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infliximab-mediated action, we measured the concentra-
tion of soluble TNF. Only a small and similar amount of
TNF was produced in WT mTNF, and S2A/S5A/S27A
after 48 hours of incubation. Considering that infliximab
is administered 1000 times more in molar ratio, it is
concluded that soluble TINF does not interfere with the
effect of infliximab by neutralization.

Our data clearly demonstrated that biologic effects—
namely apoptosis, cell cycle arrest, and IL-10 produc-
tion—are mediated by reverse signaling through mTNF
only by infliximab, which might explain the difference in
clinical effects between infliximab and etanercept in
Crohn’s disease. The expression of mTNF from the pa-
tients is substantially low compared with that of our
transfectants. However, other transfectants expressing a
less amount of mTNF were obtained during the process
of clone selection. In even those transfectants, apoptosis
was induced by infliximab but not by etanercept (data
not shown). In addition, it is likely that activated pri-
mary T cells might be more susceptible to apoptosis or
cell cycle arrest, compared with the T-cell line, Jurkat
cells. Taken together, we suggest that reverse signals
from mTNF might explain, at least in part, the cause of
the differential clinical efficacy of infliximab vs. etaner-
cept. The mechanism by which infliximab exerts a num-
ber of additional biologic effects through mTNFE com-
pared with etanercept is not clarified. However,
considering that infliximab formed more stable com-
plexes with mTNEF on transfected cells with higher avid-
ity than did etanercept,”’ infliximab might transmit
stronger signals through mTNF into the cells expressing
mTNF, thereby exerting a number of additional biologic
effects compared with etanercept. In fact, cross-linking of

etanercept bound to mTNF on Jurkat cells resulted inan

increased apoptosis signal, although to a much lesser
extent than with infliximab, as shown in Figure 5E.

IL-10 knockout mice develop bowel inflammation like
Crohn’s disease, and IL-10 is considered to be essential in
regulating mucosal immunity.3® Moreover, inflamma-
tory bowel disease patients tend to have a low IL-10
producer genotype morte often than normal controls,?®
and recombinant human JL-10 therapy showed clinical
improvement.4%4! Infliximab, not etanercept, induced
IL-10 production fromm mTNF-expressing cells, attribut-
ing to control of the bowel immune system. This finding
might be one of the mechanisms that explains the dif-
ferent clinical efficacy between these agents, in addition
to induction of apoptosis and cell cycle arrest.

A functionally important intracellular motif of mTNF
was assigned in this study. As shown in Figure 5C, S2A
or S5A resulted in a pronounced decrease in the propot-
tion of Annexin V-positive cells, whereas S27 A alone did
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not have any effect. Our observation that S2 and S5 are
primatily important when assessed by apoptosis assay
was supported by a previous report using a deletion
mutant of mTINF.!> The motif around 52 to §5 of mTNF
(—SXXS—) has been shown to correspond to a target
phosphorylation site of casein kinase I. The consensus
sequence is conserved in several TNF ligand family pro-
teins such as CD40L, CD30L, and FasL, which are re-
ported to transduce “reverse signals,” as in the case of
mTNF . 42-44 Deletion of the N-terminal 13 aa residues
including this casein kinase consensus motif resulted in
the loss of intracellular calcium up-regulation elicited by
mTNF stimulation.?> In the current study, we identified
for the first time the specific loci of mTNF critical for
outside-to-inside signal transduction. Exploration of the
similar functional significance of cytoplasmic Ser residues
in the other TNF ligand family proteins would contrib-
ute to further investigation of the signal transduction
mechanisms of “reverse signaling” in this cytokine fam-
ily, which have not yet been clarified:

The dual role of mTNF for both cell cycle arrest and
apoptosis is mediated by JNK activation, followed by
activation of the cell cycle regulator p21WAFYCIPL 5nd the
apoptosis-related proteins Bax and Bak and ROS. Con-
sidering that p21WAFI/CIPL 354 Bax are specific target
proteins of p533%33 and ROS are shown to be the down-
stream mediator of p53-induced apoptosis, 46 jt is
likely that p53 is involved in the dual effect of inflix-
imab. The time courses of JNK activation (Figure 94),
up-regulation of the p53-related molecules Bax and
p21 WAFL/CIPL - and ROS acrivation (Figure 8B and 8C)
suggest that p53 is downstream from JNK. The JNK
pathway is activated by various extracellular stimuli,
including stress and cytokines.#” Activation of JNK leads
to phosphorylation and the resultant activation of a
number of transcription factors and molecules related to
cell proliferation and apoptosis, including p53.4% On the
other hand, E-selectin expression, which was inducible
by infliximab and etanercept, was independent of the
JNK-p53 pathway because the JNK inhibitor SP600125
did not abolish E-selectin expression. Taken together
with our previous report,'¢ the molecular events essential
for mTNF-mediated E-selectin expression remain to be
clarified. It is of interest that p33 is associated with the
cytoplasmic domain of CD40L and is involved in the
clustering of CD40L,* one of the TNF ligand family
proteins carrying the casein kinase I motif in its cyro-
plasmic domain, like mTNF.13

In conclusion, we demonstrated that outside-to-inside
(reverse) signaling through mTNF was induced by in-
fliximab, which resulted in the activation of JNK/p53
and the up-regulation of such molecules as Bax, Bak,
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ROS, IL-10, and p21 WAFICIPL Qe residues in the cyto-
plasmic domain of mTNF were essential for apoptosis
and cell cycle arrest induced by the reverse signal. It
has recently been reported that overexpression of
p21 WAFUCRL regylted in the down-regulation of a num-
ber of proinflammatory molecules in rheumatoid synovial
fibroblasts.’° It is thus suggested that the reverse signal
through mTINF acts in concert to suppress mTNF-bear-
ing cells through apoptosis, cell cycle arrest, and modu-
lation of cytokine expression when strongly stimulated
by such molecules as Ab (infliximab). Elucidation of the
bipolar function of mTNF both as a ligand and a receptor
will contribute to understanding the pathogenesis of
local inflammation and the mechanisms of anti-TNF

therapy as well as to identify a novel therapeutic target(s)
in inflammation.
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TRANSPLANTATION

Allogeneic stem-cell transplantation with reduced conditioning intensity as a
novel immunotherapy and antiviral therapy for adult T-cell leukemia/lymphoma

Jun Okamura, Atae Utsunomiya, Ryuji Tanosaki, Naockuni Uike, Shunro Sonoda, Mari Kannagi, Masao Tomonaga, Mine Harada,
Nobuhiro Kimura, Masato Masuda, Fumio Kawano, Yuji Yufu, Hiroyoshi Hattori, Hiroshi Kikuchi, and Yoshio Saburi

Sixteen patients with adult T-cell leukemia/
lymphoma (ATL) who were all over 50 years
of age underwent allogeneic stem cell irans-
plantation with reduced-conditioning inten-
sity (RIST) from HLA-matched sibling do-
nors affer a conditioning regimen consisting
of fludarabine (180 mg/m?), busulfan (8 mg/
kg), and rabbit antithymocyte globulin (5
mg/kg). The observed regimen-elated toxici-

ties and nonhematologic toxicities were all
found to be acceptable. Disease relapse
was the main cause of treatment failure.
Three patients who had a relapse subse-
guently responded to a rapid discontinua-
tion of the immunosuppressive agent and
thereafter achieved another remission. After
RIST, the human T-cell leukemia virus type 1
(HTLV-1) proviral load became undetectable

in 8 patients. RIST is thus considered to be a
feasible treaiment for ATL. Our daia also
suggest the presence of a possible grafi-
versus-ATL effect; an anti-HTLV-1 activity
was also found to be associated with this
procedure. (Blood. 2005;105:4143-4145)

© 2005 by The American Society of Hematology

Introduction

Therapeutic trials to improve the dismal prognosis of adult T-cell
leukemia/lymphoma (ATL) among elderly persons who are infected with
human T-lymphotropic virus type 1 (HTLV-1) have so far been unsuccess-
ful.1S However, there have been a few encouraging reports on allogeneic
stem cell transplantation (alloSCT) for selected populations of patients
with ATL.5® Although most of the patients who were treated successfully
in these studies received grafts from HLA-identical siblings and the
patients were younger than the average age for patients with ATL, the
main cause of treatment failure after alloSCT remains transplant-related
complications such as acute graft-versus-host disease (aGVHD). Recent
advances have now allowed alloSCT to be extended to older patients
through the use of reduced-intensity conditioning regimens.!12 We
therefore conducted a phase 1 clinical trial of alloSCT with reduced-
conditioning intensity (RIST) to clarify whether this newly developed
procedure is feasible for ATL patients over 50 years of age.

Study design

The eligible patients ranged from 50 to 70 years of age and met the
diagnostic criteria for ATL.!3 The patients were required to be in either
complete remission (CR) or partial remission (PR) at the time of registra-
tion® and to have an HLA-identical sibling donor. All patients and donors

gave their written informed consent to participate in this study, which was
approved by the institutional review board of each participating institution.

The conditioning regimen consisted of fludarabine (180 mg/m?), busulfan (8
mg/kg), and rabbit antithymocyte globulin (ATG; 5 mg/kg) as reported.'©
Granulocyte colony-stimulating factor-mobilized peripheral blood (PB) grafts
from the donors were transplanted. To prevent GVHD, cyclosporine (CsA) was
administered intravenously (3 mg/kg/d). The severity of GVHD was graded
according to the consensus criteria.!* The degrees of donor-recipient chimerism
and HTLV-1 proviral DNA in PB mononuclear cells (MNCs) were quantified
according to published methods.!>16 The ptimary end points of this study were
either engraftment, as judged by the achievement of complete donor chimerism
before day 90, or the occurrence of early transplant-related mortality (TRM)
before day 100 after RIST. We therefore registered 16 patients according to the
Simon 2-step design.!” The overall survival (OS) and event-free survival (EFS)
were estimated by the Kaplan-Meier method. The log-rank test was used to
compare the OS and EFS between the subgroups.

