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FIG. 1. (A to C) ROC curves of the GM (A}, PCR (B), and BDG
(C) tests for screening for IA. Both methods I and II were used. The
ROC curves obtained by estimate A/B are shown in red, and those
obtained by estimate C are shown in blue. The ROC curves obtained
by method II are indicated by solid lines, and those obtained by
method I are indicated by dotted lines. (D) Combination of ROC
curves of the GM test (method IT) and those of the PCR and BDG
tests {method I).

reproducibility than the other two tests. The comparison of
ROC curves of ELISA (method II), PCR (method I), and
BDG (method I} is presented in Fig. 1D. When estimate C was
applied for ROC analyses, these characteristics of the ROC
curve for GM were partially obscured. In estimate C, a large
decrease in sensitivity shifted the ROC curve downward and
caused a significant reduction in AUC for the ELISA and
BDG test, as expected. On the other hand, the ROC curve for
the PCR test did not significantly change, since an expected
decrease in sensitivity due to false-positive episodes in the
possible IFT group is thought to be counterbalanced by a gain
due to false-positive PCR results in these episodes. The ROC
curves for the GM test in estimates A/B, C, and D, which is not
presented but is similar to that for A/B, represent exireme
cases, and the unknown “real” ROC curve might be mapped
between these extremmes.

Optimal cutoff value. Determination of an optimal cutoff
value may be somewhat arbitrary depending on the purpose of
the diagnostic test. A loss of specificity may be allowed to
obtain a higher sensitivity. Based on the conventional or man-
ufacturer-recommended cutoff values, an optical density index
(O.D.1) of 1.0, in two serial samples for GM (2, 22}, i.e., 40
copies/ml for PCR and 11 pg/ml for the BDG test, all tests
showed excellent specificity (0.98) in estimate A/B whereas
their sensitivity was generally low (0.64, for GM, 0.45 for the
PCR test, and 0.55 for the BDG test) even in estimate A/B,
with further decreases as low as 0.33 for the GM fest and 0.29
for the BDG test in estimate C. The current standard for
ELISA (red arrowhead in Fig. 1A) seems to be inadeguate. It
could be reduced to 0.6 0.D.L in method II (red arrows in Fig.
1A}, or the criteria for positivity counld be relaxed to those in
method 1 while retaining the same cutoff (1.0 O.D.L} (blue
arrows), without great loss of specificity. With regard to spec-
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ificity, the former may be recommended (P = 0.0334 by Fish-
er’s direct test), which reflects a more leftward displacement of
the ROC curve for method IE. Both cutoff values represent the
inflexion point of each ROC curve, around which the diagnos-
tic efficacy is maximum for both cutoffs. The sensitivity/speci-
ficity and PPV/NPV of the GM test are 1.0/0.93 and 0.55/1.0
for a cutoff valne of 0.6 O.D.I in method IT and 1.0/0.86 and
0.38/1.0 for a cutoff value of 1.0 0.D.I. in method L. Various
diagnostic statistical parameters in different calculations are
presented in Table 3. We may improve the diagnostic efficiency
by using two or three tests in combination. In our analyses,
however, we could not obtain better sensitivity by combination
use of multiple tests employing much reduced cutoff values
while maintaining high specificity (data not shown). This is also
accompanied by significant delay of diagnosis.

Time interval between the first positive result and the an-
temortem diagnosis. Chronological relationships between the
first positive results of different screening tests, histopathology,
and diagnostic imaging are summarized in Fig. 2 and 3. For the
PCR and BDG tests, the conventional cutoff was used, while
the second of the first two consecufive results equal to or
greater than 0.6 or 1.0 O.D.1. was plotted for ELISA, When the
new reduced cutoff was used, the first positive date for GM was
brought forward by a median of 10 (0 to 70, n = 9, mean = 24)
days compared to the conventional cutoff value. Using the
conventional cutoff, only one episode was identified to have a
positive ELISA result before definitive treatment was started.
In contrast, with the new reduced cutoff, the first positive
ELISA result preceded the initiation of broad-spectrum anti-
fungal treatment in seven IA-positive episodes (median, 31
days; range, 2 to 127 days; mean, 28 days). It became positive
51 days before a positive histopathology result (10 to 127 days;
mean, 31 days).

Unfortunately, chronological comparisons between the
three different assays were possible for only six episodes, in
which patients had refractory leukemia and their IA tended to
have a rapidly progressive course as a terminal infection (Fig.
3}. In these episodes, ELISA gave positive findings earlier than
(five episodes) or at the same time as (one episode) the BDG
test (median, 16.5 days; range, 0 to 76 days). The PCR test was
positive in 11 of 24 1A patients in estimate C. A comparison
was possible in 5 of the 11 episodes, which were also positive
for ELISA, but there was no significant difference in the date
of the first positive result between ELISA and the PCR tests.

DISCUSSION

In this study, we compared the diagnostic potential of three
different laboratory tests used to screen for IA in a prospective
setting, where GM, DNA, and BDG levels in a cohort of
patients at high risk for IA were measured weekly. The statis-
tical parameters of a diagnostic test can be dramatically af-
fected by the predetermined cutoff value, and when there is
some uncertainty regarding the disease status, as in this case,
they can also be influenced by the definition of the disease
status. Therefore, to meaningfully compare the diagnostic po-
tentials of these different tests, we performed an ROC analysis
for each test by using the same cohort of patients with different
positive result criteria (methods I and IT) and various defini-
tions of the disease status (estimates A/B, C, and D). As a
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TABLE 3. Statistics for some sclected thresholds

Method and threshold Sensitivity A'B (C) Specificity A/B (D) PPV A/B (D) NDV A/B (C) Efficacy A/B (C)
Method 1
GM (0.D.1)
05 . 1.00 (0.88) 0.34 (0.33) 0.12 (0.11) 1.00 (0.93) 0.40 (0.43)
0.6 1.00 (0.79) 0.55 (0.54) 0.16 (0.15) 1.00 (0.93) 0.59 (0.59)
19 1.00 (0.58) 0.86 (0.85) 0.38 (0.34) 1.00 (0.91) 0.87 (0.81)
15 0.82 (0.46) 0.90 (0.89) 0.41 (0.38) 0.98 (0.90) 0.89 (0.83)
PCR (copies/ml)
5 0.91 (0.88) 0.43 (041) 0.12 (0.11) 0.98 (0.95} 0.47 (0.30)
10 0.82 (0.79) 0.60 (0.55) 0.15 (0.13) 0.97 (0.94) 0.62 (0.63)
20 0.73 (0.67) 0.78 (0.75) ©.23 (0.19) 0.97 (0.92) 0.78 (0.77)
40 0.45 (0.46) 0.98 (0.93) 0.63 (0.36) 0.95 (0.50) 0.93 (0.89)
BDG (ng/ml})
2 .82 (0.58) 0.77 (0.76) 0.24 (0.21) 0.98 (0.91) 0.78 (0.74)
3 0.64 (0.46) 0.84 {0.82) 0.26 (0.23) 0.96 (0.89) 0.82 (0.78)
5 0.55 (0.29) 0.92 (0.92) 0.38 (0.35) 0.96 (0.87) 0.89 (0.82)
1 0.55 (0.29) 0.98 (0.97) 0.67 (0.60) 0.96 (0.88) 0.94 (0.87)
Method 11
GM (O.D.1)
0.5 1.00 (0.63) 0.84 (0.83) 0.35 (0.31) 1.00 (0.92} 0.85 (0.81)
0.6 1.00 (0.58) 0.93 (0.91) 0.55 (0.48) 1.00 (0.92) 0.93 (0.87)
10 0.64 (0.33) 0.98 (0.97) 0.70 (0.64) 0.97 (0.88) 0.95 (0.87)
1.5 0.45 (0.25) 0.98 (0.97) 0.63 (0.56) 0.95 (0.87) 0.93 (0.86)
PCR (copies/ml}
5 0.64 (0.43) 0.87 (0.86) 0.30 (0.27) 0.96 (0.89) 0.85 (0.80)
10 0.45 (0.30) 0.94 (0.93) 0.38 (0.33) 0.95 (0.88) 0.90 (0.84)
20 0.36 (0.26) 0.98 (0.97} 0.67 (0.50) 0.95 (0.88) 0.93 (0.87)
40 0.36 (0.26) 1.00 (0.99) 1.00 (0.67) 0.95 (0.88) 0.95 (0.89)
BDG (ng/mf})
2 0.64 (0.42) 0.91 {0.90) 0.39 (0.33) 0,97 (0.89) 0.89 (0.83)
3 0.55 (0.29) 0.95 {0.95) 0.50 (0.66) 0.96 (0.88) 0.92 (0.85)
5 0.55 (0.2%) 0.98 {0.97) 0.67 (0.60) 0.96 (0.88) 0.94 (0.87)
11 0.45 (0.25) 0.9% {0.99) 0.83 (0.71) 0.95 (0.87) 0.95 (0.87)

result, the ROC curve for the GM test seemed to be better
than those for the other two tests.

