Fig.3. Transforming growth factor (TGF)-B or
Smad-mediated transcriptional responses are
suppressed by Notch signaling. (a) TGF-B-induced
transcriptional responses are repressed by ICN1.
p3TP-Lux was transfected into HepG2 cells
together with either pcDNA3 empty vector or
pcDNA3-ICN1. Cells were incubated in the absence
or presence of 1ng/mL TGFB for 48h, and
luciferase activities were measured. (b) Notch
ligand stimulation also inhibits the TGF-B-mediated
transcriptional responses. C2C12 cells, transiently
transfected with p3TP-Lux, were cocultured with
either irradiated parental CHO(r) cells (CHO-P) or
irradiated CHO(r) cells expressing full-length Deltal
{CHO-fD1) in the absence or presence of 5ng/mL
TGF-B for 48 h, and luciferase activities were
measured. (¢) ICN-1 suppresses Smad-induced
transcriptional responses. Either pcDNA3 empty
vector or pcDNA3-ICN1, together with p3TP-Lux,
was transfected into HepG2 cells, in combination
with the indicated Smad constructs. (d) ICN1
represses Smad-induced responses in a dose-
dependent manner. HepG2 cells were transfected
with 3, 10, 30 or 100 ng ICN1 expression plasmid,
together with p3TP-Lux and Smad3. Smad-induced
transcriptional responses with {e) p800neo-Luc or
(f) p15P113-Luc are also repressed by ICN1.
p800neo-Luc or p15P113-Luc was transfected into
HepG2 cells together with either pcDNA3 empty
vector or pcDNA3-ICN1, in combination with
Smad3 and Smad4. (g) ICN2 and ICN3 suppress the
Smad-mediated transcriptional activation as ICN1.
Either pTracerCMV empty vector, pTracerCMV/
ICN1, pTracerCMV/ICN2 or pTracerCMV/ICN3 was
transfected into HepG2 cells, together with p3TP-
Lux, Smad3 and Smad4, and luciferase activities
were measured.
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Fig. 4. Repression of Smad3-mediated transactivation by ICN1 is
recovered with coactivator p300. Introduction of p300 partially rescues
the ICN1-mediated suppression of Smad3-induced p3TP-Lux
transactivation in a dose-dependent manner. HepG2 cells were
transfected with 0.1 or 1ug p300 expression plasmid, together with
p3TP-Lux, Smad3 and ICN1, followed by a luciferase assay.

with or without the p300 interaction capability (Fig. 5a).
RAMICAC is a Coterminally truncated mutant that lacks the
TAD and PEST domains but contains the EP domain. In RAM/
ANK. the EP domain and all the sequence C-terminal to it are
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deleted. AEP is an internal deletion mutant lacking only 15
amino acids corresponding to the EP domain. EP {LDE/AAA)
carries a threc-amino acid substitution. L.e. LDE to AAA within
the EP domain, which was previously demonstrated to be
critical for transactivation of Notch signaling as well as for the
interaction with p300.%* As expected. RAM/ANK, AEP and EP
(LDE/AAA). all of which lose the capacity to interact with
p300, failed to fully repress transcription from the 3TP promoter
induced by overexpression of Smad3 and Smad4. In contrast.
RAMICAC, which binds to p300. suppressed the TGF-B/Smad-
induced transactivation just as wild-type ICN1L did (Fig. 5b).
The expression levels of ICNT and its derivatives in HepG2 cells
were analyzed by Western blotting (Fig. 5b). These results
suggest that the EP domain is required for the suppression of the
Smad transactivation by TCNI.

ICN1 reduces the amount of p300 binding to Smad3. To determine
whether ICN1 interferes  with  Smad3  activity through
sequestration of p300. we investigated the cifect of wild type
and various mutants of ICNI on the interaction between
Smad3 and p300 in the presence of activated TGF-f3 receptor.
As shown in previous reports.”™ we observed that Smad3 was
coimmunoprecipitated with p300 (Fig. 6). The amount of
coimmunoprecipitated Smad3. however, was markedly reduced
when wild-type ICN1 was cotranstecied. RAMICAC showed a
similar effect, whereas RAM/ANK. AEP and EP (LDE/AAA)
had little or no etfect on the amounts of Smad3 coprecipitated
with p300 (Fig. 6). Taken together. these results suggest that the
EP domain of ICN1 is essential for the sequestration of p300
from Smad3.