Results and discussion
Clinical results

The median ages of the patients and donors were 57 and 54 years,
respectively. Because one patient (UPN11) received extra medica-
tion during the conditioning phase due to rapid disease progression,
the patient was considered as evaluable only for engraftment. One
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Table 1. Patient characteristics and outcomes
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Complete GVHD HTLV-1 proviral load
Donor chimerism, PB
Ags, ATL HTLV-1 MNCs, > 90% of Before After RIST, Survival,
UPN v/sex subtype antibody donor cells, d Acute Chronic RIST lowest level Outcome d
1 -87/IF Acule + No: 0 NE - 292 68 LN relapse, d 47, DOD 138
2 61/F Acute - 14 [\ No > 1000 2 LN reiapse, d 47, CR 173
after d/c CsA, died
of aGVHD
3 62/F Lymphoma - + 28 0 NE 30 43 LN relapse, d 14, DOD 43
4 62/M Acute + 14 1 Yes > 1000 <05 LN and skin relapse, d > 1214
28 and CR after d/c
CsA
5 BUM Agute R : 42 0 No . 700 223 LN and skinrelapse,d . 173
- : ~ ‘ S 21, PR after dic
. CsADOD
6 66/F Acute + 14 It Yes 798 7 CR > 1177
7 51/M Acute = 14 1] Yes 27 T 0b “CR s =1162
8 55/F Lymphoma + 20 0 No 331 67 LN relapss, d 74, DOD 201
B i B3M . Lymphoma e 17 [ Yes .. 236 <0.5 CR. i =017
10 54/M Lymphoma - 17 1] Yes 440 < 0.5 LN relapse, d 171, CR > 910
after
chemoradiotherapy
1 BSM Acute . o2 Ne . NE 244 NENE O NE
12 66/F Acute - 14 0 Yes > 1000 <05 Died of cGVHD and 285
infection
13 Acute Lo R i N 2 * LN andlungrelapse, 266
s ~ o e L - dispyDoD L
14 67/F Lymphoma - 15 L] No <05 LN relapse, d 62, DOD 219
. BUM Acute’ s oo W NE <05 L
56/M  Acute - ' 14 v No <05

patient (UPN1) who developed an early relapse failed to achieve
complete donor chimerism before day 90 (Table 1). Therefore, 15
of 16 patients were considered to demonstrate successful results for
engraftment. Another patient (UPN15) developed early TRM on
day 71 after RIST. As previously reported for this regimen, the
regimen-related toxicities and hematologic toxicity were all accept-
able. No grade 4 nonhematologic toxicity was observed.1%181° Two
patients developed fatal grade IV aGVHD while they were not
receiving CsA because of an absence of aGVHD and an early
disease relapse. Regarding major infectious complications, sepsis
in 2 patients, a reactivation of cytomegalovirus in 13, and an
Epstein-Barr virus-associated lymphoproliferative disorder in 2
were observed. Of the 12 patients who could be evaluated
regarding the response to RIST, 9 exhibited CR at 30 days after
RIST. Although the underlying mechanisms are unclear, the CR
was considered most likely to be due to the chemotherapeutic
effect, the graft-versus-ATL effect, or a combination of both.
Disease relapse occurred in 9 patients. Interestingly, 3 patients who
had a relapse subsequently achieved a second CR or PR after the
rapid discontinuation of CsA. As of December 31, 2004, 5 patients
are alive, and 10 had died of either ATL (6) or TRM (4). In all cases,
TRM was considered to be related to GVHD (Table 1). The EFS
and OS for the 15 patients at 2 years are 20.0% = 10.3% and
33.3 + 12.2%, respectively. The OS for patients who did and did
not develop aGVHD was 50.0% * 15.8% and 0%, respectively
(P = .06).

Kinetics of the HTLV-1 proviral load after RIST

The HTLV-1 proviral load decreased to an undetectable level
(< 0.5 copies) within 3 months after RIST in 8 patients, specifi-
cally, 6 of 8 patients who received grafts from HTLV-1 antibody-

negative donors and 2 of 7 patients whose donors were virus
carriers (Figure 1). Four of the § patients who survived more than
18 months presently continue to demonstrate an undetectable
HTLV-1 proviral load. The other long-term survivor whose donor
was a carrier (UPN6) showed a high HTLV-1 proviral load without
any disease relapse beyond 18 months.

In this first prospective study of RIST for ATL, we clearly
demonstrated that RIST from HLA-matched sibling donors is a
feasible therapeutic procedure for patients over 50 years of age, as
has been reported for other lymphoid malignancies.?*-22 However,
the TRM of 27% was not negligible. Notably, 2 of 4 TRMs were
related to grade IV aGVHD, and they were induced by a

A B

Oy
e

Patlents alive
Patients dead

10

e
by

HTLV-I proviral lead (copies/1060 PBMC)
8

BR 1 2 3 6 12 18 BR 1 2 3 6 12 18
Alter RIST (months)

Figure 1. The kinetics of the HTLV-1 proviral load after RIST by different types of
donors. Panel B indicates transplants from HTLV-1~ donors; panel A shows results
from HTLV-1+ carrier donors, The HTLV-1 proviral load was expressed as copies per
1000 MNCs. A load of less than 0.5 copies/1000 MNCs was considered to be
undetectable. O indicates patients stili alive at end of study; @, patients that died
during study. BR indicates before RIST, The horizontal line at 0.5 indicates detection
limit. PBMNC indicates peripharal blood mononuclear cell.
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discontinuation of CsA, which indicated the difficulty in the
tapering or discontinuation of CsA in RIST. Interestingly, 3 patients
who had a relapse responded to a rapid discontinuation of the
immunosuppressive agent CsA. Although the difference was not
statistically significant, the patients who developed aGVHD tended
to show a better OS than those who did not (P = .06). These
observations thus suggest the presence of a graft-versus-ATL effect
in RIST. The dramatic decrease in the HTLV-1 proviral load to an
undetectable level after RIST in more than half the patients was
unexpected. Similar results, which demonstrated an antiviral effect
by SCT for ATL, have been previously described in case re-
ports.232* Two patients who received grafts from HTLV-1" donors
also became negative for viral load after RIST. The uninfected
normal donor T cells present in the graft might have overwhelmed
the HTLV-1-infected T cells in the unique environment after
transplantation. In one patient (UPN6) who received a graft from
an HTLV-1* carrier donor, an increase in the HTLV-1 proviral load
without disease relapse was observed beyond 1 year after RIST.
The proviral load gradually returned to the donor level after the
second year. A temporary proliferation of HTLV-I-infected (non-
clonal) donor cells might have occurred due to some unknown
etiology.

We have herein shown that RIST is a feasible treatment

procedure for ATL patients over 50 years of age. The possible

RISTFORATL 4145

presence of a graft-versus-ATL effect as well as anti-HTEV-1
activity for RIST were also observed. Ganciclovir and prophy-
lactic oral acyclovir were the antiviral agents used in the study.
They are effective only for herpes virus and not for retrovirus,
and therefore, they possess a negligible anti-HTLV-1 activity. In
a separate analysis in this study, Harashima et al found the
presence of an HLA class I restricted proliferation of CD8*
cytotoxic T lymphocytes (CTLs), which exhibited a specific
reactivity to a certain epitope of the HTLV-1 regulatory protein
Tax.?® These Tax-specific CTLs might therefore play a critical
role in eradicating ATL cells in vivo. These results indicate that
RIST may be applicable as a new modality for the future
treatment for other virus-induced diseases that have a
POOT Prognosis.
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HEMATOPOIESIS

Development of functional human blood and immune systems
in NOD/SCID/IL?2 receptor y chain™!! mice

Fumihiko Ishikawa, Masaki Yasukawa, Bonnie Lyons, Shuro Yoshida, Toshihiro Miyamoto, Goichi Yoshimoto, Takeshi Watanabe,
Koichi Akashi, Leonard D. Shultz, and Mine Harada

Here we report that a new nonobese dia-
betic/severe combined immunodeficient
(NOD/SCID) mouse line harboring a com-
plete null mutation of the common cyto-
kine receptor v chain (NOD/SCID/interleu-
kin 2 receptor [IL2r] y") efficiently
supports development of functional hu-
man hemato-lymphopoiesis. Purified hu-
man (h) CD34*+ or hCD34*hCD38~ cord
blood {CB) cells were transplanted into
NOD/SCID/IL2ryril hewborns via a facial
vein. In all recipients injected with 105
hCD34+ or 2 x 10* hCD34+hCD38~ CB
cells, human hematlopoietic cells were
reconstituted at approximately 70% of
chimerisms. A high percentage of the

human hematopoietic cell chimerism per-
sisted for more than 24 weeks after trans-
plantation, and hCD34* bene marrow
grafts of primary recipients could recon-
stitute hematopoiesis in secondary NOD/
SCID/IL2ry™! recipients, suggesting that
this system can support self-renewal of
human hematopoietic stem cells.
hCD34+hCD38~ CB cells differentiated
into mature blood cells, including my-
elomonocytes, dendritic cells, erythro-
cytes, platelets, and lymphocyies. Differ-
entiation into each lineage occurred via
developmental intermediates such as
common lymphoid progenitors and com-
mon myeloid progenitors, recapitulating

the steady-state human hematopoiesis. B
cells underwent normal class switching,
and produced antigen-specific immuno-
globulins (lgs). T celis displayed the hu-
man leukocyte antigen (HLA)-dependent
cytotoxic function. Furthermore, human
lgA-secreting B cells were found in the
intestinal mucosa, suggesting reconstitu-
tion of human mucosal immunity. Thus,
the NOD/SCID/IL2ry"!! newborn system
might be an important experimental model
to study the human hemato-lymphoid sys-
tem. (Blood. 2005;106:1565-1573)

© 2005 by The American Soclety of Hematology

Introduction

To analyze human immune and hematopoietic development and
function in vivo, a number of studies have been tried to reproduce
human hematopoiesis in small animal xenotransplantation models.!
Successful transplantation of human hematopoietic tissues in
immune-compromised mice was first reported in late 1980s by
using homozygous severe combined immunodeficient (C.B.17-
SCID) mice. In the first model of a humanized lymphoid system in
a SCID mouse (SCID-hu model), McCune et al simultaneously
transplanted human fetal tissues, including fetal liver hematopoi-
etic cells, thymus, and lymph nodes, into SCID mice and induced
mature human T- and B-cell development.2 Mosier et al success-
fully reconstituted human T and B cells by transferring human
blood mononuclear cells into SCID mice.> These initial studies
suggested the usefulness of immunodeficient mice for reconstitu-
tion of the human lymphoid system from human bone marrow
hematopoietic stem cells (HSCs).