We previously reported that this real-time PCR for Aspergil-
Ius DNA was highly sensitive in vitro and with clinical samples
(17):; it could stably detect as few as 40 copies/ml in vitro and
showed a higher sensitivity (79%}) than those of the GM (58%)
and BDG (67%) tests. In the present prospective analysis with
consecutive patients, however, these results were not repro-
duced. This may be partly explained by the fact that our pre-
vious study included many retrospective samples. Further-
more, we intentionally selected LA patients and used a higher
cutoff value for the GM test. Although several authors have
also reported excellent sensitivity in PCR assays for IA (5, 6,
14, 34), we cannot directly compare those results with ours
since there were differences in the target genes, methods of
DNA extraction, starting materials, and designs of the PCR
amplifications. Some form of standardization is required to
make an international comparison possible. We used our real-
time PCR system (GeniQ-Asper) (17) because it is most widely
used in Japan. Several authors, including Loefller et al. and
Costa et al., also published excellent real-time PCR detection
systems for Aspergillus DNA (9, 21, 26, 28), and their systems
might produce superior results in the diagnosis of IA, which
should be addressed in future studies.

As a diagnostic test, PCR requires more time and more
complicated processing and thus costs more than the BDG and
GM tests. It costs six times (15,700 yen/test) as much as the
BDG and GM assays (2,700 yen/test) in Japan. A specialized

laboratory as well as an expensive assay system and reagents
are also required. These problems should be addressed before
PCR is widely accepted as a standard screening test for IA,
although it still seems to have value in making a diagnosis when
a variety of clinical samples are used (20, 26, 28, 31).

The BDG test has also been widely used in Japan as a
noninvasive diagnostic test for IFI. While it covers wide ranges
of fungal species and may be¢ potentially more useful as a
screening test for IFL, it can cause frequent nonspecific reac-
tions to various medical materials. Three kinds of assay sys-
tems for BDG have been developed in Japan: a chromogenic
assay (FungiTec G test), 3-glucan test Maruha) and a kinetic
assay (B-glucan test Wako), but there is still some debate
regarding their diagnostic potential. According to a sample-
based analysis by Yoshida et al. (35), the chromogenic assay
seems to be more sensitive (87.9 and 72.7%, respectively} than
the kinetic assay but much less specific (43.3 and 75.2%, re-
spectively) when the cutoff values recommended by the man-
ufacturers are used. In the present study, where we used a
kinetic assay, we could not obtain sufficient sensitivity even
with the cutoff being maximally reduced. Furthermore, even if
positive results were obtained, the positive results with the
BDG test tended to eccur later in the clinical course. The
present result (55% sensitivity and 989% specificity) is consis-
tent with our previous results (67% sensitivity and 84% spec-
ificity} using the chromogenic assay and also with other re-
ports, This seems to be an inherent limitation of BDG assays
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FIG. 2. Number of days from when GM assays become positive to the onset of treatment, using a threshold of 0.6 O.D.I by method II (solid
arrowheads) or 1.0 O.D.L by method II (open arrowheads), or positive findings on CT. Open triangles indicate the date of positive culture, and
solid triangles indicate when the histopathological diagnosis was made (Px, biopsy; Ax, autopsy). The values in parentheses indicate the number
of days after the onset of treatment. For example, for episode 11, CT showed specific findings 50 days after the onset of treatment and the GM
assay become positive 2 days before treatment. Episode numbers correspond 1o those in Table 2, Episodes whose GGM assays did not reach the
threshold are not shown. For episodes 2 and 9, a CT scan was not performed, and for episodes 7, 8, 10, 17, 19, 21, and 22, the CT findings were
nonspecific and could not be used for decision-making. Each treatment was started at the discretion of the physician, taking into account various
prices of clinical information, including CT findings and the results of GM assays. For Episode 8, LA was pot suspected and no antifungal agent
was administered. Therefore, the date of death was used instead of the date of treatment onset.

for the diagnosis of IA, although they show a very high sensi-
tivity and specificity for candidiasis (25).

The diagnostic potential of double-sandwich ELISA for GM
has been repeatedly validated in recent large-scale studies (15,
22). However, a direct comparison of the results of different
studies, including ours, is not always easy and in fact can be
quite difficult or impractical. Many factors can influence the
apparent sensitivity and specificity and of course the PPV and
NPV. Therefore, the important point is the way in which these
results should be interpreted, and this depends on the objective
and design of each study. From this perspective, our results are
comparable to those of Maertens et al. (22) but in contrast to
those of Herbrecht et al. (15). The latter addressed principally
the diagnostic potential of the GM test in the presence of an
unknown neutropenic fever or some respiratory signs and
symptoms in cancer patients. On the other hand, in our study
as well as in that of Maertens et al,, the principal concern was
the potential of the test in serial screenings with multiple
measurements throughout the entire period of hematology
care, For example, the mean numbers of measurements per
episode in our study and that of Maertens et al. (8.3 and 11.2
per episode, respectively, with GM measured weekly) are sig-
nificantly different from that in the study of Herbrecht et al,
(5.5 per episode, with GM measured daily or weekly), consis-
tent with the study designs. The difference becomes more

prominent for proven IA episodes (17.3 and 19 versus 6.8). The
differences in the mean number and timing of measurements
clearly affect the apparent sensitivity and specificity of the
studies. Hence, the apparent statistical values obtained by Her-
brecht et al. are expected to be lower than ours and those of

Y GM: 0.5 Il

death
V PCR: 40| [
¥ BDG: 11| %‘mﬁ Episode 1
-92 18
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FIG. 3. Number of days before death that cach test pave positive
results. Solid triangles indicate the date when GM became positive,
using a threshold of 0.6 O.D.L by method TT; open triangles indicate
the date when PCR exceeded a cutoff value of 40 copies/m]; and
shaded triangles indicate the date when the BDG test exceeded a
cutoff value of 11 ng/ml, by method 1. In episode 2, PCR never excecd-
cd the cutoff value. Episode numbers correspond to those in Table 2.
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Maertens et al., but they should provide a better approxima-
tion of the corresponding sample-based statistics, even though
the patient population was more heterogeneous.

According to the ROC analysis of double-sandwich ELISA,
the conventionally used cutoff seems to be too high: our rec-
ommendation is 0.6 O.D.I, and two consecutive positive re-
sults should be taken into consideration. With these new cri-
teria, the GM test showed an excellent chronological profile. It
gave the first positive diagnostic result in 9 of 14 GM-positive
IA episodes and in 5 of 9 IA or possible IF] episodes where
both CT and GM were positive. It preceded the initiation of
empiric or definitive antifungal therapy in seven episodes. Us-
ing the novel criteria, positivity was ascertained a median of 10
days before conventional positivity was noted, and in six cases
the GM test gave positive results only with the novel criteria.
These chronological advantages were not observed with a
threshold of 1.0 O.D.1. by method IT: for episedes 5, 7, 8, and
10, the GM assay did not become positive; for episode 4, the
GM assay exceeded the criteria 38 days after the onset of
treatment; for episode 12, the GM assay gave positive results
16 days before the onset of treatment. According to the high
PPV with the novel cutoff criteria (0.55 for proven or probable
TA and 0.48 for proven, probable, or possible IFT) and the early
timing of its positivity, we could have initiated antifungal ther-
apy in a preemptive manner for episodes 4, 5, 7, 8, 10, 11, and
12.