The RBP-J-dependent transcription of target genes is not required
for the repression of TGF-§ signaling by ICN1. If the inhibition of
Smad3-mediated transcriptional activation by ICNT is attributed
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Fig.5. The EP domain is indispensable for
suppression of Smad signaling by ICNT. (a)
Schematic representation of the mouse Notcht
intracellular region (ICN1) and its derivatives used
in this study. The EP domain, essential for ICN1 to
interact with p300, is located in the C-terminal
flanking region adjacent to the ankyrin repeats of
ICN1. (b} Structural requirements for repression of
Smad signaling by ICN1. HepG2 cells were
transfected with Smad3, Smadd and p3TP-Lux
together with wild type or each mutant of ICN1,
and luciferase activities were measured. Expression
levels of myclCN1 and its myc-tagged derivatives
were evaluated in HepG2 cells. Each whole cell
extract was analyzed by Western blotting using
an anti-myc antibody (upper panel). The lower
panel shows the glyceraldehyde-3-phosphate
dehydrogenase expression as loading cantrol.
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Effects of ICNT on the p300-Smad interaction. Wild type or each rautant of ICNT was coexpressed in COS-7 cells with 6myc-Smad3,

TARITD)-HA and p300. The cell lysates of transfected COS-7 cells were subjected to immunoprecipitation with anti-p300 antibody followed by
immunoblotting with anti-myc antibody, which detects the interaction of p300 and 6myc-Smad3. Immunoprecipitates were also blotted with anti-
p300 antibody, and cell lysates were blotted with anti-myc, anti-p300 and anti-hemagglutinin A antibodies.

to the sequestration of p300 from Smad3. we hypothesized that
it may not be mediated by transcription targeted by the complex
of ICNT and RBP-] (or CSL from CBFI/RBP-I. Suppressor of
Hairless, Lag-1). a DNA-binding protein with which activated
Notch proteins transactivate target genes. To clarify this
possibility, we used a dominant-negative form of RBP-J (RBP-J
[R218H)™ hereafter referred to as DN-RBP). which lacks the
ability to bind to DNA but still interacts with Notchl and
represses ICNI-induced transactivation of the TP-1 promoter
(Fig. 7a). Reporter assays showed that DN-RBP did not reverse
the ICN I-induced repression of TGF-B signaling. indicating that
the RBP-J-dependent transcription of specific target genes is not
required for ICNl-induced repression of TGF-B signaling
(Fig. 7b).

Discussion

In this study. we have demonsirated a transcriptional cross-talk
between the Notch and TGF-f signaling pathways. Because
Smad proteins arc important tumor suppressors, the ability of
active Notchl (ICND) 1o repress TGF-§ signaling could be

tasuda et al.

responsible. at least partially. for the transforming activity of
Notch. A recent study has reported that ICN1 blocks TGF-f3-
mediated growth arrest in epithelial cells.”” In that context,
ICN1 deregulates expression of ¢-Myc and thereby renders
cpithelial cells resistant to growth-inhibitory signals, suggesting
a novel link between Notch and cell cvcle control. In the
experiments described here, we show another mechanism
explaining the antagonism between the Notch and TGF-B
signaling systems. that is. repression of TGF-B-mediated
signaling through sequestration of coactivator p300 by ICNI.
which is apparently independent from the mechanism
demonstrated by Rao and Kadesch. '