After these initial reports, a number of modified SCID models
have been proposed to try to reconstitute human immunity. In
addition, recombination activating gene (RAG)-deficient strains

have been used as recipients in xenotransplantation: T- and
B-cell-deficient Prkdc™®, Ragl™~, or Rag2~/~ mutant mice’”’
were capable of supporting engraftment of human cells. The
engraftment levels in these models, however, were still low,
presumably due to the remaining innate immunity of host animals.!
Nonobese diabetic/severe combined immunodeficient (NOD/
SCID) mice have been shown to support higher levels of human
progenitor cell engraftment than BALB/c/SCID or C.B.17/SCID
mice.? Levels of human cell engraftment were further improved by
treating NOD/SCID mice with anti-asialo GM1 (ganglioside-
monosialic acid) antibodies® that can abrogate natural killer (NK)
cell activity. Recently, NOD/SCID mice harboring either a null
allele at the B,-microglobulin gene (NOD/SCID/B2m~/~)!0 or a
truncated common cytokine receptor -y chain (yc) mutant lacking
its cytoplasmic region (NOD/SCID/vy,~~)'12 were developed. In
these mice, NK- as well as T- and B-cell development and functions
are disrupted, because $2m is necessary for major histocompatibil-
ity complex (MHC) class I~mediated innate immunity, and because
yc (originally called IL-2Ry chain) is an indispensable component
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of receptor heterodimers for many lymphoid-related cytokines (ie,
IL-2, IL-7, IL-9, IL.-12, TIL-15, and IL-21).!3 Injection of human
bone marrow or cord blood (CB) cells into these mice resulted in
successful generation of human T and B cells. In our hands,
efficiencies of CB cell engraftment represented by percentages of
circulating human (h) CD45% cells were significantly (2- to 5-fold)
higher in NOD/SCID/B2m ™'~ newborns than those in adults (F1.,
M.H,, and L.D.S., unpublished data, April 2003). More recently,
transplantation of hCD34" CB cells into Rag2~~ yc™/~ newborns
regenerated adaptive immunity mediated by functional T and B
cells,!* suggesting heightened support for xenogeneic transplants
especially in the neonatal period. Efficiency of reconstitution of
human hematopoiesis may be, however, still suboptimal in these
models because chimerisms of human cells are not stable in each
experiment.H1214 Furthermore, there is little information regarding
reconstitution of human myeloerythroid components in these
xenogeneic models.

Two types of mouse lines with truncated or complete null yc
mutant!>17 have been reported. NOD/SCID/y,~~ and Rag2~/~
yc™/~ mouse strains harbor a truncated yc mutant lacking the
intracellular domain,'S and therefore, binding of ~yc-related cyto-
kines to each receptor should normally occur in these models.!8 For
example, IL-2R with the null yc mutations would be an off
heterodimer complex with an affinity approximately 10 times
lower than that of the high affinity aBvy heterotrimer complex in
mice with the truncated yc mutant.!” yc has also been shown to
dramatically increase the affinity to its ligands through the recep-
tors for IL-4, IL-7, and IL-15.20-23 Previous studies suggested that
ye-related receptors including IL-2RB chain and IL-4Ra chain
could activate janus-activated kinases (JAKS) to some extent in the
presence of the extracellular domain of vyc, independent of the
cytoplasmic domain of vyc.24?5 Thus, in order to block the signaling
through vyc-related cytokine receptors more completely, we made
NOD/SCID mice harboring complete null mutation of ycl6 (the
NOD/SCID/IL2ry™! strain). By using NOD/SCID/IL2ry™! new-
borns, we successfully reconstituted myeloerythroid as well as
lymphoid maturation by injecting human CB or highly-enriched
CB HSCs at a high efficiency. Reconstitution of human hematopoi-
esis persisted for a long term. The developing lymphoid cells were
functional for immunoglobulin (Ig) production and human leuko-
cyte antigen (HLLA)-dependent cytotoxic activity. Our data show
that the NOD/SCID/IL2ry™! newborn system provides a valuable
tool to reproduce human hemato-lymphoid development.

Materials and methods
Mice

NOD.Cg-Prkdcs“8[L2rg" WSz (NOD/SCID/IL2ry™) and NOD/LtSz-
Prkdc™/B2m™! (NOD/SCID/B2m™™) mice were developed at the Jackson
Laboratory (Bar Harbor, ME). The NOD/SCID/IL2ry™! strain was estab-
lished by backcrossing a complete null mutation at yc locus!S onto the
NOD.Cg-Prkdc* strain, The establishment of this mouse line has been
reported elsewhere.?6 All experiments were performed according to the
guideline in the Institutional Animal Committee of Kyushu University.

Cell preparation and transplantation

CB cells were obtained from Fukuoka Red Cross Blood Center (Japan). CB
cells were harvested after written informed consent. Mononuclear cells
were depleted of Lin* cells using mouse anti-hCD3, anti-hCD4, anti-hCD8,
anti-hCD11b, anti-hCD19, anti-hCD20, anti-hCD56, and anti-human gly-
cophorin A (hGPA) monoclonal antibodies (BD Immunocytometry, San
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Jose, CA). Samples were enriched for hCD34* cells by using anti-hCD34
microbeads (Miltenyi Biotec, Auburn, CA). These cells were further stained
with anti-hCD34 and hCD38 antibodies (BD Immunocytometry), and were
purified for Lin~CD34*CD38~ HSCs by a FACSVantage (Becton Dickin-
son, San Jose, CA). Lin~ hCD34% cells (105 or 2 X 10*
Lin"hCD34*hCD38~ cells were transplanted into irradiated (100 cGy)
NOD/SCID/IL2ry™! or NOD/SCID/B2m™! newborns via a facial vein?’
within 48 hours of birth,

Examination of hematopoietic chimerism

At 3 months after transplantation, samples of peripheral blood, bone
marrow, spleen, and thymus were harvested from recipient mice. Human
common lymphoid progenitors were analyzed based on the expression of
hCD127 (IL-7 receptor o chain) and hCD10 in Lin (hCD3, hCD4, hCD8,
hCD11b, hCD19, hCD20, hCD56, and hGPA)~ hCD34*hCD38% frac-
tion.?#2° Human myeloid progenitors were analyzed based on the expres-
sions of hCD45RA and hCD123 (IL-3 receptor o chain) in Lin
CD10~CD34*CD38* fractions. For the analysis of megakaryocyte/
erythroid (MegE) lineages, anti-hCD41a (HIP8), anti-hGPA (GAR-2),
anti-mCD41a (MW Reg30), and anti-mTer119 (Ter-119) antibodies were
used. Samples were treated with ammonium chloride to eliminate mature
erythrocytes, and were analyzed by setting nucleated cell scatter gates. For
the analysis of circulating erythrocytes and platelets, untreated blood
samples were analyzed by setting scatter gates specific for each cell
fraction. Human B lymphoid progenitors were evaluated according to the
criteria proposed by LeBien.30

Methylcellulose culture assay

Bone marrow cells of recipient mice were stained with anti-hCD34, hCD38,
hCDA45R0, hCD123, and lineage antibodies. Human HSCs, CMPs, GMPs,
and MEPs were purified according to the phenotypic definition?®?® by using
a FACSVantage (Becton Dickinson). One hundred cells of each population
were cultured in methylcellulose media (Stem Cell Technologies, Vancou-
ver, BC, Canada) supplemented with 10% bovine serum albumin (BSA), 20
wg/mL steel factor, 20 ng/mL IL-3, 20 ng/mL IL-11, 20 ng/mL Fms-like
tyrosine kinase 3 (Flt3) ligand, 50 ng/mL granulocyte-macrophage colony-
stimulating factor (GM-CSF), 4 U/ml erythropoietin (Epo), and 50 ng/mL
thrombopoietin (Tpo). Colony numbers were enumerated on day 14
of culture.

Histologic analysis

Tissue samples were fixed with 4% paraformaldehyde and dehydrated with
graded alcohol. After treatment with heated citrate buffer for antigen
retrieval, paraformaldehyde-fixed paraffin-embedded sections were immu-
nostained with mouse anti-hCD19, anti-human IgA, anti-hCD3, anti-
hCD4, anti-hCD8, and anti-hCD1 1c antibodies (Dako Cytomation, Carpinteria,
CA). Stained specimens were observed by confocal microscopy (LSMS510
META microscope; Carl Zeiss, Oberkochen, Germany). Image acquisition
and data analysis were performed by using LSMS5 software. Numerical
aperture of the objective lens (PlanApochromat X63) used was 1.4.