Our result does not justify a discontinuation or moratorjum
of empiric antifungal treatment based only on a single negative
result in the face of an impending threat of TA. Tt should be
stressed that the extremely high NPVs provided here are epi-
sode-based calculations. Sample-based NPVs should be much
lower, especially when patients are at high risk. We could not
exclude a possibility of other IFI. Similarly, PPV does not
always represent the probability of currently having IA but,
rather, predicts the probability that the subject has or will have
IA. In addition, while there was a sufficient number of no-IA
episodes in this study to permit reliable estimations of speci-
ficity and NPV, there is much uncertainty regarding the esti-
mations of the absolute values of sensitivity and PPV because
of the small number of IA patients.
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AML-1 is required for megakaryocytic maturation and
lymphocytic differentiation, but not for maintenance of
hematopoietic stem cells in adult hematopoiesis

Motoshi Ichikawal”?, Takashi Asai!”?, Toshiki Saito!, Go Yamamoto!, Sachiko Seo!, Ieharu Yamazaki3,
Tetsuya Yamagata'», Kinuko Mitani®, Shigeru Chiba!, Seishi Ogawa!2, Mineo Kurokawa! & Hisamaru Hirail*¢

Embryonic development of multilineage hematopoiesis
requires the precisely regulated expression of lineage-specific
transcription factors, including AML-1 (encoded by Runx1;
also known as CBFA-2 or PEBP-2aB)1-5. In vitro studies

and findings in human diseases, including leukemias®7,
myelodysplastic syndromes® and familial platelet disorder with
predisposition to acute myeloid leukemia (AML)®, suggest that
AML-1 has a pivotal role in adult hematopoiesis. However,

this role has not been fully uncovered in vivo because of the
embryenic lethality of Runx1 knockout in mice. Here we assess
the requirement of AML-1/Runx1 in adult hematopoiesis
using an inducible gene-targeting method1%, In the absence of
AML-1, hematopoietic progenitors were fully maintained with
normal myeloid cell development. However, AML-1-deficient
bone marrow showed inhibition of megakaryocytic maturation,
increased hematopoietic progenitor cells and defective T-

and B-lymphocyte development. AML-1 is thus required for
maturation of megakaryocytes and differentiation of T and B
cells, but not for maintenance of hematopoietic stem cells
(HSCs) in adult hematopoiesis. N

Using the Cre-loxP sequence-specific recombination system, we
generated mutant mice in which exon 5 of the RunxI gene could be
selectively deleted by the expression of Cre recombinase (Fig. 1a).
We mated mutant animals carrying deleted (RunxI~) or loxP-flanked
{RunxIf) alleles, and observed lethal bleeding of Rurnx]~~ embryos as
anticipated2, In contrast, Runx1Vf and Runx!1"- mice were normal
{data not shown). We then bred the mutant mice with Mx-cre-trans-
genic mice to generate Runx1U* Mx-cre or Runx1Y-Mx-cre mice. In
these mice, the Runx1 allele could be effectively deleted in hematao-
poietic progenitors by using injected polyinosinic-polycytidylic acid
(pIpC) to induce expression of Cre recombinase'?. Two months after
pIpC injection, genomic Southern blot analysis of Runx1®-Mx-cre
mice revealed that 290% of the bone marrow or peritoneal exuda-

tive cells, ~80% of which were morphologically normal neutrophils,
had biallelic Runx! deletion. This indicates that Runx1 deletion was
induced in most bone marrow cells, and that mest myeloid progeni-
tors Jacking AML-1 could still differentiate into mature neutrophils
{Fig. 1b,c). Efficient excision of one Runx! allele was observed in
the hematopoietic cells, including lymphocytes, of RunxI¥+*Mx-
cre mice. In contrast, only 9%, 32% and 57% of the thymocytes,
splenic T cells and B cells of Runx1V-Mx-cre mice, respectively, had
a Runxl™'~ genotype. Therefore, a large proportion of mature lym-
phocytes originated from lymphoid progenitor cells still expressing
intact AML-1, and AML-1 deficiency should be disadvantageous to
lymphocyte development.

Injection of plpC did not cause significant differences in neutro-
phil counts or hemoglobin levels among the Runx1®-Mx-cre (floxed)
mice, RunxiV+Mx-cre mice and Runx]?*Mx-cre (control} mice
{Fig. 22). Immediately after pIpC injection, however, platelet counts
for the floxed mice declined to one-third to ene-sixth of those for the
control mice (Fig. 2a). Lymphocyte counts were slightly depressed
after more than 4 weeks in the floxed and Runx1%+Mx-cre mice. These
results suggest that AML-1 is required for the maintenance of platelets
and lymphocytes, but not for the sustained production of erythrocytes
and neutrophils.

We next examined bone marrow cell morphology in the pIpC-treated
floxed mice to determine whether thrombocytopenia results from
abnormal megakaryopoiesis. The cellularity of the bone marrow and
morphology of myeloid cells in the floxed mice were not remarkably
altered from those of the control mice, except for a slightly elevated
myeloid-erythroid ratio (2.35 * 0.70 in floxed mice compared with
1.71 * 0.39 in control mice; n = 7 (paired), P = 0.046 by Wilcoxon
signed-rank test; Fig. 2b and data not shown). However, Wright-Giemsa
staining of floxed bone marrow revealed the absence of normal mega-
karyocytes with abundant cytoplasm and lobulated nuclei (Fig. 2b).
Instead, the floxed bone marrow contained a small number of imma-
ture megakaryocyte-like cells with occasionally separated round nuclei,
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Figure 1 Inducible AML-1 knockout mice. () Schematic representation

of conditional gene targeting of the Runxl gene. £, EcoRl; H, HindIll; X,
Xbal; gray box in upper left corner, 5 genomic probe; neotk, PGK-neo
HSV-thymidine kinase positive selection cassette; DT-A, diphtheria toxin

A chain negative selection cassette. (b) Southern blot genotyping of celis
from hematopoietic organs of mice injected with plpC. Numbers below
lanes indicate proportion of Runxl-deleted cells. (¢) Wright-Giemsa-stained,
cytocentrifuged specimens of peritoneat inflammatory cells genotyped in b.

resembling the abnormal ‘micromegakaryocytes’ observed in human
myelodysplastic syndromes (Fig. 2b). Consistent with this observa-
tion, a substantial increase in the number of small megakaryocytes
was revealed in the floxed bone marrow by acetylcholinesterase stain-
ing, which specifically detects mature and immature megakaryocytes!!
(Fig. 2b).

Given the prominent immaturity of megakaryocytes in the floxed
mice, we examined the ultrastructure of the megakaryocytes (Fig.
2¢). In addition to their smaller size, floxed megakaryocytes showed
poorly developed demarcation membranes compared with mega-
karyocytes from control (RunxI*'*Mx cre) mice. During the mat-
uration process, megakaryocytes acquire high DNA ploidy (>4n)
through a cell cycle process known as endomitosis!?, As expected
from the smaller size of their nuclei, CD41* megakaryocytes from
the floxed mice showed a markedly lower level of polyploidy (<8n)
than megakaryocytes from the control mice (modal ploidy, 167),
as revealed by flow cytometric measurement of DNA content. This

demonstrates that AML-1 deletion also causes defective polyploidiza-
tion in megakaryocytes (Fig. 2d). Although a recent report showed
that AML-1 regulates the expression of megakaryocyte-specific
genes in cooperation with GATA-1 (ref. 13), and although the small
and immature megakaryocytes that we observed are reminiscent of
those found in GATA-1 knockdown mice! %1%, the expression levels of
megakaryocyte-specific transcription factors in floxed mice, includ-
ing GATA-1, FOG-1 and NF-E2, remained unaffected according to
RT-PCR analyses of lincage-negative (Lin~) bone marrow cells (data
not shown).

We subsequently conducted in vitro colony-forming assays to
evaluate the frequency of hematopoietic progenitors. Floxed bone
marrow cells formed more megakaryocytic colonies (CFU-Meg)
than control bone marrow cells in semisolid media (Fig. 3a). The
numbers of myeloid and mixed (myeloid and erythroid) colonies
were also elevated in the floxed bone marrow. Using single-colony
PCR genotyping, we detected the RunxI~'~ genotype in 14% of 150
myeloid colonies, 48 of 50 erythroid colonies, 35 of 36 mixed colonies
and 14 of 14 megakaryocytic colonies from pIpC-treated floxed bone
marrow cells, thus excluding the possibility that those hematopoi-
etic cells might be predominantly derived from progenitor cells still
expressing intact AML-1 (data not shown). Using flow ¢ytometry
{Fig. 3b), we observed an increased number of cells in the Lin-c-
KithCD41h fraction, which was presumed to contain CFU-Meg!'é,
in the floxed bone marrow. Similarly, the number of cells defined by
CD34-Lin™¢c-Kithigca-1h (Fig. 3¢}, which represent the most imma-
ture hematopoietic progenitor cell population!”, was also elevated in
the floxed bone marrow. Although development of both T and B cells
from AML-1-deficient cells was impaired (Fig. 1b}, the cells defined
by Lin°TL-7RaSca-119¢-Kitle, previously reported to include com-
mon lymphocyte progenitors (CLPs) '8, were maintained in the floxed
bone marrow (Fig. 3d). :

Increased numbers of primitive hematopoietic progenitors,
immortalized myeloid progenitor cells and arrested myeloid matu-
ration have been observed in mice expressing the leukemic AML-1/
ETO chimeric protein'?~2!, which dominantly suppresses the nor-
mal function of AML-1. We observed an elevated colony-replating
capacity of RunxI~/~ hematopoietic cells, although replating could
be repeated for only 2 months (Fig. 3¢). Although AML-1-null neu-
trophils were morphologically normal, and freshly eollected floxed
bone marrow cells did not show altered apoptosis when assessed
by annexin-V expression {data not shown), we detected increased
apoptosis of myeloid colony-forming cells, suggesting that a certain
degree of maturation arrest occurs in the myeloid lineage in the
absence of AML-1 (Fig. 3f).

