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Summary:

Human Va24* natoral killer T (NKT) cells have an
invariant T-cell receptor-« chain and are activated in a
CD1d-restricted manner. Va24* 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 Vo24* NKT cells after
hematopoietic stem cell transplantation and its correlation
with graft-versus-host disease (GVHD). Patients who
received a dose-reduced conditioning regimen, antithymo-
cyte globulin- or CAMPATH-1H-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 GYHD was lower
than that in patients without acute GVHD, and both the
CD47 and CD4~ Va24* NKT subsets were significantly
reduced. With regard to chronic GVHD, BMT recipients
with extensive GVHD 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 GVHD. Our results raise
the possibility that the number of Va24* NKT cells could
be related to the development of GVHD.
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Immune reconstitution after hematopoietic stem cell
transplantation has been studied by many researchers.
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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 NK1.I (NKR-PIC) in mice or CD161
(NKR-P1A) in humans. Most NKT cells use an invariant
T-cell receptor (TCR)-a chain (Va14-Jx18 in mice, Va24-
J218 in humans) paired with Vg8, V7, or VB2 in mice, or
with Vf11 in humans.* 7 Human invariant Va24* 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 (TNF)-z) 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 NK1.1* 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 V24 *
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=_81(32* n=25(7;
Related/unrelated 14(4)/67(28) 25(7)/0
HLA full match/! locus mismatch 63(22)/18(10) 23(5)/2(2)

Male/female 52(21)/29(11) 13(4)/12(3)

Age (vears)

Range 1655 17-53
Median 39 33
Diagnosis
ALL 17 9
AML 24 8
MLL 1 0
ATL 1 0
CML 16 3
MDS 12 2
MM 2 0
MPD 1 0
NHL 3 3
AA 4 0
Conditioning regimen
TBI-containing regimen 45(19) 144)
No TBI regimen 36(13) 11(3)
GIVHD prophylaxis
Cyclosporine + short-term MTX 69(27) 25(7)
Tacrolimus + short-term MTX 12(5) 0

Acure GVHD

Grade 0 15 10

Grade 1 13 6

Grade 11 15 2

Grade I11 5 0

Grade IV 1 0
Days 10 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 10 the onset of chronic GVHD

Range 60-300 110-264

Median 140 200
CMV viremia 20(2) 4
Relapse 13(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;
CMV = 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
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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 UCHT]I), anti-CD4-PC5 (clone 13B8.2), anti-
TCR Vo24-FITC (clone Cl5), and anti-TCR Vf11-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 V24 and VfI11
double-positive cells, which were sorted from the peri-
pheral blood of the recipients (by FACSVantage (Becton
Dickinson)) and subjected to a short tandem repeat
(STR)-PCR analysis as described previously.'? Briefly, an
STR fragment (D20S471 for pts. 002, 013, and 014, and
D22S684 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 5'-
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 Va24™ NKT cells in healthy donors

To measure Va24* NKT cells, we counted double-positive
cells (Figure 1a). 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 VBI1 double-positive
cells. The results of low cytometry on a sample from a healthy donor with
a Vo24™ NKT cell count of 0.543/ul are shown. Peripheral blood
mononuclear cells from healthy donors (male: n = 30; female: n = 30) were
stained by three-color fluorescence (Va24-FITC/VA11-PE/CD4-PCS) and
analyzed by flow cytometry. Lymphocytes were gated on forward- and
side-scatter plots and the ratio of Va24/VfS11 cells for each lymphocyie
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* Vo24* 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-x chain expression'*!* and are
CD1d dependent.'®®

The normal range of V#24™ NKT cells is shown in
Figure 1b. The values of the 25th, 50th, and 75th
percentiles were 0.239, 0.552, and 1.345/ul, 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
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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 2¢). It was unclear as to
whether the number of NKT 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 PBSCT and
the others received BMT) by PCR-based assays of
polymorphic STR markers. They all showed <10%
recipient chimerism.

Number of Va24* NKT cells in patients with GVHD was
lower than that in patients without GVHD in BMT

Since the number of NKT cells in patients who received
related 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 Vo24 ™
NKT cells almost universally express inflammatory lym-
phocyte chemokine receptors, and these receptors may
cause them to be distributed at sites of inflammation,’® they
may have been removed from the blood in GVHD patients.
However, there was no correlation between CMYV viremia
and the number of NKT cells (Figure 3c). Most of the
Vu24* NKT subsets are CD47CD8~ (double-negative:
DN) and CD4 7, 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,” we examined CD4% and CD4~ NKT cells.
Both CD4™ and CD4™ V24~ NKT cells were significantly
reduced in patients with acute GVHD (Figure 3d.e). Since
there were so few patients with grade IT 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 ™ V24~ 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 (n=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 cell
recovery in BMT (b) and PBSCT (¢) patients. Lines show the individual recovery of NKT cells. Solid lines and closed 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~ Vu24* 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 Val4+ 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
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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 2¢).
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-year-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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Figure 3 Number of Va24* NKT cells in BMT recipients with or without acute GVHD. (a) Composite box plots for NKT cells on day 30 in BMT
recipients with (7= 24) or without (# = 24) acute GVHD The number of Va24* NKT cells in BMT recipients without acute GVHD was significantly higher
than that in BMT recipients with acute GVHD (2 =0.0172). (b) Composite box plots for NKT cells on day 30 in BMT recipients with acute GVHD who did
(n=22) or did not (n= 11) receive steroid treatment. Steroid administration did not affect the number of NKT cells (P = 0.4450). {(¢) Composite box plots for
NKT cells on day 60 in BMT recipients with (# = 14) or without (n = 30) CMV viremia. CMV viremia did not affect the number of NKT cells (P =0.2957). (d
and e) Composite box plots for CD4* NKT (d) and CD4~ NKT (e) cells on day 30 in BMT recipients with or without GVHD. Both CD4* and CD4~
Vo24* NKT cells were significantly reduced in patients with acute GVHD (CD4*: P=0.0392; CD4~: P=0.0337). *P<0.05. aGVHD, acute GVHD.