ELISA

Human Ig concentration in recipient sera was measured by using a human
immunoglobulin assay kit (Bethyl, Montgomery, IL). For detection of
ovalbumin (OVA)-specific human IgM and IgG antibodies, 5 recipient
mice were immunized twice every 2 weeks with 100 g of OVA (Sigma, St
Louis, MO) that were emulsified in aluminum hydroxide (Sigma). Sera
from OVA-treated mice were harvested 2 weeks after the second immuniza-
tion. OVA was plated at s concentration of 20 pg/mL on 96-microtiter wells
at 4°C overnight. After washing and blocking with bovine serum albumin,
serum samples were incubated in the plate for 1 hour. Antibodies binding
OVA were then measured by a standard enzyme-linked immunosorbent
assay (ELISA).
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Cytotoxicity of alloantigen-specific human CD4* and CD8*
T-cell lines

Alloantigen-specific human CD4* and CD8™ T-cell lines were established
according to the method as reported.3! After stimulation with an Epstein
Barr virus-transformed B lymphoblastoid cell line (TAK-LCL) established
from a healthy individual (TAK-LCL) for 6 days, 100 hCD4™* T cells or
hCD8™ T cells were plated with 3 X 10* TAK-LCL cells in the presence of
10 U/mL human IL-2 (Genzyme, Boston, MA), and were subjected to a
chromium 51 (°!Cr) release assay. A Limiting number of effector cells and
10* *'Cr-labeled allogeneic target cells were incubated. KIN-LCLs that do
not share HLA with effector cells or TAK-LCL were used as negative
controls. Cytotoxic activity was tested in the presence or absence of
anti-HLA class I or anti-HLA-DR monoclonal antibodies.

Resulis

Reconstitution of human hematopoiesis is achieved
in NOD/SCID/IL2ry"! mice

NOD/SCID/TL2ry™! mice lacked mature murine T or B cells
evaluated by fluorescence-activated cell sorting (FACS), and
displayed extremely low levels of NK cell activity.3! This mouse
line can survive more than 15 months?! since it does not develop
thymic lymphoma, usually a fatal disease in the immune-
compromised mice with NOD background.??

Lin~hCD34* CB cells contain HSCs, and myeloid and
lymphoid progenitors.?$2° We and others have reported that
engraftment of human CB cells, which contain hematopoietic
stem and progenitor cells, was efficient in NOD/SCID/B2m ™/~
and RAG2~/=/y.~'~ mice, especially when cells were trans-
planted during the neonatal period.!43 We therefore trans-
planted purified Lin"hCD34* CB cells into sublethally irradi-
ated NOD/SCID/IL2ry™! newborns via a facial vein.?’

We first transplanted 10° Lin~hCD34* CB cells from 3
independent donors into 5 NOD/SCID/IL2ry™ newborns, and
found that the NOD/SCID/IL2ry™! newborn system is very
efficient for supporting engraftment of human hematopoietic
progenitor cells. Table 1 shows percentages of hCD45* cells in
these mice 3 months after transplantation. Strikingly, the average

Table 1. Chimerism of human CD45* cells in NOD/SCID/B2m™! mice
and NOD/SCID/IL.2ry™! mice

% nucleated cells

Mouse no. (donor no.) PB BM Spleen
NOD/SCID/IL2ryul
1) 71.2 70.9 ©17.66.8
2(1) 81.7 81.4 474
3(2) 50.1 58.8 49.5
4 (3) 68.0 83.1 51.1
5(3) ¢ 73.3 701 58.1
Mean = SD 68.9 = 11.6* 72.9 = 9.8* 54.5 + 8.0"
NOD/SCID/B2mnut
1(1) 10.4 48.1 220
2(2) 11.6 315 24.3
3(3) 6.9 18.1 20.7
4(3) 20.7 30.4 31.2
Mean = SD 124 £ 59" 315 = 11.5% 22,6 £ 4.7%

To compare the engraftment levels in the two strains, 1 X 105 Lin~ CD34* cells
derived from 3 CB samples were transplanted into 5 NOD/SCID/IL2ry™ mice and 4
NOD/SCID/B2m™! mice. At 3 months after transplantation, BM, spleen, and periph-
eral blood (PB) of the recipient mice were analyzed for the engraftment of human
cells. Data show percentages of human CD45* cells in each tissue.

*P < .05,
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engraftment levels were approximately 70% in both the bone
marrow and the peripheral blood. Compared with 4 control
NOD/SCID/B2m ™/~ recipient mice given transplants from the
same donors, engraftment levels of hCD45* cells in NOD/SCID/
IL2ry™! mice were significantly higher (Table 1).

Table 2 shows the analysis of human hematopoietic cell
progeny in mice that received transplants of human Lin~"hCD34*
CB cells. In the peripheral blood, hCD457 cells included hCD33*
myeloid, hCD19* B cells, and hCD3* T cells in all mice analyzed
(Figure 1A and Table 2). We then analyzed the reconstitution of
erythropoiesis and thrombopoiesis in these mice. Anti-human
glycophorin A (hGPA) antibodies recognized human erythrocytes,
while mTer119 antibodies** recognized GPA-associated protein on
murine erythrocytes, respectively (Figure 1B). Human and murine
platelets could also be stained with anti-human and anti-murine
CD41a, respectively (Figure 1B). Circulating hGPA* erythrocytes
and hCD41a™ platelets were detected in all 3 mice analyzed (Figure
1B, right panels). hGPA* erythroblasts and hCD41a™ megakaryo-
cytes were detected as 9.5% * 6.2% (n = §) and 1.64% = 0.42%
(n = 5) of nucleated bone marrow cells, respectively. Thus,
transplanted human Lin~hCD34* CB cells differentiated into
mature erythrocytes and platelets in NOD/SCID/IL2ry™! recipients.

In all engrafted mice, the bone marrow and the spleen contained
significant numbers of hCD11c* dendritic cells as well as hCD33*
myeloid cells, hCD19" B cells, and hCD3* T cells (Table 2 and
Figure 1C). hCD1lc* dendritic cells coexpressed HLLA-DR that is
essential for antigen presentation to T cells (Figure 1D). In contrast,
in the thymus, the majority of cells were composed of hCD3+ T
cells and rare hCD19* B cells (Table 2).

Figure 2A shows the change in the percentage of circulating
hCD45% cells in another set of NOD/SCID/L2ry™ newborns
injected with 2 X 10* Lin"hCD34+*hCD38~ CB cells. Surpris-
ingly, the level of hCD45* cells in the blood was unchanged, and
was maintained at a high level even 24 weeks after transplantation.
Mice did not develop lymphoid malignancies or other complica-
tions. Furthermore, we tested the retransplantability of human
HSCs in primary recipients. We killed mice at 24 weeks after the
primary transplantation of hCD34* cells, purified 1 to 5 X 104
hCD34* cells from primary recipient bone marrow cells, and
retransplanted them into NOD/SCID/IL2ry™! newborns. In all 3
experiments, secondary recipients successfully reconstituted hu-
man hematopoiesis at least until 12 weeks after transplantation,
when we killed mice for the bone marrow analysis (Figure 2B).
Thus, the NOD/SCID/IL2ry™!! newborn system can support himan
hematopoiesis for the long term.

Human cord blood hematopoietic stem cells produced myeloid
and lymphoid cells via developmental intermediates
in the NOD/SCID/IL2ry™ ! bone marrow

The Lin"hCD34* CB fraction contains early myeloid and lym-
phoid progenitors as well as HSCs.? To verify that differentiation
into all hematopoietic cells can be initiated from human HSCs in
the NOD/SCID/IL2ry™!! newborn system, we transplanted
Lin"hCD34+hCD38-CB cells that contain the counterpart popula-
tion of murine long-term HSCs,* and are highly enriched for
human HSCs.3¢37 hCD34* CB cells (15%-20%) were hCD38~
(data not shown). Mice given fransplants of 2 X 104
Lin"hCD34*hCD38 cells displayed successful reconstitution of
similar proportion of hurian cells compared with mice reconsti-
tuted with 1 X 10% Lin~hCD34+ cells at 12 weeks after transplan-
tation (Table 2). In another experiment, mice injected with 2 X 104
Lin"hCD34*hCD38~ cells exhibited the high chimerism (> 50%)
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Table 2. Gellular number and composition in tissues of engrafted NOD/SCID/IL2ry™! mice

% nucleated cells (% hCD45+ cells)

Injected cells, mice, and tissue type Total no. cells CD33 cD19 CcD3 CD11c
1 % 10° Lin-CD34+
Mause no. 1/ donor no. 1
BM 2.4 X 107 8.2 (11.6) 54.8 (77.6) 10.7 (15.1) 1.1(1.6)
Spleen 41 % 107 4.3 (6.4) 33,5 (50.1) 26.1 (39.1) 2.2 (3.3)
Thymus 3.1 X 108 NE 1.3 (1.3) 96.2 (98.7) NE
PB NE 4.0 {5.8) 35.1(49.3) 19.8 (27.8) NE
Mouse no. 2/donor no. 1
BM 18 %107 5.5 {6.8) 56.5 {67.6) 89 (12.2) 2.6(3.6)
Spleen 3.2 X 107 2.1 (4.5) 27.7 (58.8) 15.9 (33.8) 1.3 (2.8)
Thymus 45 X 108 NE 11 (1.9) 90.4 (08.8) NE
PB NE 6.1 (7.5) 53.8 (65.9) 21.6 (40.1) NE
Meouse ho. 4/ dohot rio. 3 :
BM 1.9 x 107 9.4 (11.3) 52.9 (63.7) 15.9 (19.1) 0.62 (0.75)
Spleen 4.4 X107 3.5 (6.8) 242 (47.4) 20.8 (40.7) $1.5(2.9)
Thymus 0.8 X 105 NE 0.88 (1.1) 78.2 (98.9) NE
PB NE 3.2(4.7) 61.3.(90.1) 5.3.(7.8) NE
Mouse no. 5/donor no. 3
BM 2.1%107 10,2'(14.6) 48,8(82.0) . S94 (134) 1.3(1.9)
Spleen 2.7 X 107 6.6 (11.4) 30.4 (52.3) 18.6 (32.0) 1.1(1.9)
Thymus 1.1 X 108 NE : LB 81.1 (06.3) - NE-
PB NE 9.8 (13.4) 40.4 (55.1) 16.8 (22.9) NE
2 % 10%Lin~CD34+CD38~
Motise ho. 6/donor no. 4 : o o ;
BM 2.6 X 107 3.4 (5.3) 46.1 (78.7) 8.1 (13.8) 1.3 (2.2)
Splesn 3eviol 1aen 402 (839} 590128 a5
Thymus 1.9 X 10 NE 2.1(2.3) 89.4 (97.7) NE
PB- NE ' 5.4 (124) 280 (6613) 930218 NE
Mouse no. 7/donor no. 5
BM. 1:4 X107 72{(14.2) 896 (78.1) Biaded). . 0B2(ie)
Spleen 2.2 X 107 2.4 (5.1) 37.2 (79.3) 6.8 (14.5) 0.52 (1.1)
Thymus 13X 105 NE ) . 851002 NE
PB NE 2.3 {41.7) 49.3 (89.5) 3.5 {6.4) NE
Mouse ho: Bfdonor rio: 6 S : fi e P
BM 1.1 %107 6.1 (11.7) 36.8 (70.6) 7.7 (14.8) 2.5 (4.8)
Spleen. 29x107 2.9(4.8) o 338G 246 (38.68) 2.4 (3.8)
Thymus 1.9 X 108 NE 1.1(1.2) 94.1 (97.0) NE
PR NE & 81 (119) Li - 502 (73.5) 10,0148) - ONE