Because immature hematopoietic progenitor cell fractions were
elevated in the floxed bone marrow, we used a competitive repopula-
tion assay to assess their ability to reconstitute adult hematopoiesis?2.
We used isotypes of the pan-hematopoietic marker CD45 (Ly5) to
distinguish the origins of the repopulating cells. Sublethally irradi-
ated C57BL/6-Ly5.1 recipient mice (Ly5,1*Ly5.2") were intravenously
injected with a mixture of bone marrow cells from C57BL/6-Ly5.1/
Ly5.2 F, competitor mice (Ly5.1"Ly5.2*) or floxed or control mice
{Ly5.1"1y5.2%) previously injected with pIpC. We then analyzed
Ly5 isotypes on the repopulating cells by flow cytometry (Fig. 4a).
Notably, the floxed bone marrow cells reconstituted neither periph-
eral T (Thy-1.2*} nor B (B220*) cells, whereas there were no sig-
nificant differences in the mature neutrophil {(Gr-1PMae-1t} and
monocyte populations (Gr-11®Mac-1*)23 (Fig. 4a). The contribution
to the reconstituted bone marrow was not significantly different in
neutrophils (test/competitor = 0.382  0.083 for floxed mice (n =
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Figure 2 Thrombocytopenia and megakaryocytic a
maturation arrest of induced AML-1 knockout

mice. {a) Peripheral blood cell counts of Runxl+
*+*Mx-cre (control; @), RunxIM™*Mx-cre (O) and
Runx1"-Mx-cre (floxed; O} mice injected with

plpC en days C, 2 and 4. Results are shown as

mean + s.d. {(error bars) frorn four to seven mice.

*, P<0.01 for floxed compared with control

mice (unequal-variance t-test}. (b) Histochemical
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left panel). (¢) Electron micrographs of bone b
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megakaryocytes; dms, demarcation membranes;
N, nucleus. Scale bars, 5-um {left) or 500-nm
(right). (d) DNA centents of CD41+ bone marrow
cells. —— -, CD41~ fractions for 2aand 4n
centrols. Typical results from three experiments
are shown (4-8 weeks after plpC injection).

Control

8), compared with 0,424 £0.118 for control Floxed

mice (n=4); P =0.93 by Wilcoxon rank-sum
test) or monocytes (test/competitor = 0.443
1 0.082 for floxed mice (n = 8), compared
with 0.940 % 0.440 for control mice (r = 4);
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P =0.35). The floxed cells also repopulated
the megakaryocytic progenitors (Lin-CD41%;
Fig. 4b). Given the inability of AML-1-defi-
cient cells to reconstitute the T-cell lineage,
we investigated thymocyte development in
the absence of AML-1 by analyzing double-
negative thymocytes of the recipient mice.
We observed a significant block in the mat-

ik

uration of floxed T-cell progenitors at the
transition from CD44*CD25% (DN2) to
CD44-CD25% (DN3) (DN3/DN2 ratio of
Ly5.17Ly5.2* cells = 0.025 £ 0.029 for floxed
mice {(# =5), compared with 1.87 £ 1.51 for
control mice (rr = 4); P < 0.05; Fig. 4¢), indi-
cating that immature T-cell precursors had
accumulated in the thymus. These findings, .

along with the observation that the CLP fraction was not affected
in the floxed bone marrow, suggest that AML-1 is not necessary for
the maintenance of CLPs, but is required in lymphoid precursors
committed to T- or B-cell lineages. Consistent with this, a recent
report and our experiments using Ick-Cre-mediated, T-cell-specific
AML-1-knockout mice show that the maturation of T-cell progeni-
tors deficient in AML-1 is blocked at the DN3-DN4 transition (ref.
24 and T.A. et al, unpublished data). Because lck-Cre expression
becomes evident at the DN3 stage or later, the present study unveiled
an important role of AML-1 in the DN2-DN3 transition. However,
because of the insufficient contribution of the floxed cells to the
B220* bone marrow fraction (test/competitor = 0.011 £ 0.012 (n
= 8) compared with 0.306 * 0.295 for control (n = 4)), we could
not determine which step in B-cell development was affected by
the absence of AML-1. The role of AML-1 in B-cell development
might be revealed by other approaches, including the analysis of B-
cell lineage-specific AML-1-knockout mice. Although lymphocyte
development is substantially blocked at early stages in the absence of
AML-1, the detection of AML-1-deleted T and B cells in the periph-

—p Cell count

— Propidium iodide

ery of RunxI%-Mx-cre mice (Fig. 1b) indicates that some lymphoid
progenitors may still survive for a prolonged period and differentiate
into mature lymphocytes.

Qur data show that lack of AML-1 at the adult stage causes hema-
topoietic progenitor cell expansion, probably through a partial block
in myeloid cell differentiation. This finding agrees with the phe-
notypes of previously reported mouse models of t(8;21)—carrying
human leukemia, in which AML-1/ETO fusion protein is implicated
in leukemogenesis through dominant-negative suppression of AML-
1 function!'®-2L, The loss or dominant-negative suppression of AML-
1 function is also found in human myelodysplastic syndromes and
familial platelet disorder with predisposition to AML??, both of
which are thought to be a preleukemic state. Taken as a whole, our
observations suggest that the number of hematopoietic progenitor
cells is negatively regulated by AML-1, and that the loss of AML-1
function triggers a preleukemic state. However, the myeloid imma-
turity and immortalization of bone marrow progenitors observed in
AML-1/ETO mice could not be recapitulated in our Runx1™-Mx-cre
mice. Therefore, AML-1/ETO may not only inhibit AML-1 func-
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tion, but may also have the ability to immortalize hematopoietic
progenitors.

Although AML-1 is considered to be a master regulator of defin-
itive hematopoiesis, our current study shows that AML-1 is dis-
pensable for prolonged hematopoietic cell engrafiment, as well as
commitment to the myeloid lineage and at least to double-negative
thymocytes in the lymphoid lineage. Qur present data also indicate
that AML-1 is essential for the terminal differentiation of hemato-
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Figure 4 Competitive repopulation assay. (a) Contribution to peripheral

blood. Data are shown as mean + s.d. {error bars) of ratic of Ly5.1-Ly5.2*
‘test’ cell number to Ly5.1*Ly5.2* ‘competitor' cell number at each point. OJ,
fioxed; @, control. *, P< 0.05; **, P< 0.01 by Wilcoxen rank-sums test. (b)
Contribution of floxed (Ly5.1-Ly5.2*) megakaryccytic progeniters (LinCD41*)
in bone marrow (typical results from four recipients are shown). (¢) Analysis
of thymocytes of recipient mice. CD25/CD44 profiles of double-negative (DN}
thymocytes are shown as typical results from four recipients in each group.

(Fy Apoptosis of bone marrow cells cultured in methylcellulose-
containing medium. P < 0.05 by two-tailed t-test; n= 4.

poietic progenitors of megakaryocytic and lymphocytic lineages,
which establishes AML-1 as a regulator with multiple roles in the
maintenance of lineage-committed cells in adult hematopoiesis.
However, our results also suggest that the maintenance of HSCs
and their commitment to more mature progenitors in adult hema-
topoiesis does not always require a transcription factor essential for
hematopoietic ontogeny during embryogenesis, and can be induced
by other hematopoietic genes. This is supported by a previous study
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that showed that SCL/tal-1, a transcription factor essential for the
development of primitive hematopoiesis during the embryonic
stage, is required for the proper differentiation of erythroid and
megakaryocytic lineages, but not for the maintenance of H5Cs in
adult hematopoiesis®®. To fully understand the intricate process of
hematopoiesis, it will be necessary to determine the roles of those
hematopoietic genes.