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 5S¢ 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 Va24+ 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® 22 or
xenograft tolerance.?® In a murine GVHD model, bone
marrow DN NK1.1* 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-
iant CDl1d-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 Va24* NKT cells prevented
GVHD. In the present study, the number of Va24*™ NKT
cells in BMT recipients with acute GVHD or chronic
extensive GVHD was lower than that in recipients without
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Figure 4 Number of V224 NKT cells in BMT recipients with or without chronic GVHD. (a) Composite box plots for NKT in BMT recipients with
chronic extensive GVHD (n=21) or no or limited chronic GVHD (n = 31). The number of Va24* NKT cells in extensive GVHD patients was significantly
lower than that in patients who had no or limited chronic GVHD (P =0.0089). (b and ¢) Composite box plots for CD4* Vu24™ (b) and CD4™ V247 (¢)
NKT cell counts in BMT recipients with extensive chronic GVHD or no or limited chronic GVHD. Chronic extensive GVHD patients had significantly
fewer CD4* and CD4~ Va24™ NKT cells than other patients. However, there was no significant difference in the CD4™ V24 NKT cell count (CD4™*
NKT cells: P=0.0012; CD4"NKT cells: P=0.0792, respectively). (d) Composite box plots for the ratio of the NKT cell number to the CD3*CD56~ T-cell
number. The ratio is smaller in chronic extensive GVHD patients (# = 16) than in other patients (# = 27) (P =0.0148). cGVHD, chronic GVHD.

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*CD45RO* 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
1L-4, while CD4~ (DN and CD8 ") NKT cells selectively
produce Thl cytokines.'**** 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 efficiently than Th2 cells, and that Th2 cells suppress
GVHD.?® 27 Other data have suggested that Thl cytokines
reduced acute GVHD or that Th2 cytokines worsened
acute GVHD.®™ * In any case, it may be important to
regulate both Thl and Th2 cytokines to control GVHD,
and thus CD4* and CD4~ Vua24* NKT cells likely play
some roles in preventing acute GVHD.

Bone Marrow Transplantation

In the case of chronic GVHD, there were significantly
fewer CD4* Vo24*+ 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* Vo24* NKT cells produce large
amounts of IL-10,*>** 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 CD47CD25" T cells
suppress GVHD.*™ CD47CD25% 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
recipients. (a) A 30-year-old male who received related BMT. (b) A 34-year-
old female who received unrelated BMT. (¢) A 33-year-old female who
received unrelated BMT. Details are provided in the text.

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 grafts contain more NKT
cells than BM grafts. A previous report showed that the
number of Vu24* 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 Vo24* 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 after 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.
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In conclusion, Vo24~ NKT cells were reconstituted
rapidly in PBSCT recipients and slowly in BMT recipients.
The number of Va24* 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 Va24* NKT cells or a-
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 Kurckawa, and Hisamaru Hirai

Acute myelogenous leukemia 1 (AMLA1;
runt-related transcription factor 1 [Runx1})
is a member of Runx transcription factors
and is essential for definitive hematopoi-
esis. Although AML1 possesses several
subdomains of defined biochemical func-
tions, the physiologic relevance of each
subdomain to hematopoietic develop-
ment has been poorly understood. Re-
cently, the consequence of carboxy-termi-
nal truncation in AML1 was analyzed by
the hematopoietic rescue assay of AML71-
deficient mouse embryonic stem cells
using the gene knock-in approach. None-

theless, a role for specific internal do-
mains, as well as for mutations foundina
human disease, of AML1 remains to be
elucidated. In this study, we established
an experimental system to efficiently
evaluate the hematopoietic potential of
AML1 using a coculture system of the
murine embryonic para-aortic splanchno-
pleural (P-Sp) region with a stromal cell
line, OPY. In this system, the hematopoi-
etic defect of AML7-deficient P-Sp can be
rescued by expressing AML1 with retrovi-
ral infection. By analysis of AML1 mu-
tants, we demonstrated that the hemato-

poietic potential 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-
poietic defect of AML1-deficient P-Sp.
Thus, this experimental system will be-
come a valuable tool to analyze the physi-
ologic function and domain contribution
of Runx proteins in hematopoiesis.
(Blood. 2004;104:3558-3564)

© 2004 by The American Society of Hematology

Introduction

Acute myelogenous leukemia 1 (AMLI1)/runt-related transcription
factor 1 (Runx!) 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.” There are 3 known mammalian Runx family
members: AMLI/Runxi, 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.