BM, spleen, and thymus were harvested from engrafted NOD/SCID/IL2ry™! mice at 3 months after transplantation. Total celt numbers in BM and thymus represent the cells
harvested from 2 femurs for BM and those harvested from a hemilobe for thymus. Recipients 1, 2, 4, and 5 received transplants of 1 X 10°% Lin-GD34+ cells. Recipients 6, 7,
and 8 received transplants of 2 X 104 Lin-CD34*CD38~ celis. NE indicates not examined.

of circulating human blood cells even 24 weeks after transplanta-
tion (not shown), suggesting the long-term engraftment of self-
renewing human HSCs.

In all mice injected with Lin"hCD34*hCD38~ celis,
hGPA* erythroid cells and hCD41a* megakaryocytes were
present (not shown). We then tested whether differentiation of
Lin~hCD347hCD38~ HSCs in the NOD/SCID/IL2ry™! mouse
microenvironment can recapitulate normal developmental pro-
cesses in the human bone marrow. We and others have reported
that phenotypically separable myeloid and lymphoid progeni-
tors are present in the steady-state normal bone marrow in both
mice3%3 and humans.?%2® Figure 2C shows the representative
FACS analysis data of recipient’s bone marrow cells. In all 3
mice tested, the bone marrow contained the hCD34*hCD38~
HSC3*37 and the hCD34+hCD38* progenitor fractions.® The
hCD34+*hCD38+thCD10*hCD127 (IL-7Ra)* common lym-
phoid progenitor (CLP) population® was detected (Figure 2C, top
panels). According to the phenotypic definition of human myeloid
progenitors,? the hCD34 thCD38* progenitor fraction was subfrac-
tionated into hCD45RA~hCD123 (IL-3Ra)* common myeloid
progenitor (CMP), hCD45RA~hCD123~ megakaryocyte/erythro-

cyte progenitor (MEP), and hCD45RA+hCD123% granulocyte/
monocyte progenitor (GMP) populations (Figure 2C, bottom
panels). We then purified these myeloid progenitors, and tested
their differentiation potential. As shown in Figure 2D, purified
GMPs and MEPs generated granulocyte/monocyte (GM)- and
megakaryocyte/erythrocyte (MegE)—related colonies, respectively,
while CMPs as well as HSCs generated mixed colonies in addition
to GM and MegE colonies. These data strongly suggest that
hCD34*hCD38~ human HSCs differentiate into all myeloid and
lymphoid lineages tracking normal developmental steps of the
steady-state human hematopoiesis within the NOD/SCID/IL2ry™!
mouse bone marrow.

Development of human systemic and mucosal immune
systems in NOD/SCID/IL2ry™¥ mice

We further evaluated development of the human immune system in
NOD/SCID/TL2ry™! recipients. In the thymus, thymocytes were
mostly consisted of hCD3™ T cells with scattered h(CD19* B cells
(Figure 3A-B). This is reasonable since the normal murine thymus
contain a small number of B cells in addition to T cells.*
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Figure 1. Analysis of human hematopoietic cells in NOD/
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SCIDAL2ry™ ! recipients. (A) In the scatter gates for nucle-
ated cells, anti-hCD45 and anti-mCD45 antibodies (Abs)
reacted exclusively with human and murine leukocytes, re- :
spectively. In the recipient blood, the majority of nucleated
cells were human leukocytes (top row). High levels of engraft-

Control

Mouse Recipient — Bone marrow

SHaoM
YU

ment by hCD33* myelomonocytic cells, hCD19* B cells, and
hCD3* T cells were achigved in peripheral blood of recipient

 Syaou

mice given transplants of Lin~hCD34+* CB cells (bottom row}.

(B) Analysis of circulating erythrocytes (top row) or platelets i
(bottomn row) in a NOD/SCID/IL2ry™ recipient. In the blood, !
Ter119* murine erythrocytes as well as hGPA* human eryth-
rocytes were detected. mCD41a* murine platelets were also
reconstituted. (C) Muitilineage engraftment of human cells in
the NOD/SCID/IL2ry"# murine bone marrow. hCD33* my-
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present. hGPA* erythroid cells and hCD41a* megakaryo-
cytes were also seen in the nucleated cell gate of the bone
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detected in the spleen by a flow cytometric analysis. (Right)
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cells displayed dendritic cell morphology.
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Thymocytes consisted of immature hCD4*hCD8* double-positive
(DP) T cells (Figure 3C) as well as small numbers of hCD4* or
hCD8"* single-positive (SP) mature T cells (Figure 4A, top panel),
while hCD3* human T cells in spleen were mainly constituted of
either hCD4+ or hCD8" single positive T cells (Figure 4A, bottom
panel). These data suggest that normal selection processes of T-cell
development may occur in the recipients’ thymi.

In the spleen, lymphoid follicle-like structures were seen
(Figure 3D-E), where predominant hCD19+ B cells were associ-
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ated with surrounding scattered hCD3* T cells (Figure 3F).
Development of mesenteric lymph nodes was also observed, where
the similar follicle-like structures consisted of human B and T cells
were present (not shown). In the bone marrow and the spleen,
nucleated cells in each organ contained hCD34*thCD19* pro-B
cells, hCD10ThCD19* immature B cells, and hCD19thCD20*
mature B cells (Figure 4B). Figure 4C shows the expression of
human immunoglobulins on hCD19* B cells. A significant fraction
of hCD19* B cells expressed human IgM on their surface. A
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Figure 2. Purified Lin—hCD34+hCD38- CB celis reconstitute hematopoiesis via physiological intermediates, and display long-term reconstitution in the
NOD/SCIDAL2ry™! newborn system. (A) Serial evaluation of chimerism of human cells in peripheral blood of recipient mice injested with 2 X 104 Lin~hCD34+hCD38~ CB
cells. White, gray, and black dots represent 3 individual recipients. (B) hCD34* cells purified from a primary recipient marrow (left) were successfully engrafted into the
secondary newbom recipients. hCD19+ B cells (middle) and hCD3* T cells (right) in a representative secondary recipient is shown. (C) The Lin~ bone marrow cells
contained hCD34+hCD38*hCD10*hCD127 (IL-7Ra)* CLPs {top row). In the Lin~hCD10-fraction, hCD34*hCD38*hCD45RA-hCD123 (IL-3Ra)® CMPs,
hCD34+hCD38+*hCD45RAYhCD123" GMPs, hCD34+thCD38+*hCD45RA-hCD123~ MEPs were present. Each number for progenitors indicates percentages of hCD45+
cells. SSC indicates side scatter. (D} Colony-forming activity of purified myeloid progenitor population in the methylcellulose assay. Representative data from 1 of 3 recipients

are shown. Error bars represent standard deviation.
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Figure 3. Histology of lymphoid organs in engrafted NOD/SCID/IL2ry™! recipi-
ents. (A) The thymus showed an increased cellularity after reconstitution. (B) The
thymus stained with anti-hCD3 (green) and anti-hCD18 {red} antibodies. (C) The
thymus stained with anti-hCD4 (green) and anti-hCD8 (red) antibodies. The majority
of thymocytes are doubly positive for hGCD4 and hCD8. (D-E) Lymphoid follicle-like
structures in the spleen of a recipient. (F) The lymphoid follicles mainly contained
hCD19* B cells (red) that were surrounded by scattered hCD3* T cells {(green). (G}
Histology of the intestine in an engrafted NOD/SCID/IL2ryhul recipient (left). (H) In the
intesting, DAPI* (4',6-diamidino-2-phenylindole)-nucleated cells (blus) contained
both scattered hCD3* T cells (green) and human IgA™* cells (red). (I} The DIC image
of the same section shows that IgA* B cells were mainiy found in the interstitial region
of the intestinal mucosal layer. White bars inside panels represent 80 pm (C), 100pm
(F), and 20pm (1).

fraction of cells expressing IgD were also observed in the blood
and the spleen, suggesting that class switching occurred in these
developing B cells. As reported in the Rag2~/~ yc™/~ mouse
models, %1214 hCD19+IgA* B cells were detected in the bone
marrow and the spleen in NOD/SCID/IL2ry™! recipients. We then
evaluated concentrations of human immunoglobulins in sera of
mice given transplants of human Lin"hCD34* CB cells by ELISA.
In all sera from 3 NOD/SCID/IL2ry™! recipients, a significant
amount of IgG (257 = 76 pg/mL) and IgM (600 = 197 pg/mL)
were detectable, whereas sera from the control NOD/SCID/
B2m~/~ mice contained lower levels of IgM (76 = 41 p.g/mL) and
little or no IgG (Table S1, available on the Blood website; see the
Supplemental Table link at the top of the online article). These data
collectively suggest that class-switching can effectively occur in
NOD/SCID/IL2ry™! mice,

The intestinal tract is one of the major sites for supporting host
defense against exogenous antigens. Since bone marrow and spleen
hCD19+ B cells contained a significant fraction of cells expressing
IgA, we tested whether reconstitution of mucosal immunity could
be achieved in the NOD/SCID/IL2ry™! recipients. Immunohisto-
logic analyses demonstrated that the intestinal tract of recipient
mice contained significant numbers of cells expressing human IgA
in addition to hCD3* T cells (Figure 3G-I). Thus, human CB cells
could reconstitute cells responsible for both systemic and mucosal
immunity in the NOD/SCID/IL2ry™! newborn system.