METHODS

Mice. We introduced the targeting vector (Fig. 1a) into TT2 embryonic stem
cells?®, and transiently expressed Cre recombinase to generate embryonic
stem cell lines carrying the Runxi® or Runxi- alleles. Chimeric mice raised
by aggregation were crossed to the C57BL/6 background, and were mated
to interferon-inducible Mx-cre transgenic mice!®. Mx-cre expression was
induced by intraperitoneally injecting 250 ug of pIpC, on three alternate
days, into 4- to 8-week-old mice'®. C57BL/6-Ly5.1 congenic and C57BL/5-
Ly5.1/Ly5.2 F| mice were used for competitive repopulation assays. Mice
were kept at the Animal Center for Biomedical Research, University of Tokyo,
according to institutional guidelines.

Genotyping. For PCR genotyping, cells were lysed in a lysis buffer (0.3%
Tween 20, 0.3% NP-40, and 120 pg/ml proteinase XK in 1x TE buffer) at 55
°C for 1 h, followed by inactivation at 80 °C for 10 min. DNA was amplified
using primers 2 (5-ACAAAACCTAGGTGTACCAGGAGAACAAGT-3'),
120 (5'-CCCTGAAGACAGGAGAAGTTTCCA-3"} and rl {(5"-GTCTACTC-
CTTGCCTCAGAAAACAAAAAC-3') for the first PCR reaction, and nested
primers f1 (5"-AAAACCTAGGTGTACCAGGAGAACAAGTC-3"), f101 (5'-
TTCCAGGTCAACTCTCTCACCTCTC-3") and r5 (5°-ATCTGAGTTGGCC
TAATTTCCCTTTG-3") for the second reaction, to detect the 280-base pair
Runx!™ and 220-base pair RunxI? products. Southern blot analyses of DNA
samples digested with EcoRI were done accerding to standard protocols, using
a 5’ EcoRI-Bglll genomic probe (Fig. 1a}.

Analyses of blood cells. Peripheral blocd was counted using an automated
hemacytometer, and leukocytes were morphologically classified to calculate
neutrophil and lymphocyte counts. Mice were analyzed for bone marrow
morphaology 2 months after pIpC administration. For histological examina-
tion, sectioned femoral bone marrow specimens were stained with H&E, and
cytocentrifuged specimens were stained with Wright-Giemsa or for acetylcho-
linesterase as previously described!!. Peritoneal exudative cells were collected
by washing the peritoneal cavities of mice 4 h after intraperitoneal injection
of 2 ml of 2% casein in PBS. Splenocytes were labeled with antibodies to Thy-
1.2 (for T cells) or B220 {for B cells), conjugated to magnetic microbeads to
collect splenic lymphocytes using a MACS LS+ system (Miltenyi Biotec}. The
cells were checked for purity by flow cytometry (>97%; data not shown).

Ultrastructural studies, Femoral bone marrow samples prepared 4 weeks
after pIpC injection as previously described®” were examined with a JEOL
1200CX electron microscope.

Flow cytometry and cell sorting. All monoclonal antibodies and fluoro-
chromes were purchased from BD PharMingen. To measure bone marrow
progenitor cells other than CLPs, cells were stained with FITC-conjugated
antibodies to CD41 or CD34, phycoerythrin (PE)-conjugated antibody to
Sca-1, allophycocyanin (APC)-conjugated antibody to c-Kit, and biotin-
conjugated antibodies to lineage (Lin} markers (CD3g, CD4, CD8a, B220,
Gr-1, Mac-1 and Ter119), and visualized with streptavidin-PerCP-Cy5.5. For
CLP cell fractions, cells were stained with Lin-PE, Sca-1-FITC, ¢-Kit-APC
and IL-7Ro-biotin/streptavidin-APC-Cy7. Stained samples were analyzed
using either FACSCalibur or BD LSRII (BD Biosciences). For sorting CLP
cells, Lin* were predepleted from bone marrow cells using the MACS LD
system (Miltenyi Biotec). The remaining fraction was stained for CLP as
described above and sorted using a FACSVantage cell sorter. The cell sorter
was calibrated to achieve >98% purity for Thy-1.2* cells stained with Thy-
1.2-APC. Approximately 1,000 CLP cells were genotyped by PCR. To ana-
lyze competitively repopulated cells, cells were stained with Ly5.2-FITC,
Ly5.1-PE, Gr-1-biotin/streptavidin-PetCP and Mac-1-APC for myeloid
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cells, and with Ly5.2-FITC, Ly-5.1-PE, B220-PerCP and Thy-1.2-APC for T
and B lymphocytes. Thymocytes were stained with Ly5.1-FITC, Ly5.2-APC,
CD25- PerCP-Cy5.5, CD44-PE and biotin-conjugated antibodies to CD4,
CD8,NK1.1 and TCR-v3, and visualized by streptavidin—~APC-Cy7 for analyz-
ing double-negative thymocytes. Bone marrow megakaryocytic progenitors
were stained with CD41-FITC, Ly-5.1-PE, Ly-5.2-APC and Lin-biotin/strep-
tavidin-PerCP-Cy5.5. Two-color flow cytometric analysis of the DNA content
of bone marrow megakaryocytes stained with CD41-FITC was performed
as previously described??,

In vitro hematopoietic colony-forming assays. For CFU-Meg, 2.5 X 10 bone
marrow cells from mice 4-8 weeks after pIpC injection were cultured in § ml
of a-MEM containing 0.8% methylcellulose, 1% BSA, 30% FBS, 100 uM 2-
mercaptoethanol and 10 units of mouse thrombopoietin. For other (myeloid
and erythroid) colonies, 5 104 cells were cultured in 1-mi of IMDM contain-
ing 0.8% methylcellulose, 1% BSA, 30% FBS, 100-pM 2-mercaptoethanol,
100-ng/ml of mouse stem cell factor, 5-ng/ml of mouse interleukin-3 and
7.5 units/m] of human erythropoietin (all growth factors were generously
provided by Kirin Brewery)}. Colonies were counted after 3 d (for erythroid
colomies), 5 d (for erythroid bursts and myeloid colonies), 7 d (for mixed
colonies) or 8 d (for CFU-Meg) of culture in 5% CO, at 37 °C. For replating
experiments, the whole myeloid and erythroid culture was pooled on day
7 and washed twice, and | % 10% cells were subjected to subsequent culture
in the same medium, Scoring for colonies and reculturing were repeated
every 7d.

Detection of apoptotic cells. Whole mycloid and erythroid methylcellulose
cultures were pocled on day 7 of culture, washed, fixed and stained with
propidium iodide for analysis by flow cytometry to detect apoptotic cells
(DNA content < 2n) as previously described??,

Competitive repopulation assay. X-ray-irradiated (9.5-Gy, 0.3-Gy/min,
unfractionated) recipient mice were intravenously injected with a mixture of
1 % 10° each of unfractionated bone marrow cells from ‘test” mice (floxed
or control mice, 8-12 weeks after pIpC injection) and competitor mice.
Peripheral blood was analyzed monthly, and bone marrow cells and thymo-
cytes were analyzed 3 months after transplantation by flow cytometry.
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Summary:

Human Va24* natural killer T (NKT) cells have an
invariant T-cell receptor-a chain and are activated in a
CD1d-restricted manner, Ve24* NKT cells are thought to
regulate immune responses and to play important roles in
the induction of allograft tolerance. In this report, we
analyzed the recovery of Va24* NKT cells after
hematopoietic stem cell transplantation and its correlation
with graft-versus-host disease (GVIID). Patients who
received a dose-reduced conditioning regimen, antithymo-
cyte globulin- or CAMPATIH-11-containing conditioning
regimen were excluded. NKT cells were reconstituted
within 1 month after transplantation in peripheral blood
stem cell transplantation recipients, while their numbers
remained low for more than 1 year in bone marrow
transplantation (BMT) recipients. The number of Va24*
NKT cells in BMT recipients with acute GVIHD was lower
than that in patients without acute GYIID, and both the
CD4" and CD4™ Va24*+ NKT subsets were significantly
reduced. With regard to chronic GYHD, BMT recipients
with extensive GVIID had significantly fewer Va24* NKT
cells than other patients. Furthermore, the number of
CD4+ Va24* NKT cells was also significantly reduced in
patients with chronic extensive GYHD. Our results raise
the possibility that the number of Va24* NKT cells could
be related to the development of GVIID.
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Natural killer (NK) cells are reconstituted within 1 month.
While the number of CD8* T cells quickly returns to the
normal range, the recovery of CD4* T cells can take a year
or more.! In recipients of peripheral blood stem cells, T-cell
counts are higher than those in marrow recipients in the
first year after transplantation. However, there have been
no reports on natural killer T- (NKT) cell reconstitution
after hematopoietic stem cell transplantation.?