AMLI was originally identified on chromosome 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
human AML.%® Subsequently, AML1 was shown to be one of the
most frequent targets of leukemia-associated gene aberrations.'®-!!
Moreover, somatic point mutations of the AML/ gene were also
demonstrated in patients with AML and myelodysplastic syndrome
(MDS).!>"* In addition to a role in leukemic transformation,
gene-targeting studies in mice have demonstrated that AMLI is
essential for early development of definitive hematopoiesis. AML/-
deficient embryos develop through the yolk sac stage but die

around 12 to 13 days of gestation following complete block of fetal
liver hematopoiesis.'3-1

AMLT1 includes at least 3 alternative splicing forms: AML1a,
AMLIb, and AMLIc.'” In AMLIb and AMLIc, the carboxy
(C)—terminal 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 (rans-activation domain,'" rrans-
repression domain,”® and VWRPY motif 21-23

During vertebrate embryogenesis, hematopoietic 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 hematopoiesis
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 splanchnopleural (P-Sp)
region at 7.5 10 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.?728
These cells subsequently colonize the fetal liver, where they
expand and differentiate. Active sites for definitive hematopoiesis
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are transferred to bone marrow and spleen prior to birth and
function throughout life within these organs. Recent studies have
shown that AML1 is expressed in the hematopoietic cell clusters
within the P-Sp/AGM region and AML/-deficient embryos are
devoid of these hematopoietic clusters. >

The hematopoietic defect of AMLI-deficient mice could be
replicated in vitro by several culture systems. including the
P-Sp/AGM culture?* and the embryonic stem (ES) cell culture.™
In these systems, hematopoietic cells are generated in wild-type
cultures but not in AML/-deficient cultures. Recently, a gene
knock-in approach was used to demonstrate rescue in vivo of
hematopoiesis from the AML/-deficient ES cells.?s3* This hemato-
poietic rescue requires the rrans-activation domain of AMLI but
not the C-terminal trans-repression subdomain. However. no report
has elucidated roles for specific internal domains or disease-related
mutations of AML 1 in hematopoiesis.

In the present study, we used a coculture system of cells derived
from the P-Sp region with a layer of a stromal cell line, OP9, in
which hematopoietic cell development of varlous lineages is
efficiently induced.’” The cultured P-Sp—derived cells show a
significant colony-forming activity in semisolid culture with appro-
priate cytokines, as well as distinct surface expression of hemato-
poietic markers. In this culture system, AML/-deficient P-Sp—
derived cells failed to show any hematopoietic activity. This defect
was efficiently rescued by reactivating AMLI by retroviral-
mediated expression. Using this system, we then examined a
hematopoietic potential of a series of AML! mutants and demon-
strated that the hematopoietic rescue of AMLI/-deficient P-Sp
regions require transcriptionally active forms of AMLI1. We also
showed that enforced expression of other Runx transcription
factors, Runx2/AML3 or Runx3/AML2, could rescue the hemato-
poietic defect of AMLI-deficient P-Sp regions. These results
provide evidence that transcriptional activity of AML1 is essential
for hematopoietic development from P-Sp regions. In addition, this
coculture system makes a useful method to determine functional
consequences of AML1 on its hematopoietic potential.

Materials and methods
Mice and embryos

AML ] -deficient mice were generated as described previously™ and were
crossed onto the CS7BL/6 background. To generate embryos. timed
matings were set up between AML/ ¥~ males and AML/ ¥/~ females. The
time at midday (12:00) was taken to be 0.5 dpe for the plugged mice.

In vitro P-Sp culture

P-Sp culture was performed as described previously® with a minor
modification. In brief, isolated P-Sp regions of 9.5 dpc embryos were
dissociated by incubation with 250 U/mL dispase (Godo Shusei, Tokyo,
Japan) for 20 minutes and cell dissociation bufter (Gibco BRL. Carlsbad.
CA) for 20 minutes at 37°C. washed once in phosphate-buffered saline
(PBS). followed by vigorous pipetting. Approximately 5 X 10% P-Sp-
derived cells were suspended in 300 gL serum-free StemPro media (Life
Technologies. Gaithersbure. MD) supplemented with 30 ng/mL stem cell
factor (SCF). 5 ng/mL interleukin (IL3: gifts from Kirin Brewery. Takasaki.
Japan), and 10 ng/mL murine oncostatin M (R&D Systems. Minneapolis.
MN). Single-cell suspensions were seeded on preplated OP-9 stromal cells
in the 24-well plate. followed by incubation at 37°C.

Plasmid construction

The ¢DNAs of human AML1Ta. AMLIb. and various AMLI mutants were
subcloned as EcoRI-EcoRI fragments into the retovirus vector pMY/

HEMATOPOIETIC POTENTIAL OF Runx PROTEINS 3559

internal ribosomal entry site—enhanced green fluorescent protein (IRES-
EGFP: pMY/IG).* C-terminal deletion mutants of AMLI1b, AMLIb-
R139G. AMLI1b-S249/266A, and AML1b-K24/43R were constructed as
described previously.!3#1% For construction of AMLIbA(205-332). we
deleted the Pyull-BstPl fragment from AML1b. filled the resultant plasmid
with a Klenow fragment. and religated it. AMLIbA(181-210) was created
by polymerase chain reaction (PCR) with the insertion of a Bg/ll restriction
site to join the fragments. Flag-tagged human Runx2/AML3 ¢DNA was
inserted into the BamHl and the EcoRI restriction sites of pMYs/IRES-
EGFP (pMY s/1G). % Flag-tagged human Runx3/AML2 ¢DNA was inserted
inta the Sacll and the Xhol sites of the same vector.

Retroviral transduction

Plat-E packaging cells™ (2 X 10%) were transiently transfected with 3 pg of
AMLI, Runx2/AML3, Runx3/AML2, or AMLI mutants: mixed with 9 pL
of FuGENE6 (Roche Molecular Biochemicals, Indianapolis. IN): followed
by incubation at 37°C. Supematant containing retrovirus was collected 48
hours after transfection and used immediately for infection. Retroviral
transduction to the cells derived from AML/-deficient P-Sp regions was
performed as described previously with minor modification.® In brief. the
viral supernatant was added to the P-Sp culture together with 10 wg/mL
Polybrene (Sigma. St Louis. MO). After 72 hours of incubation, virus-
containing medium was replaced by standard culture medium. The cells
were incubated for another 10 days and processed for analysis. To confirm
the expression of Runx proteins, NIH3T3 cells were also infected with the
same viral supernatants. The number of retrovirus-infected cells was
evaluated by the expression of green fluorescent protein (GFP).