Function of adaptive human immunity in engrafted
NOD/SCID/IL2ry™! mice

Five NOD/SCID/IL2ry™! mice reconstituted with 3 independent
human CB samples were immunized twice with ovalbumin (OVA)

BLOOD, 1 SEFTEMBER 2005 « VOLUME 106, NUMBER 5

at 3 months after transplantation. Two weeks after immunization,
sera were collected from these immunized mice, and were sub-
jected to ELISA to quantify OVA-specific human IgG and IgM. As
shown in Figure SA, significant levels of OVA-specific human IgM
and IgG were detected in all serum samples from immunized mice,
but not in samples from nonimmunized engrafted mice. Thus, the
adaptive human immune system properly functioned in the NOD/
SCID/IL2ry™! strain to produce antigen-specific human IgM and
IgG antibodies.

We next tested the alloantigen-specific cytotoxic function of
human T cells developed in NOD/SCID/IL2ry™! recipients. hCD3*
T cells isolated from the spleen of NOD/SCID/IL2ry™! recipients
were cultured with allogeneic B-LCL (TAK-LCL). We established
8 hCD4t and 10 hCD8* T-cell clones responding LCL-specific
allogeneic antigens. We then estimated cytotoxic activity of these
T-cell clones in the presence or absence of anti-HLA-DR and
anti-HLA class I antibodies. We randomly chose 3 each of CD4
and CD8 clones for further analysis (Figure 5B). A 3!Cr release
assay revealed that both hCD4* and hCD8* T cell clones exhibited
cytotoxic activity against allogeneic TAK-L.CL, whereas they
showed no cytotoxicity against KIN-LCL, a cell line not sharing
HLA classes I or II with TAK-L.CL. Cytotoxic activity of hCD4*
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Figure 4. Development of lymphocytes in NOD/SCID/IL2ry"! recipients. (A} The
flow cytometric analysis of human T cells in recipients. The majority of cells in the
thymus were hCD4+hCD8* double-positive thymocytes (top). The CD3* spleen cells
contained hCD4+ or hCD8* single-positive mature T cells (bottom). (B}
hCD34+hCD19+ pro-B, hCD10+*hCD19+* pre-B, and hCD19+hCD20" mature B cells
were seen in different proportions in the bone marrow and the spleen of recipient
mice. Numbers represent percentages within total nucleated cells. (C) B cells
expressing each class of human immunoglobulin heavy chain were seen in the bone
marrow, the peripheral blood (PB), or the spleen of engrafted NOD/SCID/IL2rynu
mice. Numbers represent percentages out of nucleated cells.
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Figure 5. Functional analysis of human T and B cells
developed in NOD/SCID/IL2ry™! recipients. (A) Produc-
tion of OVA-specific human immunogloblins. Two weeks
after immunization with OVA, sera of 5 independent recipi-
ents were sampled, and were evaluated for the concentra-
tion of OVA-specific human IgM (]} and IgG (8) by ELISA.
Sera of 3 nonimmunized NOD/SCID/IL2ry™ recipients
were used as controls. 0.D. indicates optical density. (B)
Cytotoxic activity of human T cells generated in NOD/SCID/ =
iL2rg-null mice. hCD4* and hCD8* T-cell clones derived
from the recipient spleen were cocultured with allogensic
target cells (TAK-LCLs). KIN-LCLs that do not share any
HLA type with effector cells or TAK-LCLs (X) were used as
negative controls. Both hCD4* and hCD8* T-celt lines
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displayed cytotoxic activity against TAK-LCL in a dose-
dependent manner. In hCD4+ T-cell clones, this effect was
blocked by anti-HLA-DR antibodies (4), whereas in hCD8*
T-cell clones, the effect was blocked by anti-HLA class |
antibodies (#). ¢ indicates cytotoxic response to TAK-LCLs
without addition of antibodies.

and hCD8" T cell clones was significantly inhibited by the addition
of anti~HLA-DR and anti-HILA class I antibodies, respectively.
These data clearly demonstrate that human CB-derived T cells can
exhibit cytotoxic activity in an HLA-restricted manner.

Discussion

Xenogeneic transplantation models have been extensively used to
study human hematopoiesis in vivo.!#!42 In the present study, we
describe a new xenogeneic transplantation system that effectively
supports human hemato-lymphoid development of all lineages for
the long term.

NOD/SCID/IL2ry™! newborns exhibited very efficient reconsti-
tution of human hematopoietic and immune systems after intrave-
nous injection of a relatively small number of CB cells. In our
hands, NOD/SCID/IL2ry™" newborns displayed a significantly
higher chimerism of human blood cells compared with NOD/SCID/
B2m~/~ newborns under an identical transplantation setting (Table
1). This result directly shows that the IL2ry™! mutation has a merit
on human cell engraftment over the 2m ™~ mutation.

One of the critical problems in the NOD/SCID strain for the use
of recipients is that this mouse line possesses a predisposition to
thymic lymphoma due to an endogenous ectropic provirus (Emv-
30).32 Because of this, NOD/SCID and NOD/SCID/B2m™/~ mice
have the short mean lifespan of 8.5 and 6 months, respectively,
while NOD/SCID/IL2ry™!! mice did not develop thymic lym-
phoma surviving more than 15 months,3! which allows a long-term
experimentation.

In our study, NOD/SCID/IL2ry™! newborns injected with 10°
hCD34* CB cells via a facial vein consistently displayed high
levels of chimerism of human hematopoiesis (50%-80%; Table 1).
This model is comparable to, or may be more efficient than the
Rag2~/~ yc~/~ newborn model where intrahepatic injection of 0.4
to 1.2 X 10° hCD34* CB cells generated variable levels of
chimerism of human cells (5%-65%).!4 This slight difference of
engraftment efficiency, however, could reflect the homing effi-
ciency of HSCs by each injection route. The NOD/SCID/IL2ry™!
newborn model might be more efficient than the NOD/SCID/y, ™/~
adult model in which the majority of recipients showed approxi-
mately 30% chimerism of human cells after transplantation of
5 X 10* hCD34% CB cells.!! Although we did not test NOD/SCID/
v.~'~ newborns side by side in this study, we have found that the
engraftment level of hCD34" cells of human acute myelogenous
leukemia is approximately 3-fold higher in newborns than adults in
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the NOD/SCID/IL2ry™! strain (FL, TM., S.Y.,, M.Y,, M.H,, K.A.,
and L.D.S., manuscript in preparation). Therefore, it remains
unclear whether the IL2ry™!! mutation has a significant advantage
over the truncated yc mutation!! for human cell engraftment. It is
still possible that the improved engraftment efficiencies in the
NOD/SCID/IL2ry™! newborn system as compared to those in the
NOD/SCID/y,~/~ adult system reflect the age-dependent matura-
tion of the xenogeneic barrier.

The Rag2~"~ yc™~ newborn and NOD/SCID/~y,~/~ adult mod-
els have provided definitive evidences that functional T cells, B
cells, and dendritic cells can develop from hematopoietic progeni-
tor cells in immunodeficient mice. Class-switching of immunoglobu-
lin in CB-derived B cells properly occurred in the NOD/SCID/
IL2ry™! but not in the NOD/SCID/B2m~/~ newborns (Table S1),
further confirming the advantage of the NOD/SCID/IL2rymll
model. We also showed that, consistent with a previous report using
the Rag2~/~ yc™/~ model,!* human T and B cells developed in
NOD/SCID/IL2ry™!! mice are capable of mounting antigen-
specific immune responses. Interestingly, human T and B cells
migrated into murine Iymphoid organs and into the intestinal
tissues to collaborate in forming lymphoid organ structures.
Furthermore, we found that IgA-secreting human B cells can
develop in the murine intestine, suggesting that human mucosal
immunity could be generated. Thus, the cellular interaction and the
lymphocyte homing could occur at least to some extent across the
xenogenic barrier in this model. It is also of interest that developing
human cells in the thymus displayed normal distribution of SP and
DP cells (Figure 4A), and that mature human T cells displayed
cytotoxic functions in an HLA-dependent manner (Figure SB).
This suggests that positive and/or negative selection of human T
cells could occur in NOD/SCID/IL2ry® ! recipients, Thymic epithe-
lial cells in recipients reacted with anti-murine but not anti-human
centromere probes in a FISH assay (F.I. and M. H., unpublished
data, September 2004), confirming their recipient’s origin. Thus, it
remains unclear how these human T cells effectively educated and
developed in murine thymus. It is also possible that human mature
T cells developed by extrathymic education and selection.

Our data directly show that the most primitive hCD34+hCD38~
CB cells are capable of generating the human myeloerythroid
system in addition to the immune system in the NOD/SCID/
IL2ry™" recipients. The emergence of circulating hCD33* my-
elomonocytic cells after transplantation of human CB cells has
been reported in the NOD/SCID/B2m~~ newborn® and the
NOD/SCID/y, ™/~ adult!! systems. Development of human erythro-
poiesis, however, has not been obtained in previous models,
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although it has been reported that NOD/SCID mice can support
terminal maturation of hCD71% erythroblasts that were induced ex
vivo from human HSCs by culturing with human cytokines.3 We
showed for the first time that human erythropoiesis and thrombopoi-
esis can develop in mice from primitive hCD34*hCD38~ cells, as
evidenced by the presence of erythroblasts and megakaryocytes in
the bone marrow and of circulating erythrocytes and platelets in

NOD/SCID/IL2ry™! recipients. It is important to note that the

hCD34*hCD38~ CB HSC population generated myeloid- and
lymphoid-restricted progenitor populations such as CMPs, GMPs,
MEPs, and CLPs in the bone marrow (Figure 2E-F). Thus, the
NOD/SCID/IL2ry™! microenvironment might be able to support
physiological steps of myelopoiesis and lymphopoiesis initiating
from the primitive HSC stage.

