4 HIV-1unp 20 000 31 147 973 0.6 3634 262 40 796
161-6 HIV-Tune 20 000 31 108 073 1.7 4991 <100 3673

Seven mice inoculated with a low infectious dose of HIV-1 zcss (200 TCIDsg) or HIV-1y, (180 TCIDso), and 7 mice receiving a high infectious dose of HIV-1acsr (65 000

TCIDs) or HIV-1unp (20 000 TCIDso) were listed.
ND indicates not done.
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Figure 5. Detection of anti~HIV-1 antibodies froni the plasma of HIV-1-infected
mice. An ELISA assay was conducted by using plasma from 14 mice inoculated with
either HIV-1jrcse or HIV-1uy,, and from 2 uninfected control mice. Representatives
{n = 8) of the 14 HIV-1-inoculated mice, and the 2 uninfected mice, are shown in the
panels. Measurements of specific human antibodies for HIV-1y5 gp120 (A), HIV-1yn

gp120 (B), and HIV-1ys p24 antigens (C) were shown. Results are expressed as the
means from triplicate assays in 3 different experiments.

are initially activated in the xenogenic environment and then
become anergic.! In contrast, SCID-hu (Thy/Liv) mice are more
susceptible to X4 than to R5 strains® because HIV-1 infection is
restricted mainly to the engrafted thymus that is primarily com-
prised of immature T cells, suggesting that this model may not be
practical overt HIV infection. Our study represents the first attempt
to infect NOG mice that received transplants of human hematopoi-
etic stem cells with HIV-1. Very similar infection rates were seen
for both RS and X4 strains in the mouse model. Flow cytometry
revealed both CXCR4*CD4* and CCR5*CD4" cells in PB, the
spleen, and BM, but only CXCR4 on thymic CD4* T cells. It also
showed the scattering of human macrophages, known to be
susceptible to R5-tropic HIV-1 strains?®?® and the source of
HIV-1,2330-32 throughout various organs. p24% macrophage-like
cells were detected in these organs after R5-tropic HIV-1jresr
infection. These data may help explain the susceptibility of hNOG
mice to both R5- and X4-tropic HIV strains and also shed light on
the active replenishment of these target cells in mice.

SCID mouse systems have been actively used in the evaluation
of anti-HIV-1 drugs.>"'2! In most cases, HIV-1 detection levels
reach a peak within a month after inoculation and level off,
accompanied by CD4" T-cell depletion.>!21% Although suitable for
short-term experiments, it is also true that these models require
large numbers of mice because of large variations in infection
efficiency. In contrast, very stable infections were noted in our
hNOG mice that were inoculated with a high dose of HIVs. They
did not show rapid CD4/CDS§ decrease in spite of high levels of
viremia persisting for more than 40 days. Efficient hematopoiesis
and thymopoiesis of human cells probably compensated for the
loss of CD4* T cells, allowing for persistent infection. This
capacity of the hNOG mouse system makes it attractive as a model
for the long-term evaluation of anti-HIV-1 drugs. In addition to
destroying mature blood cells, altered hematopoiesis in BM and the
thymus has also been reported to be responsible for immunodefi-
ciency in patients with AIDS.*3 To study hematopoietic abnormali-
ties in HIV-1 infection, both SCID-hu. (Thy/Liv) mice®3¥* and
SIV- or SHIV-infected macaque models?™37-% have been used. The
current hNOG mouse system, in which human cells are efficiently
reproduced from stem cells and then settled into hematopoietic
organs, offers a promising model for the study of events that occur
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after infection not only with RS-tropic HIV-1 but also with
X4-tropic HIV-1. Indeed, the BM of hNOG mice infected with
R5-tropic HIV-1 exhibited exceptionally elevated levels of HIV-
DNA copies. On the other hand, the thymus of X4-tropic HIV-1ype—
infected hNOG mice yielded large numbers of HIV-DNA copies,
which seemed to correlate with the predominant expression of
CXCR4 on the thymocytes. Thus, further observation is essential to
address whether AIDS symptoms such as considerable CD4* T-cell
depletion and hematopoietic abnormalities eventually occur in
these mice.

It is noteworthy that human antibodies against both HIV-1
Env gpl20 and Gag p24 antigens were detected in mice no.
136-3, no. 157-3, and no. 157-4 after exposure to high titers of
HIV-1, suggesting that hNOG mice have the ability to respond
to HIV-1 antigens. This encourages us to develop antibody-
based HIV vaccine candidates, although additional modifica-
tions are required for the stable induction of immune responses.
Importantly, since the seroconverted mice showed high viremia
and high numbers of proviral DNA copies in the spleen, BM,
and thymus, abundant viral production may stimulate human
B-cell responses against HIV-1 and generate specific antibodies.
These mice showed little or no detectable human IgG against
HIV-1, as determined by Western blot analysis (data not shown),
suggesting that very low levels of class-switching occurred in
these mice, though further study is required.

In addition to the humoral immune responses, the induction of
primary T-cell responses is critical for the study of HIV-specific
immune responses and pathogenesis, as well as for vaccine
development. Although we did not demonstrate the T-cell ability to
respond to virus antigens, human T cells from the spleen prolifer-
ated when stimulated with anti-human CD3 antibodies (data not
shown), indicating that the human T cells in the NOG mice that
received transplants of hematopoietic stem cells are capable of
responding to T-cell receptor—mediated signals and are ekpected to
be able to elicit primary antigen-specific immune responses against
foreign antigens. To address whether the specific T-cell responses
may be induced will be one of the important studies.

In conclusion, the NOG mice that received transplants of human
hematopoietic stem cells successfully achieved systemic and
persistent infection with both R5-tropic and X4-tropic HIV-1, and
generated humoral immune responses against HI'V-1. These capaci-
ties of the hNOG mouse model may be very attractive for the study
of HIV pathogenesis and humoral immune responses induced by
HIV vaccine candidates.
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