Colony-forming cell (CFC) assay

The nonadherent or semiadherent cells rescued from AML/-deficient P-Sp
regions were used for CFC assay. Cells (6 X 10%) were plated into
MethoCult3434 medium (StemCell Technologies, Vancouver. BC, Canada)
and cultured in a 5% CO; incubator at 37°C. Colony types were determined
at day 7 by morphologic appearance and by Wright-Giemsa staining of
cach colony.

Flow cytometry analysis

Flow cytometry analysis was performed in a FACScalibur with the
Cellquest program (Becton Dickinson. San Jose. CA) after addition of
propidium iodide to exclude dead cells. For surface staining, cell suspen-
sions collected from the P-Sp cultures were incubated on ice for 30 min-
utes in the presence of various mixtures of labeled monoclonal antibodies.
The monoclonal antibodies used were phycoerythrin (PE)—conjugated anti—
granulocyte 1 (anti-Grl). anti-macrophage antigen 1 (anti-Mac1). anti-stem cell
antigen 1 (ant-Scal), allophycocyanin (APC)-conjugated anti-CD45, anti-
¢-Kit, and biotin-conjugated anti-CD34. Biotinylated antibodies were then
counterstained with PE- or APC-conjugated streptavidin, Isotype-matched
antibodies conjugated with the appropriate fluorochrome were used as
negative controls,

Western blot analysis

Retrovirus-infected NIH3T3 cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer.?! Whole-cell lysates containing 100 g of proteins
were subjected to sodinm dodecyl sulfate~polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane
(Immobilon: Millipore. Bedford. MA). The membrane was blocked with
109 skim milk. treated with anti-AML1 (PC284L: Oncogene. Cambridge.
MA) or anti-Flag (M2: Sigma). washed. and reacted with the rabbit
anti-immunoglobulin G (anti-IgG) antibody coupled to horseradish peroxi-
dase. The blot was visualized using the enhanced chemiluminescence
(ECL) system (Amersham Pharmacia Biotech, Piscataway. NJ).
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Figure 2. Expression of the hematopoietic markers
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any  hermatopoietic pm'”m“ . results indicate that DNA

These

binding of AMLL through the Runt domain is also mdispens-
able for i vivo hclnnm}m,utia; rescue of the AML/-deficient
P-Sp region,

Figure 3. Colony formatlon of the rescued cells from AL 1-deficient P-Sp. Tt
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olat Metho(
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de’k“l" ata

GFP

Anong corepressors that are recruited by AMLT s mSin3A,

which may contribute o AML-mediaied nfpxx:xxiun of gene
transcription, as well as to inwaceiidar stability of AMLI
Indeed. the AMLD muownt thal cannot nteract wnh mSmo’.—f\

TAMLIDACI&E-2H0] is defective for repression of the p2/ pro-
moter in the in vitro ranseription response assay. Postranscerip-
tonal modification is also one of the important mechanisms that
regulate AMLI function. ™ For example. ranseripional activity
af AMLT 15 enhanced by estracell kinase
{ERKi~dependent phosphoryviation on Ser249 and Ser266, whereas
p300-mediated acetylation on Lys24 and Lyv43 augments DNA
binding of AMLI. To clunty roles of these ngu!mor} miechanisms
in the hermatopoictic potental of AMLTL we usaed 3 types of AMLI
mants: AMLIDACINTE-2105, AML 8249726640 and AMLIb-
R24743R0 AMLIDACIST-210Y is an internad defedon mutant that
lacks the hinding domain for e mSi3A~ In AMLID-S249/
266A, the 2 target serines for ERK-miec shosphorviation were
replaced with alanines.
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A mock ANLTD mSindA. ERK-dependent phosphoryiation, or p30t-mediated acet-
: o viation, Some postiransiational modihaentions,as well s repressor

vities, of AMLT may ot necessarily be required for carly
of these mutants retain @
however, these rosulis

hematopotetic development. Given that o
basul activity of geng transcripgon. 424
again argue a close correlution botween the transcriptional acuvity
of AMLT and i1s henstopotetic potential.

ey

. o Runx2/AML3 and Runx3/AML2 have the capacity 1o rescue
W s the hematopoietic defect of AML f-deficient P-Sp regions
?81 21 G) F{i SQG SZ‘iiQ”?SﬁA

In addivon o AMLIL there are 2 other Rnown mammalinn Runx
transeription factors. Runx2ZAMLS and Runma3AML2. To detwer-
mine whether these Runx proteins have the capacity 1o substitute
for AMLI in hemuatopoiesis, we infected AML/ -deticient P-Sp with
retrovirases carrving Rums 2/AML3Y or Runs3/AML2, The infec-
tion efficiency and protein expression were assessed by the same
method used for AML s dFigme 7A-By Interestingly,

enforced expression of either Runx? or Runs 3 in AML/-deficient

sy
4
i
1
i

Relative cell number
5
<o
o
0O

P-Sp resuhied in the generation of numerous hematoporetic cells
GFEp (Figure 703 There is no difference among the rescucd hematopoi-
cuie cells by wll 3 Runx proicing in werms of morphology, expression
of suriacg markers, and CFC activity «data not shown). These
results suggest redandant roles among Runx proteins in carly
rematopaictic development.