In summary, we show that the NOD/SCID/IL2ry™! newborn
system efficiently supports hemato-lymphoid development from
primitive human HSCs, passing through physiological developmen-
tal intermediates. It also can support development of human
systemic and mucosal immunity, and therefore may be useful to use
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human immunity to produce immunoglobulins or experimental
vaccines. The NOD/SCID/IL2ry™" newborn system might also
serve as an efficient tool for understanding malignant hematopoi-
esis in humans, since the analysis of human leukemogenesis has
mainly been dependent upon the NOD/SCID adult mouse sys-
tem,*-46 Our model might also be useful to reproduce the transform-
ing process of human hematopoietic cells, as transplanted murine
hematopoietic progenitor and stem cells can develop leukemia by
transducing oncogenic fusion genes in syngeneic mouse mod-
els.#7#8 Thus, the use of this system should open a more efficient
way to analyze normal and malignant human hematopoiesis.
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Population pharmacokinetics of intravenous busulfan in patients undergoing
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A population pharmacekinetic analysis was performed in
30 patients who received an intravenous busulfan and
cyclophosphamide regimen before hematopoietic stem cell
transplantation. Each patient received 0.8 mg/kg as a 2h
infusion every 6h for 16 doses. A total of 690 concentra-
tion measurements were analyzed using the nonlinear
mixed effect model (NONMEM) program. A one-
compartment model with an additive ervor model as an
intraindividual variability inclnding ap interoccasion varia-
bility (IOV) in clearance (CL) was sufficient to describe
the concentration-time profile of busulfan. Actual body
weight (ABW) was found to be the determinant for CIL and
the volume of distribution (V) according to NONMEM
analysis. In this limited study, the age (range 7-53 years
old; median, 30 years old) had no significant effect on

busuifan pharmacokinetics. For a patient weighting 60 kg,

the typical CL and V were estimated te be 8.871/h and
33.81, respectively. The interindividual variability of CL
and ¥ were 13.6 and 6.3%, respectively. The IOV (6.6%)
in CL was estimated to be less than the intraindividual
variability. These results indicate high interpatient and
intrapatient consistency of busulfan pharmacokinetics
after intravenous administration, which may eliminate
the requirement for pharmacokinetic monitoring.
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Introduction

A high dose of busulfan in combination with cyclophos-
phamide is a widely used myeloablative conditioning
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regimen before both allogenic and autologous bone
marrow transplantation (BMT)."? In most cases, busulfan
is administered every 6-h over four consecutive days with a
total standard dose of 16 mg/kg.! As with most alkylating
agent, busulfan has a narrow therapeutic window. The
dose-limiting toxicity of busulfan in the myeloablative
conditioning regimen is hepatic veno-occlusive disease
(VOD), which can lead to fatal liver failure.®* Following
administration of the oral formulation, very wide inter- and
intraindividual systemic exposure has been reported,”
which may be linked to erratic intestinal absorption,
variable hepatic metabolism, circadian rhythm, genetics,
diagnosis, drug—drug interaction and age.>® Recently, the
intravenous formulation of busulfan has been developed in
order to minimize variations of the inter- and intrainidivi-
dual systemic exposure and to provide complete dose
assurance. The intravenous busulfan is registered in the
USA (Busulfex™) and in Europe (Busilvex™) for adults.
The recommended dosage was 0.8 mg/kg/dose for 16
consecutive doses in adults.’®'? There have been several
reports about intravenous busulfan pharmacokinetics,'®13
with only a few applying population pharmacokinetic
analysis.’> We report here, the results of the population
pharmacokinetic modeling of intravenous busulfan. The
aim of this analysis was to characterize the pharmaco-
kinetics of intravenous busulfan, including the IOV and
covariate relationships in patients.

Materials and methods

Patients

A total of 30 Japanese patients (27 adults and three
children) receiving a first BMT entered in a Phase 2 study
were investigated. These patients received busulfan at
0.8 mg/kg as a 2h infusion every 6h for four consecu-
tive days. Following busulfan therapy, patients were
given cyclophosphamide at 60 mg/kg as a 3h infusion daily
for 2 days. In order to prevent seizures, phenytoin
(5-10mg/kg/day) was administered orally for 8 days,
starting 2 days before the start of busulfan therapy. The
following demographic and physiopathological data
were considered in the analysis: diagnosis, acute myeloid
leukemia (13), acute lymphocytic leukemia (5), chronic

- 115—-



Population pharmacokinetics of intravenous busuifan
H Takama et al

346

myelogenous leukemia (5), myelodysplastic syndrome (3),
non-Hodgkin’s lymphoma (4); gender, male (20), female
(10); age, 7-53 years (median=30 years); actual body
weight (ABW), 18.5-82.7kg (median=64.1kg); height,
111-180cm  (median=165.5cm); body mass index,
14.40-29.10 kg/m? (median = 22.65 kg/m?); serum albumin,
3.5-4.8g/dl (median=4.3g/dl); creatinine, 0.2-1.2mg/dl
(median = 0.7 mg/dl); serum alanine transaminase (ALT),
8.0-109.01U/1 (median=21.01U/l); history of hepatic
disease, no (27), yes (3); concomitant antifungal treatment,
no (7), yes (23); concomitant 5-HT, antiemetic treatment,
no (16), yes (14). The study was approved by an
independent Fthical Committee at each center. All patients
provided written informed consent before enrollment.

Pharmacokinetic sampling and busulfan determination
Serial blood samples were drawn from each patient
immediately before the first and ninth busulfan dose and
then 0.25, 0.5, 0.75, 1.92, 2.25, 2.5, 3, 4, 5 and 6 h after the
start of the first and ninth dose. The 13th dose sampling of
each patient was made immediately before the infusion and
at 1.92h from the start of infusion, respectively. Plasma
samples obtained by centrifugation were stored frozen
until analysis. Busulfan was assayed by a validated gas
chromatographic-mass selective detection (GC-MSD)
assay technique.'* The calibration curves were linear over
concentrations ranging from 62.5 {quantification limit) to
2000ng/ml. Samples with a concentration higher than
2000 ng/ml were diluted such that the concentration fell
within the range of the calibration curve. Acceptance
criteria for validating the analytical results of each run were
as follows. Quality control (QC) samples in duplicate
at three concentrations (125, 500, and 1500 ng/ml) were
incorporated into each run. The results of the QC samples
provided the basis for accepting or rejecting the run. At
least four of six QC samples had to be within +20% of
their respective nominal values, and two of six QC samples
(both at the same concentration) had also to be within
the +20% respective nominal value. The GC-MSD for
pharmacokinetic investigation was performed at BML
Inc. (Saitama, Japan). A total of 690 concentration
measurements were available.

Population pharmacokinetic analysis and model validation
Data were analyzed using the nonlinear mixed effect model
(NONMEM) program (version 5.0, Globomax LLC,
Hanover, MD, USA). As the population pharmacokinetic
model is used for prediction, it is important to develop a
model with validation.!® Owing to the limited number of
patients in this study, external validation of the population
pharmacokinetic model could not be applied; therefore,
the model was evaluated using bootstrapping, one of the
internal validation techniques.!>'¢

Population pharmacokinetic modeling steps were as
follows: (1) a basic pharmacokinetic modeling using the
NONMEM program and obtaining Bayesian individual
parameter estimates, (2) validation of a basic model using
the bootstrap resampling technique, (3) generalized addi-
tive modeling (GAM) for the selection of covariate candi-
dates, (4) final pharmacokinetic modeling to determine
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the covariate model, and (5) validation of the final model.
The NONMEM program and PREDPP package were used
throughout the analysis. The first-order conditional estima-
tion with interaction method was used in all analysis
processes because of the extensive sampling design in the
study. Initial pharmacokinetic parameter estimates for
NONMEM modeling were calculated using the mean data
obtained from all the patients by WinNonlin (version 3.3,
Pharsight Corp., Mountain View, CA, USA).

Step 1: basic pharmacokinetic modeling without bootstrap-
ping. One-compartment structural model with constant
rate infusion was fitted to the busulfan concentration—time
data. Interindividual variability in clearance (CL) was
modeled using an exponential error model, as follows:

CL; = CL - exp(n,),

where CL, represents the hypothetical true CL for the ith
individual, CL is the typical population value of CL and
is independent, identically distributed random variables
with mean 0 and variance w?. Interindividual variability in
volume of distribution (V) was similarly modeled.

Residual intraindividual variability was identically dis-
tributed and was modeled using the additive error, constant
coefficient of variation (CCV) error or the combination of
the additive and CCV error models. The additive error
model is described by the following equation:

Cp;] = Cpmg + &y,

where Cp, is the ith measured concentration in the jth
individual and Cp,,; is the ith concentration predicted by
the model at the ith observation time for the jth individual.
¢ is independent random variable with mean zero and
variance ¢°. The magnitude of residual intraindividual
variability usually depends on measurement, dosing,
sampling and model misspecification errors.

IOV was introduced into the model as previously
proposed.!” The following expression was used for CL

CL; = CL - exp(n; + ),

where CL; represents the hypothetical true CL for the ith
individual at occasion j, CL is the typical population value
of CL and # and « are independent, identically distributed
random variables both with mean 0 and variance »” and n?,
respectively. IOV in V was similarly modeled.