NKT cells are a population of T cells that have NK cell
markers such as NKI1.1 (NKR-PIC) in mice or CDI61
(NKR-P1A) in humans. Most NKT cells use an invariant
T-cell receptor (TCR)-x chain (Val4-Jxl8 in mice, Va24-
J«18 in humans) paired with V#8, VA7, or V32 in mice, or
with VBI1 in humans.*? Human invariant Ve24* NKT
cells as well as mouse invariant Val4* NKT cells are
activated by synthetic glycolipids such as a-galactosylcer-
amide in a CDld-restricted manner. NKT cells produce
both Thl (such as interferon (IFN)-f or tumor necrosis
factor (TINF)-a} and Th2 (such as interleukin (IL)-4, IL-5,
IL-10, [IL-13) cytokines. They can control immune
responses to infection and some tumors.®® On the other
hand, it is thought that their natural physiological role is
immunoregulation, such that they regulate autoimmune
diseases or allograft rejection.®®

Graft-versus-host disease (GVHD) is one of the most
important complications of hematopoietic stem cell trans-
plantation. It has been shown in a mouse acute GVHD
model that bone marrow NKI1.1* T cells can suppress
GVHD.' It has also been reported that CD8*, CDI1d-
independent NKT cells, can reduce GVHD in mice."!
However, there have been no reports on whether or not
invariant NKT cells can regulate GVHD.

In this report, we analyzed the recovery of human Va24+
NKT cells after hematopoietic stem cell transplantation
and its correlation with GVHD.

Patients, materials, and methods

Patients and donors

The patients’ characteristics are shown in Table 1. They all
gave their written informed consent to participate in the
study. The procedures were approved by our institutional
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Table 1 Patients’ characteristics
BMT, PBSCT,
n=_8I(32)* n=25(7)
Related/unrelated 14(4)/67(28) 25(7)/0
HLA {ull match/1 locus mismaitch 63{22)/18(10) 23(5)/2(2)
Male/female 52(21)/29¢11) 13(4)/12(3)

Age (years)

Range 16-55 17-53
Median 19 13
Diagnosis
ALL 17 9
AML 24 8
MLL 1 0
ATL 1 0
CML 16 3
MDS 12 2
MM : 2 0
MPD 1 Y
NHL 3 3
AA 4 0
Conditioning regimen
TBl-containing regimen 45(19) 14(4)
No TBI regimen 36(13) 11(3)
GVHD prephylaxis
Cyclosporine + short-term MTX 69(27) 25(7)
Tacrolimus + short-term MTX 12{5) 0
Acute GVHD
Grade 0 15 10
Grade I 13 6
Grade I1 15 2
Grade II1 s 0
Grade IV 1 0
Days to the onset of acute GVHD
Range 7-73 5-53
Median 13 14
Chronic GVHD
No 20(13) 6(1)
Limited 11(6) 5(4)
Extensive 16(13) 2(2)
Days to the onset of chronic GVIID
Range 60-300 110-264
Median 140 200
CMYV viremia 2002) 4
Relapse 13(7) 7(2)

ALL =acute lymphoblastic leukemia; AML = acute myelogenous leuke-
mia; MLL =acute mixed lineage leukemia; ATL =adult T-cell leukemia;
CML =chronic myelogenous leukemia; MDS = myelodysplastic disease;
MM = multiple myeloma; MPD myeloproliferative disease; NHL =non-
Hodgkin  lymphoma; AA =aplastic anemia; MTX = methotrexate;
CMYV =cytomegalovirus.

*Numbers within parentheses indicate patients from whom blood samples
we could not take during acute phase.

review board. The patients received allogeneic bone
marrow transplantation (BMT) or allogeneic peripheral
blood stem cell transplantation (PBSCT) at the University
of Tokyo Hospital or the Tokyo Metropolitan Komagome
Hospital from March 2000 to September 2003. Blood
samples were obtained on days 30, 60, 90, and 120-150 in
the acute phase, and from 150 to 1155 in the chronic phase

Bone Marrow Transplantation

after transplantation. Patients who received a dose-reduced
conditioning regimen, antithymocyte globulin- or a CAM-
PATH-1H-containing conditioning regimen were excluded
from this study. Patients who received a second transplan-
tation were also excluded. None of the patients received
T-cell-depleted grafts.

The normal range for the number of invariant NKT cells
in peripheral blood was determined by examining 30 male
and 30 female healthy volunteers.

Flow cytometry analysis

Mononuclear cells were separated from blood samples by
density-gradient  centrifugation (Lymphoprep; AXIS-
SHIELD PoC AS, Oslo, Norway). Cells were stained with
fluorochrome-conjugated monoclonal antibodies (anti-CD3-
FITC (clone UCHT1), anti-CD4-PCS5 (clone 13B8.2), anti-
TCR Vux24-FITC (clone C15), and anti-TCR V§11-PE
{clone C21) (Immunotech, Marseille, France) and analyzed
by a FACSCalibur apparatus using CellQuest software
following the manufacturer’s protocol (Becton Dickinson,
San Jose, CA, USA). Lymphocytes were gated on forward-
and side-scatter plots and the percentage of each lympho-
cyte subset was determined. The absolute lymphocyte count
was determined by a clinical blood test. Each absolute
lymphocyte subset count was calculated as the absolute
lymphocyte count multiplied by the percentage of the
lymphocyte subset divided by 100.

Chimerism of NKT Cells

Genomic DNA was extracted from Vo24 and Vg1l
double-positive cells, which were sorted from the peri-
pheral blood of the reciptents (by FACSVantage (Becton
Dickinson)) and subjected to a short tandem repeat
(STR)-PCR analysis as described previously.’? Briefly, an
STR fragment (ID208471 for pts. 002, 013, and 014, and
D225684 for pt. 003) that showed different allelic
polymorphism in a given donor/recipient pair was PCR
amplified from extracted DNA and analyzed by an ABI
PRISM 377 DNA sequencer in combination with
Genescan 3.1 software (Applied Biosystems, Foster City,
CA, USA), with which different polymorphic peaks were
separated and quantified to evaluate chimerism. Primer
sequences were 5'-FAM GGGATGCAGAAATTGCAGTA
and TTTTCTCTTTGCCACTGACC for D20S471, and §'-
HEX CCCTCTCCCTCTCTTACAGG and TTCTTAGT
GGGGAAGGGATC for D225684.

Statistical analysis

A statistical analysis was performed with the nonpara-
metric Mann-Whitney U-test. A P-value of less than 0.05
was considered significant,

Results

Frequency of V24t NKT cells in healthy donors

To measure Va24+ NKT cells, we counted double-positive
cells (Figure la). Previous reports have shown that such
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Figure 1 Frequency of Va24* NKT cells in healthy donors. (a) To
measure Va24+ NKT cells, we counted Va24 and VS11 double-positive
cells. The results of flow cytometry on a sample from a healthy donor with
a Vz24* NKT cell count of 0.543/ul are shown. Peripheral blood
mononuclear cells from healthy donors {male: # = 30; female: n = 30) were
stained by three-color fluorescence (Va24-FITC/VS11-PE/CD4-PC5) and
analyzed by flow cytometry. Lymphocytes were gated on forward- and
side-scatter plots and the ratio of Va2d4/VE11 cells for each lymphocyte
subset was determined, The absolute lymphocyte count was determined by
a clinical blood test. {(b) Composite box plots for the numbers of NKT cells
in healthy donors are shown for all Va24+ NKT cells, CD4+ Va24*+ NKT
cells, and CD4~ Va24™ NKT cells. These and all subsequent box plots
show the median (horizontal line), 25th and 75th percentiles {box), and
10th and 90th percentiles (error bars). Statistical analysis was performed
with the nonparametric Mann-Whitney U-test in all subsequent box plots.