Discussion

The sinking phenotype of AML7 -deliciont mice has domonstrated
an essential role Tor AML T in the formation of detinitive hematopoi-
. 5. osis during development. However, domain conwibution of AMLI
ed NIHGTS cels. Tt in early hematopoictic development hus not yet been fully eluci-
ates with: anti-AN dated. Here we described an assay for AMLIT function based on the
ability 1o rescue hematopotesis from the AML/-deficient P-Sp
regions, Using this system. we found that the hematopoietic
ivoun :wct}i,.mm d fective mutant, o which the 2 lysine  potendal of AMLT was closely related 1o s transeriptional acovigy,
vinines. Remarkably, all of these Amaong  those mutants used in this study, AMLIbA4d,
mutants retained the ;1hiiit\ o rescue the hemutopoietie defect in AMLIDAZYT, and AMLIBAUIET-210) are transeriponally active
comtrast o the mutunts of the Runt doman (Figure 6HLULK) The 1o a luciferase assay (Kurokawa ot al"” d-' t pot showni, AMLIb-
cells rescued by these AMLT mutants contained CFCs, expressed  S249/266A and AMLIb-K24M43R ulse retin o basal acivity of
ematopoietic cell surface markers. and were morphologically  gene transeription, Ali of these wanseriptionally active mutants of

idues were substinded with a

indistinguishable fron the rexcucd cells by wild-type AMLIb (data AMLT could confer hematopoiciic acivity on AML/ <deficient
not <hown, From these finding<. we concladed that the homatopei-  P-Sp regions. On the contrary. othor nnutanis that lose the n“mxm*p»
ctic potential o AMLT does vot regaire (e interuction with  tional activation abitiy (Lutterbach ot al~” Kurokawa ot o' data

Figure 6. Hematopoietic potential of the AMLT mutants. €
from A»W i-daficient P-Sp regio
mutants. Each
A397, (O A
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Functional Domains of Runxl Are Differentially Required for
CD4 Repression, TCRB Expression, and CD4/8
Double-Negative to CD4/8 Double-Positive Transition in
Thymocyte Development’

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

Runx1 (AML1) has multiple functions in thymocyte development, including CD4 repression in immature thymocytes, expression
of TCRB, and efficient B-selection. To determine the functional domains of Runxl important for thymocyte development, we
cultured Runxl-deficient murine fetal liver (FL) cells on OP9-Delta-like 1 murine stromal cells, which express Delta-like 1 and
suppert thymocyte development in vitro, and introduced Runxl or C-terminal-deletion mutants of Runx1 into the FL cells by
retroviras infection. In this system, Runx1-deficient FL cells failed to follow normal thymocyte development, whereas the intro-
duction of Runx1 into the cells was sufficient fo produce thymecyte development that was indistinguishable from that in wild-type
FL cells. In contrast, Runx1 mutants that lacked the activation domain necessary for initiating gene transcription did not fully
restore thymocyte differentiation, in that it neither repressed CD4 expression nor promoted the CD4/8 double-negative to CD4/8
double-positive transition, Although the C-terminal VWRPY motif-deficient mutant of Runx1, which cannet interact with the
transcriptional corepressor Transducin-like enhancer of split (TLE), promoted the double-negative to double-positive transition,
it did not efficiently repress CD4 expression. These results suggest that the activation domain is essential for Runx1 to establish
thymocyte development and that Runxl has both TLE-dependent and TLE-independent functions in thymocyte
development. The Journal of Immunology, 2005, 174: 3526-3533.

unxi (also called AMLI, Pebpa2b, or Cbfu2) encodes a
member of a family of runt transcription factors that was
A first identified in humans as a gene that is disrupted in
1(8 21) acute myeloid leukemia (1). Homozygous disruption of
Runx] in mice revealed that Runx1 plays an essential role in de-
finitive hematopoiesis (2. 3). Furthermore. it has been suggested
from the very beginning of its cloning that Runx 1 also plays roles
during thymocyte development (4-6). Runx |1, together with other
cofactors, binds to the enhancers of TCRa (7), B (8). ¥ (9). and &
(10) and activates transcription of these genes. Runx| is expressed
during thymocyte development as demonstrated by Northem blot-
ting, as well as in situ hybridization of mMRNA (11, 12). Itis mainly
expressed in cortical thymocytes (13), and quantitative real-time
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PCR of reverse-transcribed RNA revealed that Runxl mRNA is
abundant in CD4/CD8 double-negative (DN)* thymocytes (14).
When Runx1 was overexpressed in thymocytes using a transgenic
system, it was shown to induce CD8 single-positive (SP) thymo-
cyte differentiation (15) and to inhibit the differentiation of Th2
effector T cells (16). Recently, we found that T cell-specific dis-
ruption of Runx/ in mice using the Cre-loxP recombinase system
results in a profound defect in the DN to CD4/8 double-positive
(DP) transition.* and others also demonstrated that Runx] ac-
tively represses CD4 expression in DN thymocytes (14). To-
gether, these findings confirm that Runx1 plays an essential role
in early thymocyte development. In view of its functions in T
cell development, it is noteworthy that the Runx/ gene is dis-
rupted in 44:21)(q28;q22) found in T cell acute lymphoblastic
leukemia (17, 18).