With the fixed and random effects chosen, empirical
Bayes estimates of pharmacokinetic parameters were
subsequently obtained using POSTHOC option within the
NONMEM program. The choice of a basic population
model was based on monitoring the Akaike’s information
criterion (AIC). The reliability of the model selection was
checked by the analysis of residual and by the visual
inspection of plots of predicted versus measured concentra-
tions.

Step 2: validation of a basic model using the bootstrap
resampling technique. Resampling the original data with
replacements generated 100 bootstrap samples. The
resampling unit comprises samples obtained from each



patient. The appropriate structural model that best
describes the data from each sample was determined. This
was performed to ensure that the model, which best
described the bootstrap data was not different from the
basic used for developing the population pharmacokinetic
model in the subsequent step. In addition, density plots
of each pharmacokinetic parameter estimate were used to
examine the adequacy of the basic model.

Step 3: selection of covariate candidates. Exploratory data
analysis was performed on the empirical Bayesian para-
meter estimates from step 2 and treated as data to examine
the distribution, shapes and relationships between covari-
ates and individual pharmacokinetic parameter estimates.

The data were subjected to a stepwise (single term
addition/deletion) procedure using the GAM procedure in
the Xpose program (version 3.1)'® running on the S-PLUS
statistical software package (version 6.0, Insightful Corp.,
Seattle, WA, USA). Each covariate was allowed to enter
the model in any of several functional representations. AIC
was used for model selection.'® At each step, the model was
changed by the addition or deletion of the covariate that
results in the largest decrease in AIC. The search was
stopped when AIC reached a minimum value.

Step 4: population model building using NONMEM. For
each NONMEM analysis, the improvement in fit obtained
upon the addition of a covariate selected from step 3 to
the regression model was assessed by changes in the
NONMEM objective function. Minimization of the
NONMEM objective function, equal to twice the negative
log-likelihood of the data, is equivalent to maximizing the
probability of the data. The change in the objective
function of the NONMEM value is approximately y>
distributed. A difference in the NONMEM objective
function value of 3.84, associated with a P-value of less
than 0.05, was considered statistically significant.

The construction of the regression model for each
structural model parameter was performed in three steps
using the original data set. Covariates were first screened
individually. The full model was then defined as incorpor-
ating all significant covariates. Lastly, the final model was
elaborated by backward elimination from the full model.

Population pharmacokinetics of intravenous busulfan
H Takama et a/

Step 5: validation of the final population pharmacokinetic
model. Two hundred bootstrap samples were generated
by resampling with replacements and used for the evalua-
tion of the stability of the final model built in step 4.
The final population pharmacokinetic model was fitted
repeatedly to the 200 additional bootstrap samples. The
mean parameter estimates obtained from these bootstrap
replications were compared with those obtained from the
original data set.

The area under the plasma concentration—time curve

The area under the plasma concentration—time curve
(AUC) in each patient was calculated according to the
linear trapezoidal rule using WinNonlin. The AUC at the
steady state was calculated for the ninth dose from dosing
interval (from zero to last sampling time). The AUC in one
of 30 patients after the ninth administration was not
calculated because the last sample at the ninth dose was
collected after the start of the next dose.

Results

Determination of a basic pharmacokinetic model

Plasma concentration versus time curves are shown in
Figure 1. Parameter estimates of various structural models
are given in Table 1. The models including IOV gave lower
AIC values than the models not including IOV. The
Additive model, including IOV and the combination of the
additive and CCV error models (the combination error
model) including IOV gave similar AIC values. Analysis of
residuals and plots of observed versus predicted concentra-
tions were performed to check the reliability of the basic
model selection. The residuals calculated in the additive
model including IOV were not obviously different from
those obtained in the combination error model including
IOV (data not shown). The stability of these two models
was examined in a subsequent step.

Stability of the basic model as assessed using the bootstrap
resampling technique

One hundred bootstrap replicates were generated from the
original data and used for the evaluation of the stability of
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Figure 1 Observed plasma busulfan concentrations versus time.
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Table 1 Parameter estimates of various models

Table 2

Parameter estimates of the basic model

Residual error ov CL (ifh) \&) AlC

Parameter

Estimates

CCV No 8.56 28.9 7489
Additive No 8.73 33.9 7235
Combination No 8.73 33.8 7236
cCcy Yes 8.72 30.0 7421
Additive Yes 8.77 33.4 7232
Combination Yes 8.78 333 7233

10V =interoccasion variability; CL = clearance; ¥ = volume of distribution;
AIC = akaike’s information criterion; CCV = constant coefficient of varia-
tion model; additive = additive error model; combination = combination of
the additive and CCV.

the basic pharmacokinetic model selected in the previous
step. The parameter estimates could be obtained from all
bootstrap data sets using the additive error model including
IOV; however, one of 100 bootstrap data sets using the
combination error model including IOV did not result in
convergence. It was found that the additive model
including IOV was more stable than the combination error
model including IOV. Each parameter distribution of the
additive error model including IOV is in a narrow range
and almost unimodal (data not shown). Therefore, the
additive error model including IOV was selected as the
optimum basic model and was used in subsequent steps.
Parameter estimates of the basic model are given in Table 2.
As can be seen, the value of IOV in V is small, the decision
was made whether the IOV introduces into ¥ or not in
subsequent steps. Plots of observed versus predicted
concentration for the basic model are shown in Figure 2a.

Selection of covariate candidates
GAM analysis indicated that CL and V are functions of
ABW (data not shown).

Population model building and stability of the final
population models

The population model with covariates was built using the
NONMEM program on the basis of the result of GAM
analysis. ABW was found to be the predictor of both CL
and V with a log-likelihood difference (LLD) of more than
10.83 (P<0.001) between each model in which ABW was
introduced singly, and the basic model of each pharmaco-
kinetic parameter modeled without ABW (data not shown).
The full regression model was that following the allometric
equations: CL =0, -(ABW/60)?, V=0, (ABW/60)",
where 0, and 8, are the population values of CL and
volume of distribution for the 60-kg patients. The IOV was
not introduced into V in the population model since the
IOV values obtained from each covariate model were
negligible and the other parameter estimates were not
changed by the introduction of IOV in V (data not shown).
The full model was tested against the reduced models
(Table 3).

The final population pharmacokinetic model obtained
from the previous step was fitted repeatedly to the 200
bootstrapped samples. The parameter estimates of the final
model using the original data and the mean parameter
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Figure 2 Plots of observed versus predicted concentration for the basic
model (a) and for the final model (b).

estimates obtained from the 200 bootstrap replicates are
provided in Table 4. The mean parameter estimates were
within 15% of those obtained with the original data set.
Plots of observed versus predicted concentrations for the
final model are shown in Figure 2b. Plots of individual
parameter values obtained from the model-independent
technique versus ABW are shown in Figure 3. The final



Table 3 Comparison of the full and reduced model

Regression model LLD (versus full model)

Full model
CL =6, - (ABW/60)" 0
V=0, (ABW/60)™

Reduced model
0,=0 38.2%
8,=0 64.9*

*P<0.001.
LLD =log-likelihood difference.

Table 4 Typical population parameter estimates and stability of
the final model
Parameters Typical population ~ Mean population  Difference
parameter estimate parameter (% )¢
(s.e.)* estimate (s.e.)®
0,4 (/) 8.87 (0.23) 8.86 (0.23) -0.1
6,2 0.833 (0.077) 0.833 (0.103) 0.0
8 () 33.8 (0.6) 338 (0.7) 0.1
0.5 0.889 (0.049) 0.889 (0.060) 0.0
wer (%) 13.6 13.2 (1.6) -3.6
wv (%) 6.3 5.6 (2.3) -12.3
ncL (%) 6.6 6.1 (2.4) -7.9
o (ng/ml) 94.3 94.0 (8.3) -0.3

“Obtained from the original data.

®Mean (s.¢.) calculated from 200 bootstrap replicates.

‘(Bootstrap mean value-typical value from final model)/bootstrap mean
value x 100(%).

4CL =6, - (ABW/60)%.

V=0, (ABW/60)%.

population model was well described the relationships
between the pharmacokinetic parameters and ABW.

Discussion

The objective of population pharmacokinetic analysis was
to characterize’ the pharmacokinetics of the intravenous
busulfan including IOV and covariate relationships in
patients. Reliability of results obtained from population
analyses depends on the modeling procedure. Therefore,
the evaluation of basic (covariate-free model) and final
(covariate model) population pharmacokinetic models
was performed using bootstrap resampling because of the
limited number of patients in the study.

The one-compartment model with an additive error
model including IOV in CL was selected as the population
model during model development. The final population
pharmacokinetic model built in the study was fitted to the
200 bootstrap samples. The mean parameter estimates
obtained with the 200 bootstrap replicates of the data were
within 15% of those obtained from original data. This
indicates that the final model is stable.

With regard to the effect of covariates investigated in this
analysis on the pharmacokinetic parameters of busulfan
after intravenous infusion, the ABW was found to be a

Population pharmacokinetics of intravenous busulfan
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Figure 3 Plots of individual parameter values versus actual body weight.
ABW, actual body weight. Clearance (CL) (a) and the volume of
distribution (¥) (b) after the first administration were calculated according
to noncompartmental analysis using WinNonlin. Lines represent the
estimates predicted the proposed allometric equations. Open and closed
circles represent the value in adults and children, respectively.

determinant of CL and V. In the previous studies, age,
ABW, body surface area (BSA), ALT and concomitant
phenytoin treatment were reported as possible covariates of
oral busulfan pharmacokinetics.’202! After the intra-
venous administration of busulfan, the relationships
between ABW and pharmacokinetic parameters were
reported.'® Since physiological function was relatively well
controlled in our study, variation of covariates was in a
narrow range or within the normal himits. The limitation
of developing population models based on such a small,
relatively uniform patient population has been reported.??
Therefore, the relationships between covariates and the
pharmacokinetic parameters of intravenous busulfan need
further investigation in a larger population, especially in
younger children.

In general, a nomogram based on the population
approach is a useful tool for dose adjustment, and
therapeutic drug monitoring (TDM) is another powerful
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