cells have invariant TCR-« chain expression'*!* and are
CD1d dependent.'®'®

The normal range of Va24*+ NKT cells is shown in
Figure 1b. The values of the 25th, 50th, and 75th
percentiles were 0.239, 0.552, and 1.345/ud, respectively.
The median number as a percentage of total mononuclear
cells was 0.026%, which was similar to the values in the
previous reports.'¢'%

Number of Vo24™* NKT cells varied according to
the graft source

There was a significant difference in the number of
reconstituted NKT cells between BMT and PBSCT in the
acute phase (Figure 2a) and chronic phase (data not

V24 + NKT cells after SCT
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shown). In univariate and multivariate analyses, the only
variable associated with the number of NKT cells was the
stem cell source (PB or BM) in the acute phase. In the
chronic phase, similar results were obtained in a univariate
analysis, but not in a multivariate analysis. (Variables
evaluated included stem cell source (PB or BM, sibling or
unrelated), diagnosis, HLA disparity, GVHD prophylaxis,
with or without cytomegalovirus (CMV) viremia, GVHD,
and with or without steroid treatment.) Since chronic-phase
samples were collected between 150 and 1155 days after
transplantation, the univariate and multivariate analyses
also included time post transplant, but this was not
considered as a variable. In BMT, NKT cells were not
reconstituted within a year (Figure 2b). In contrast, the
number of NKT cells was within the normal range at 1
month after PBSCT (Figure 2c). It was unclear as to
whether the number of WKT cells in BMT patients would
reach the normal range after 1 year.

We could analyze the chimerism of NKT cells in only
four patients in the chronic phase {one received PESCT and
the others received BMT) by PCR-based assays of
polymorphic STR markers. They all showed <10%
recipient chimerism.

Number of Vo224 NKT cells in patients with GVHD was
lower than that in patients withowt GVHD in BMT

Since the number of NKT cells in patients who received
refated BMT was not significantly different from that in
patients who received unrelated BMT (data not shown), we
analyzed related and unrelated BMT together. The number
of Va24™ NKT cells in BMT recipients without acute
GVHD was significantly higher than that in BMT
recipients with acute GVHD (Figure 3a). Patients with
GVHD were treated with steroids in many cases. Since
lymphocytes are decreased when steroids are administered,
the treatment of GVHD might reduce the number of NKT
cells. However, the administration of steroids to patients
with or without GVHD did not significantly affect the
number of NKT cells (Figure 3b). In addition, since Va24~
NKT cells almost universally express inflammatory lym-
phocyte chemokine receptors, and these receptors may
cause them tfo be distnibuted at sites of inflammation,'® they
may have been removed from the bloed in GVHD patients.
However, there was no correlation between CMV viremia
and the number of NKT cells (Figure 3c). Most of the
Va24* NKT subsets are CD47CD8~ (double-negative:
DN) and CD4+*, although there is a small subset of the
CD8™* phenotype in peripheral blood.'” Since there are so
few CD8* NKT cells and since they are so similar to DN
NKT cells,t* we examined CD4+ and CD4~ NKT cells.
Both CD4+ and CD4~ Va2d* NKT cells were significantly
reduced in patients with acute GVHD (Figure 3d.e). Since
there were so few patients with grade III or IV GVHD, we
could not evaluate whether or not the severity of GVHD
was correlated with the number of NKT cells.

Beyond 150 days after BMT, the number of Va24*+ NKT
cells in chronic extensive GVHD patients was significantly
lower than that in patients who had no or limited chronic
GVHD (Figure 4a). Furthermore, there were significantly
fewer CD4* Va24+ NKT cells in chronic extensive GVHD
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Figure 2 NKT cell recovery in BMT and PBSCT recipients. {a) Composite box plots for NKT on day 30 in BMT (rn=41) and PBSCT {n=18). The
number of NKT cells in patients who received PBSCT is significantly higher than that in patients who received BMT (P < 0.0001). {b and ¢) NKT czll
recovery in BMT (b) and PBSCT (c) patients. Lines show the individual recovery of NKT cells. Solid lines and <losed circles show recovery in patients
without GVHD. Dashed lines and open circles show recovery in patients with GVHD. We only show recovery in patients for whom blood samples could be
obtained over four times (BMT) or over three times (PBSCT). The figure shows eight (BMT, without GVHD), 20 (BMT, with GVHD), seven (PBSCT,
without GVHD), and six patients (PBSCT, with GVHD). The shaded gray area represents the 10-90th percentile values of normal controls.

patients than in other patients (Figure 4b). There were also
fewer CD4~ Va24+ NKT cells in chronic extensive GVHD
patients, but this difference was not significant (Figure 4c).
Again, the administration of steroids did not significantly
affect the number of NKT cells (data not shown). Since the
generation of murine Val4t NKT cells is thought to be
thymus dependent,® NKT cell reconstitution in humans
may also be thymus dependent. However, the number of
NKT cells did not correlate with the number of CD3 T cells
(Figure 4d).

In PBSCT recipients, NKT cell counts in patients with
GVHD were not significantly different than those in

Bone Marrow Transplantation °

patients without GVHD (data not shown), although the
number of NKT cells in patients without GVHD tended to
be higher than that in patients with GVHD (Figure 2c¢).
As shown in Figure 2b, few GVHD patients with a
normal NKT cell count on day 30 subsequently fell outside
the normal range, and some patients showed the reverse
trend (ie an abnormal NKT count became normal).
Therefore, we examined NKT cell recovery and the timing
of GVHD or other complications. Figure 5a shows NKT
cell recovery in a 30-vear-old male who received related
BMT. He suffered from gut stage 3 acute GVHD. It was
most severe on days 50 and 75, but subsided beginning on
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day 100. Figure 5b shows NKT cell recovery in a 34-year-
old female who received unrelated BMT. She suffered from
skin stage 3 GVHD on day 10. She received methylpredni-
solone pulse therapy and recovered quickly. She did not
suffer from GVHD afterwards. Figure 5c¢ shows NKT
recovery in a 53-year-old female who received unrelated
BMT. She suffered from skin stage 3 GVHD on day 17.
Her GVHD responded to steroid treatment, but on day 100
she suffered from chronic lung GVHD. All of these cases
suggest that GVHD may be correlated with a low number
of NKT cells.

Discussion
In this study, we examined the recovery of Vx24* NKT

cells in patients who received hematopoietic stem cell
transplantation and its correlation with GVHD. Many

studies have suggested that an important physiological
function of NKT cells is to control immune responses
against infection and some tumors. In transplantation
immunity, CD1d-dependent NKT cells are also thought to
play a role in the induction of self'® or allograft**** or
xenograft tolerance.® In a murine GVHD model, bone
marrow DN NKIL.1* T cells were observed to be important
for preventing GVHD.'® Recently, NKT cells that were
CD1d independent or that had diverse TCR-# chains have
been reported. CD8* CDld-independent NKT cells have
been shown to reduce GVHD.'"' Bone marrow noninvar-
tant CD1d-restricted NKT cells that had the potential to
suppress GVHD have been reported in humans.”” How-
ever, to the best of our knowledge, there has been no
previous report that human Vx24* NKT cells prevented
GVHD. In the present study, the number of Vx24+* NKT
cells in BMT recipients with acute GVHD or chronic
extensive GVHD was lower than that in recipients without
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GVHD. Thus, Va24* NKT cells may also function to
suppress GVHD, although it is also possible that GVHD
decreases the number of NKT cells. The administration of
steroids, which is the most popular therapy for GVHD, did
not suppress NKT cells. Moreover, the recovery of other
lymphocytes (NK cells, B cells, CD4* T cells, CD8* T
cells, CD4*CD45RA ™ T cells, and CD4*CD45SROY T
cells) was not significantly affected by the presence of acute
or chronic GVHD (data not shown). Therefore, the low
number of NKT cells in patients with GVHD did not result
from a delay in lymphocyte recovery. Further analyses
using animal models are needed to determine whether the
reduced number of NKT cells is a cause or an effect of
GVHD.

NKT cells consist of three subsets; DN, CD47, and
CD8* cells. CD4* NKT cells produce large amounts of
IL-4, while CD4~ (DN and CD8*) NKT cells selectively
produce Thl eytokines.™'*?* The numbers of both CD4*
and CD4- NKT cells were reduced in acute GVHD
patients, It has been suggested that the Th1/Th2 balance
influences the development of acute GVHD. For example,
there are some reports that Thl cells cause acute GVHD
more efliciently than Th2 cells, and that Th2 cells suppress
GVHD.?5-?? Other data have suggested that Thl cytokines
reduced acute GVHD or that Th2 cytokines worsened
acute GVHD.?5% In any case, it may be important to
regulate both Thl and Th2 cytokines to control GVHD,
and thus CD4* and CD4~ V24t NKT cells likely play
some roles in preventing acute GVHD.