Runx1 has several distinct domains of defined biochemical
functions. The Runt domain mediates both binding to DNA and
dimerization with core-binding factor 8 subunit (4), whereas the
activation domain interacts with transcriptional coactivators to up-
regulate transcription of the target genes (19, 20). Toward the C
terminus of the activation domain lies an inhibitory domain that
counteracts the effect of the activation domain (21). Furthermore,

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

FT. Asai, T. Yamagata, T. Saito, M. Ichikawa, S. Seo. G. Yamumoto. K. Maki. K
Mitani, H. Oda. S. Chiba et al. Runxi is required for integrity of the pre-T cell
receptor complex and Lek Kinase activity in early thymocyte development. Submitted

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

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

Materials and Methods

Preparation of ¢cDNAs of Runx] mutants and gene transduction

cDNAs of C-terminal deletion mutants of Runx1. A447. A372. A320, and
A291. with a Nod site on their 5’ temminus and an Xhol site on their 3’
terminus, were PCR amplified from template murine Runx/ cDNA (a gift
from M. Satake, Tohoku University. Sendai. Japan) using TaKaRa LA tag
(Takara Bio) with the following sets of primers: a sense oligonucleotide for
all constructs. 53'-AAAAGCGGCCGCATCGATACCATGCGTATCCCC
GT-3": antisense oligonucleotides: A477. 5'-TTTTCTCGAGTCAGGC
CTCCTCCAGGCGCGCGGG-3": A372. 5'-TTTTCTCGAGTCAGCCGG
TCTGGAAGGGCCCGGC-3"; A320. 5 -TTTTCTCGAGTCAGCGCGGG
TCGGAGATGGACG-3": and A29]. 5-TTTTCTCGAGTCAAAGTT
CTGCAGAGAGGCTGG-3". Each PCR product was digested with Norl
and Xhol and cloned into the Notl-Xhol site. 5" upstream of intemal ribo-
somal entry site-GFP of the pGCDNsam (a gift from H. Nakauchi. Tokyo
University. Tokyo. Japan) retrovirus vector (31). Nucleotide sequences of
these mutant plasmids were confirmed using the ABI Ready Reaction Dye
Terminator Cycle Sequencing kit and ABI3100 semiautomated sequencers
(Applied Biosystems). To obtain retrovirus-producing cells. ¥MP34 pack-
aging cells (a gift from Wakunaga Pharmaceutical) were transfected with
these retrovirus plasmids. followed by single cell sorting for GFP with a
FACSVantage (BD Biosciences). To characterize cells transduced with
retrovirus plasmids. GFP-positive cells were gated and analyzed.

Cell preparation and genotvping

Embryos at 14.5 days postcoitus (E14.5) were obtained by mating
Runx1*'™ mice (female) and Runx!"¥*, Lek-Cre transgenic (1g)" mice
(male). both of which had been backcrossed for nine generations to
C57BL/6. Lek-Cre tg mice were kindly provided by J. Takeda (Osaka
University. Osaka. Japan) (32). FLs were dissected from the E14.5 em-
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bryos and then subjected 1o single cell suspension by pipetting. An aliquot
of the FL cell suspension was subjected to DNA extraction followed by
genotyping using PCR with primers /2 (5'-ACAAAACCTAGGTGTAC
CAGGAGAACAAGT-3). f120 (5'-CCCTGAAGACAGGAGAAGTTT
CCA-3"). and r/ (53'-GTCTACTCCTTGCCTCAGAAAACAAAAAC-3").
in which floxed and floxed-out (or deleted) alleles were amplified as
280-bp (f120-r1) and 220-bp (f2-r1) PCR fragments. respectively.

Culture of FL cells on OP9-DL] stromal cells

FL cells were cultured on OP9-DLI cells (generous gifts from J.C. Ziitiga-
Pfliicker. University of Toronto. Toronto. Canada) (29) according to the
original descriptions with minor modifications. In brief. mononuclear cells
were separated from a single cell suspension of E14.5 embryos of C57BL/6
mice by centrifugation on a Ficoll-Hypaque (AXIS-SHIELD: Lym-
phoprep) gradient. A total of 5 X 10¥ mononuclear cells. without further
purification of hemopoietic progenitor cells, was cultured on confluent
OP9-DL1 cells in flat-bottom 24-well culture plates with 500 ul of MEM
(Invirogen Life Technologies) supplemented with 20% FCS. penicillin/
streptomycin. and 5 ng/ml recombinant human (rh) IL-7 (R&D Systems).
After 5 days of culture. 5 X 107 cells were passed onto newly prepared
OP9-DL1 cells in the presence of 5 ng/ml rhIL-7. and retrovirus infection
was performed using polybrene (final concentration 8 ug/ml). followed by
another 5 days of culture. A total of 1 X 107 cells were again passed onto
newly prepared OP9-DL1 cells and culwred for another 5 days, but in
rhIL-7-free culture medium.

Flow c¢ytometry

Cells were collected from culture plates. suspended in PBS, and then in-
cubated with mAbs for 30 min on ice. If necessary, this was followed by
additional incubation with the secondary reagents for another 30 min on
ice. After being washed with PBS. cells were analyzed by flow cytometry
using a FACSCalibur (BD Biosciences) equipped with CellQuest software.
All mAbs and fluorochromes used in flow cytometry were purchased from
BD Pharmingen: FITC, PE. PerCP. PerCP-CY5.5, allophycocyanin, or Bi-
otin-conjugated CD3e (500A2). CD4 (RM4-3), CD8a (53-6.7). CD24 (M1/
69). CD23 (PC61). CD44 (IM7). CD45.2 (104), CD45R/B220 (RA3-6B2),
CD90.2 (Thyl.2: 52-2.1). or TCRB (H37-597). Intracellular anti-TCRS
allophycocyanin staining was performed using a BD Cytofix/Cytoperm kit
(BD Pharmingen) in accordance with the manufacturer’s instructions.

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

The ontogenic profiles of nonpurified FL cells on OP9-DL1 cells
were essentially similar to those of purified FL cells for hemopoi-
etic progenitor cells (CD24'%, Lin~, Sca-1"#", CD117/c-Kit")
(29). Most of the FL cells from wild-type C57BL/6 mouse em-
bryos cultured on OP9-DL1 cells expressed Thy1 without the dis-
tinct expression of B220, whereas FL cells cultured on parental
OP9 cells did not show a high expression level of Thy! but had
apparently committed to B lymphocytes. as manifested by B220
expression (Fig. 1A). After 15 days of culture on OP9-DLI cells,
a considerable number of FL-derived cells became CD4*CD8*
(Fig. 1B) and were thought to correspond to CD4/8 DP thymo-
cytes. These CD4¥CD8™ cells also expressed TCRB at a level
comparable with that in DP thymocytes in adult thymus (Fig. 1C),
indicating that the FL cells cultured on OP9-DL1 cells in vitro can
follow the normal development of DP thymocytes in the thymus.
A small number of SP (i.e.. CD4YCD8™ or CD4~CD8™) cells
were also observed. but they expressed only intermediate levels of
TCRP on their cell surface (Fig. 10), suggesting that these cells
were not as fully mature as the CD4 SP cells or the CD8 SP cells
in the thymus. Another prevalent population in the normal FL cell
culture on OP9-DL1 cells was CD47CD8™ cells, which were con-
sidered to be reminiscent of CD4/CD8 DN thymocytes. DN thy-
mocytes differentiate through the maturation sequences DNI
(CD44*CD257), DN2 (CD44*CD25%). DN3 (CD44'“¥CD257),
and DN4 (CD447CD257) (33). and each DN fraction was de-
tected in FL-derived CD47CD8™ cells cultured on OP9-DL1 cells
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FACS analysis of wild-type C57BL/6 FL cells cultured on a stromal layer of OP9 cells that express DL1 (OP9-DL1). A. Expression levels

of B220 and Thy! on day 15 in FL cells cultured on an OP9-DL1 layer (thick fine) and in FL cells cultared on a control OP9 layer (OP9-GFP: thin line)
are shown. Cells were stained with anti-B220 PerCP and anti-Thy1.2 FITC. B. CD4/8 expression profile of FL cells cultured on OP9-DL1 for 15 days. The
percentage of cells in each quadrant is indicated. C. FL cells cultured on OP9-DLI for 15 days were stained with anti-CD4 PE. anti-CD8 PerCP. and
anti-TCRB allophycocyanin. Expression levels of TCRS (filled histograms) in each subpopulation. as determined by CD4 and CD8 expression. are shown
with the isotype control (blue lines) and expression levels of TCRB in a corresponding population of adult thymocytes (red lines). D. Cells cultured on
OP9-DL1 for 15 days were stained with anti-CD4 FITC. anti-CD44 PE. anti-CD8 PerCP, and anti-CD235 allophycocyanin. CD47CD8™ cells were gated
and their CD25/CD44 expression profile was analyzed. The percentage of cells in each quadrant is indicated.

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

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

Using this FL/OP9-DL1 coculture system, FL cells from Runx/-
targeted (cko: Runx]™¥~ | Lek-Cre tg) mice were tested for their
capacity to differentiate into DP thymocytes. Whereas 10 days of
culture of the control (ctrl; Runx/**, Lck-Cre tg) FL cells on
OP9-DL1 cells exclusively produced CD47CD8™ cells, a similar
culture of cko FL cells generated a population that showed an
intermediate expression level of CD4 without CD§ (CD4™CD8™)
in addition to CD4~CDS8™ cells (Fig. 2A). The CD4"™CD8~ subset
in the cko FL cell culture is thought to be as immature as the
CD47CD8™ subset because it is quite unlikely that so many cko
cells can differentiate beyond DP stage, due to that fact that only
a small proportion of ctrl cells progressed to the CD4*CD8" cells
after 10 days of culture (Fig. 24). Indeed. TCRB and CD5, whose
expression levels rise as thymocytes maturate. were up-regulated
in CD4"CD8™ ctrl cells, but not in CD4*CD8™ cko cells (Fig.
2B). In addition, CD24, whose expression level diminishes as thy-
mocytes maturate, is down-regulated in CD4+YCD8" ctrl cells, but
not in CD4+¥CD8™ cko cells (Fig. 2B). Furthermore, the expres-
sion profile of CD44 and CD25 was comparable with that of
CD47CDS8™ cells (Fig. 2C). The extent of Cre-mediated depletion
of the floxed Runx/ allele was greater in CD4™CD8™ cells than in
the CD47CD8™ cells (Fig. 2D), which is consistent with the fact
that Runx1 actively represses CD4 expression in DN thymocytes
(14). After 15 days of culture. the ctrl FL cells cultured on OP9-
DL1 cells consisted mainly of CD4¥CD8* and CD4~CD8 ™ cells,
corresponding to DP and DN thymocytes in the thymus. respec-
tively (Fig. 24). In contrast. cko FL cells cultured for 15 days
contained mainly CD47CD8™ cells, and only a small fraction
were CD4*CD8™ cells. The CD4*CD8™ cells from the ctrl FL
cell culture showed higher expression levels of TCRB than did
CD47CD8™ cells. whereas expression of TCRB on CD4*CDg8*
cells derived from cko FL cells was as low as that on CD47CD8™
cells (data not shown). indicating the impaired maturation of
CD4*CD8™Y cells derived from cko FL cells on day 15. These