Bone Marrow Transplantation

In the case of chronic GVHD, there were significantly
fewer CD4* Va24+ NKT cells in patients with chronic
extensive GVHD than in those with no or limited GVHD.
There also tended to be fewer CD4~ Va24*+ NKT cells in
chronic extensive GVHD patients, although this difference
was not significant. In some reports, Th2 cytokines have
been recognized as the principal mediators of chronic
GVHD.'"*2¢ The protective effect against GVHD was
strictly dependent on IL-4 production from NKT cells,'*-*!
Moreover, CD4% Vu24* NKT cells produce large
amounts of IL-10,2%3 and NKT cell-derived IL-10 was
essential for the differentiation of antigen-specific regula-
tory T cells in systemic tolerance.® Thus, CD4+ NKT cells
that produce Th2 cytokines may suppress the Thl response
and control GVHD.

Recent reports have shown that CD4*+CD25* T cells
suppress GVHD.** CD4+CD25* T cells are known to be
immune regulatory cells and are essential for the induction
and maintenance of self-tolerance and for the protection of
autoimmunity. We failed to show that the number of
CD4+*CD25* T cells correlated with GVHD (data not
shown). CD25 is also expressed when CD4* T cells are
activated in GVHD. Therefore, it might be difficult to
count only suppressor T cells.

In Japan, PBSCT is only available to patients who have a
related donor, and thus BMT is performed for patients with
an unrelated donor. On the other hand, many related
hematopoietic stem cell transplantations are PBSCT (we
think that this is why the incidence of relapse in the PBSCT
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Figure 5 NKT cell recovery and the clinical course in three BMT
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group was higher than that in BMT recipients). Therefore,
we cannot simply compare the reconstitution of NKT cells
between PBSCT and BMT. However, the difference is so
significant that we could safely conclude that the recovery
of NKT cells in patients who received PBSCT is much
faster than that in patients who received BMT. One
possible reason is that PBSC grafis contain more NKT
cells than BM grafts. A previous report showed that the
number of Vx24* invariant NKT cells in BM was
comparable to or less than that in peripheral blood
mononuclear cells.!” These findings indicate that PBSC
grafts contain many more V24 NKT cells than BM
grafts. Chimerism of invariant NKT cells in the chronic
phase was donor type, but it is difficult to investigate
chimerism in the early phase, especially afier BMT because
there are extremely few invariant NKT cells. In PBSCT, we
failed to show that there were significantly fewer NKT cells
in patients with GVHD. One possible reason is that there
were very few patients in this study and another is that the
number of NKT cells varied widely among individuals.

V24 NKT cells after SCT
K Haraguchi et af

In conclusion, Vo24+ NKT cells were reconstituted
rapidly in PBSCT recipients and slowly in BMT recipients.
The number of Ve24*+ NKT cells in patients with GVHD
was lower than that in patients without GVHD, and the
number of CD4* NKT cells in GVHD patients is
especially low. Our results raise the possibility that the
therapeutic administration of V24* NKT cells or «-
galactosylceramide might ameliorate GVHD. Thus, NKT
cells should be considered as an exciting new modality of
cellular therapy for the regulation of undesirable immune
responses.
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HEMATOPOIESIS

The transcriptionally active form of AML1 is required for hematopoietic rescue of
the AMLI-deficient embryonic para-aortic splanchnopleural (P-Sp) region

Susumu Goyama, Yuko Yamaguchi, Yoichi Imai, Masahito Kawazu, Masahiro Nakagawa, Takashi Asai, Keiki Kumano,
Kinuko Mitani, Seishi Ogawa, Shigeru Chiba, Mineo Kurokawa, and Hisamaru Hiral

Acute myelogenous leukemla 1 (AML1;
runt-related transcription factor 1 [Runx1]}
Is a member of Runx franscription factors
and ls essentlal for deflnitive hematopol-
esis. Although AML1 possssses several
subdomalns of deflned blochemlcal fune-
tions, the physlologlc relevance of each
subdomaln to hematopoletic develop-
ment has been poorly understood. Re-
cently, the consequence of carboxy-term!-
nal truncation in AML1 was analyzed by
the hematopoletic rescue assay of AML1-
deficlent mouse embryonic stem cells
using the gene knock-In approach. None-

theless, a role for speciic Internal do-
malins, as well as for mutations tound Ina
human dissase, of AML] remalns to be
slucldated. in thia study, we establigshed
an experimental system to efficiently
evaluate the hematopoletic potential of
AML1 using a coculture system of the
mutine embryonlc para-aortlc splanchno-
pleura! (P-Sp) reglon with a stromal cell
line, OPY. In thig system, the hematopol-
otic defect of AML1-deficient P-Sp can be
rescued by expressing AML1 with retrovi-
ral Infection. By analysis of AML1 mu-
tants, we demonsltrated that the hemato-

poletic potentlal of AML1 was closely
related to Its transcriptional activity. Fur-
thermore, we showed that other Runx
transcription factors, Runx2/AML3 or
Runx3/AML2, could rescue the hemato-
poletic defect of AML7I-deflclent P-Sp.
Thus, this experimental system will be-
come a valuable tool to analyze the physl-
ologle functlon and domain contribution
of Runx protelns In homatopolesls.
(Blood. 2004;104:3558-3564)
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Introduction

Acute myelogenous leukemia 1 (AML1)/runt-related transcription
factor 1 (Runx1) belongs to a family of transcriptional regulators
called Runx, which contain a conserved 128-amino acid Runt
domain responsible for sequence-specific DNA binding.! Runx
proteins make heterodimeric complexes with a partner protein,
CBFB/PEBP2B (core-binding factor B/polyomavirus enhancer—
binding protein 2B),>* and this association is essential for its
biologic activity.>” Thete are 3 known mammalian Runx family
members: AML1/Runx1, Runx2/AML3, and Runx3/AML2. Typi-
cally, Runx functions as a transcriptional activator of target gene
expression. Under some conditions, however, it can repress the
transcription of specific genes,

AML1 was originally identified on chromoscme 21 as the gene
that is disrupted in the (8;21)(q22;q22) translocation, which is one
of the most frequent chromosome abnormalities associated with
buman AML.*? Subsequently, AML1 was shown to be one of the
most frequent targets of leukemia-associated gene aberrations. 10!
Moreover, somatic point mutations of the AMLS gene were also
demonstrated in patients with AML and myeledysplastic syndrome
(MDS).'># In addition to a role in leukemic transformation,
gene-targeting studies in mice have demonstrated that AML1 is
essential for early development of definitive hematopoiesis. AMLI-
deficient embrvos develop through the yolk sac stage but die

around 12 to 13 days of gestation following complete block of fetal
liver hematopoiesis. 1516

AML1 includes at least 3 alternative splicing forms: AMLI1a,
AML1b, and AML1c.Y7 In AML1b and AMLIlc, the carboxy
(Cyterminal to the Runt domain lies in a region that contains
sequences of defined biochemical functions, which are absent in
AML1a. Several functional domains have been identified in the
C-terminal half, such as rrans-activation domain,’'* trans-
repression domain, 2 and VWRPY motif 2123

During vertebrate embryogenesis, hematopoictic development
consists of 2 distinct waves of discrete cellular components known
as primitive and definitive hematopoiesis.?* In mice, the first wave
of primitive hematopoiesis, which consists predominantly of a
large and nucleated erythroid cell, emerges in the yolk sac at 7.5
embryonic days after coitus {dpc). Then, primitive hematopoicsis
begins to be replaced around 9.5 dpc by definitive hematopoiesis,
generally described as the second wave. Progenitors for definitive
hematopoiesis originate from para-aortic splanchropleural (P-Sp)
region at 7.5 to 9.5 dpc,?*% and long-term repopulating hematopoi-
etic stem cells (LTR-HSCs) that can reconstitute adult mice appear
in the aorta-gonad-mesonephros (AGM) at 10.5 to 11.5 dpc. ¥
These cells subsequently colonize the fetal liver, where they
expand and differentiate. Active sites for definitive hematopoiesis
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