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

The DN (CD47CD8™) population in the ctrl FL-derived cells
appeared to contain four subsets of DNI to DN4 on day 15 of
culture (Fig. 2F). In contrast, the CD4~CD8™ population observed
in the cko FL cell culture mainly consisted of DN1 and DN2 cells,
indicating differentiation arrested at the DN2-3 transition. Thus,
on OP9-DL1 cells, ctrl FL cells produced both DN and DP cells in
almost the same manner as FL cells from wild-type C57BL/6 mice.
whereas thymocyte development from cko FL cells was signifi-
cantly impaired at the DN2-3 transition and showed the premature
expression of CD4,

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

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

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

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

In contrast, both A320 and A291, which lack part of and the
entire activation domain. respectively, failed to restore cither the
DN2-3 or DN3-4 transition. Thus, the activation domain is re-
quired for the function of Runx1 in the DN2-3 and DN3—4 tran-
sitions. Interestingly, the DN3 and DN4 subsets of A320- or A29/-
transduced control FL cells were diminished compared with mock-
infected curl FL cells (Fig. 3B. bottom panels). which raises the

Y

possibility that both A320 and A291 suppress the function of en-
dogenous Runx1 in the DN2-3 and DN3-4 transitions in a dom-
inant-negative manner. The suppressive effects of A320 and A291
were confirmed in three independent experiments (proportions of
DN3 cells, p = 0.031 for mock vs A320 and p = 0.016 for mock
vs A291; proportions of DN4 cells, p = 0.028 for mock vs A320
and p = 0.029 for mock vs A291).

To determine the efficiency of Cre-mediated gene deletion in
this culture system, genotyping of the Runx/ alleles was performed
foreach stage of DN cells. DN3 and DN4 cells were obtained from
day 10 culture of Runy/-transduced Rix/o¥dM0xed [ ok Cre tg
FL cells. The whole culture on day 5 was used to genotype DN2
cells. because almost all of the cells were at the DN2 stage on day
5. Genomic DNA was extracted from each DN subpopulation and
used as a template for genotyping. Only the floxed allele was de-
tected in the FL cells on day 0. whereas both the floxed and deleted
alleles were detected in day 5 DN2 cells. In contrast, only the
deleted allele was detected from the DN3 and DN4 subsets derived
from Runx/-transduced FL cells (Fig. 3D). These results indicated
that Cre-mediated gene deletion was only partially achieved in the
DN2 cells. but was complete at the DN3 stage in this culture
system.

Because our unpublished observation using Runx/ cko mice re-
vealed decreased TCRB expression in Runx1-deficient DN3 thy-
mocytes. we examined expression of intracellular TCRB in DN
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FIGURE 3. Development of DN3 and DN4
cells in FL-derived cells. which were transduced
with the genes for Runx1 or its C-terminal de-
letion mutants. A. Construction of Runx1 and
C-terminal deletion mutants. Numbers indicate
the positions of amino acid residues from the N
terminus. B. CD25/CD44 expression profile of
CD4/CD8 DN cells on day 15 are shown for cko
FL-derived cells (top panels) and ctrl FL-de-
rived cells (bortom panels) with transduced
Runx! mutants. Cells were stained with anti-
CD44PE, anti-CD3PerCP. anti-CD4PerCP. anti-
CD8 PerCP. and anti-CD25 allophycocyanin.
GFP-positive and PerCP-negative cells were
gated and analyzed for the CD25/CD44 expres-
sion profile. The percentage of cells in each
quadrant is indicated. C. Proportions (%) of
DN3 (CD44'*CD25%) and DN4 (CD44~
CD257) cells on day 15 in nine independent
experiments were averaged and are shown with
+1X SE. Asterisks indicate statistically signif-
icant differences. and p values were indicated.
ANOVA and post hoc comparison (Fisher test)
were performed using StatView software (SAS
Institute). D, DN3 and DN4 thymocytes were
sorted by a FACSVantage SE cell sorter (BD
Biosciences) after being stained by anti-CD3e
PE. ani-CD4 PE. anti-CD8 PE. ani-CD25
PerCP-CY5.5. and anti-CD44 allophycocyanin.
Genomic DNA was extracted from the sorted cells
and electrophoresed after PCR amplification.

cells in day 15 culture of FL cells. A significant proportion of
Runxi-transduced cko DN cells expressed intracellular TCRS.
whereas TCRB was barely detected in mock-infected cko DN cells
(Fig. 4). Transduction of A447 or A372 restored intracellular
TCRp expression to a level comparable with that of full-length
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Runx]. whereas cko DN cells transduced with A320 or A29/ did
not express intracellular TCRB. In accordance with the increase in the
proportions of DN3 and DN4 cells among Runx/ -transduced ctrl cells
(Fig. 3B. bottom). the percentage of Runx/-transduced ctrl DN cells
expressing intracellular TCRB was increased compared with the

FIGURE 4. Expression levels of intracellular TCRS in the CD47CD8™ subset among cko (top panels) and cul (bottom panels) FL-derived cells on day
15. Transduced Runx! mutants are shown above. Cells were stained with anti-CD4 PE. anti-CD8 PerCP. and anti-TCRf allophycocyanin. GFP-positive.
PE-negative. and PerCP-negative cells were analyzed for TCRB expression (filled histograms). Expression levels of intracellular TCRB in splenic B cells
are overlaid as negative controls (thick lines). The percentages of positive cells are indicated in each histogram.
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