Importantly. some investigators have demonstrated that Notch
and Smad signaling show functional synergism.**** Mo com-
plexly. transcriptional activation of the hairy/enhancer of split
(HES)-related gene Hey! is both a direct target of Smad3 and
an indirect target through Smad3-dependent transcriptional acti-
vation of Notch signaling component genes.™™ Demonstration
of direct and TGF-B-dependent interactions between Smad3 and
ICNT.M and Smadl/5 and ICNL¥*" indeed serves as bona-
fide evidence of the cross-talk between these two signaling

Cancer Sci | May 2005 | vol.96 | ne.5 | 279

—143—



(@) TP-1-Luc (HepG2) (b)

3000000 1200000
2500000 1000000

z E

B 2000000 B BOBI0D

= £

=3 W

5 «

2 2

é‘ 1500000 g 600000

= =

o ]

= =

- 1000000 - 400000
500000 200000

0

p3TP-Lux (HepG2)

Fig. 7. The effects of DN-RBP on the transcriptional
activity of ICN1 and the Smad proteins. (a)
Expression of a dominant-negative form of RBP-J

1

ICN1 (=) ) -+ Smad3/4 - )

DN-RBP (+) ) (&) ICN1 -) =)

DN-RBP =) =)

systems. It appears that various molecular interactions could
exist between these two signaling systems, most likely in a cell
context-dependent manner. Indeed, there is a report showing
that both synergy and antagonism could occur between the
Notch and Smad signaling systems.®

Many transcription factors, including ICN1 and Smads, use
the coactivator p300 to activate transcription.®* The p300
protein is generally present at limiting concentrations within the
cell nucleus, and functional antagonism between transcription
factors occurs as a consequence of direct competition for bind-
ing to p300.“-* Domains within the p300 protein for interac-
tion with individual transcription factors are highly variable, but
both active Notchl and Smad have been reported to bind to the
C-terminal domain, which can potentially be shared. Our results
suggest competition between active Notch1 and Smad for limit-
ing quantities of complexes containing p300. Similar competi-
tion for p300 has been described for several cellular pathways,
including nuclear receptor and AP-1,%9 p53 and E2F,“” NF-xB
and p53,"® NF-xB and nuclear receptor,”” and STAT and
AP-1.59

Regarding Notch-induced transformation, previous studies
have indicated that in baby rat kidney cells (RKE) immortalized
with E1A, the minimal transforming domain includes ANK and
flanking 107 C-terminal amino acids."® Consistent with this,
our data showed that the EP domain, adjacent to ANK, is
required for suppressing Smad activity by ICN1. Recently, the
crystal structure revealed that the LDE motif in the EP domain
not only governs the stability around this domain but also poten-
tially contributes to direct contacts with p300,°" supporting our
result that the EP mutant (LDE/AAA) fails to sequester p300
from Smad3. Moreover, it is interesting that p300 was isolated
as a cellular target of the adenoviral oncoprotein E1A,%% which
is known to block the functions of p300. Therefore, we can
speculate that ICN1 may promote sequestration of p300 from
Smad3 in cooperation with E1A in RKE cells.

In this study, the biological phenomenon under this transcrip-
tional cross-talk was assessed by both upregulation and down-
regulation of Notch signaling. For the former, we used strategies
of ligand stimulation and overexpression of constitutively active
Notchl. For the latter, siRNA-based suppression of Notchl
synthesis in CaSki cells was used successfully to significantly
reduce spontaneous generation of the cleaved (i.e. active form
of) Notchl. We can speculate that Notchl is spontaneously
activated in CaSki cells either by ligand stimulation from

280

(DN-RBP) suppresses TP-1 activity induced by ICN1.
TP-1-Luc was transfected into HepG2 cells, together
with ICN1 and DN-RBP. (b) DN-RBP does not reverse
the ICN1-induced repression of the Smad signaling.
p3TP-Lux was transfected into HepG2 cells,
together with Smad3, Smad4, ICN1 and DN-RBP.

neighboring cells or a cell-autonomous mechanism. In either case,
we have demonstrated that spontaneous activation of Notchl
contributes to the growth of CaSki cells, and that blockade of
this activation results in a recovered responsiveness to TGF-f.
Taken together, we have here demonstrated that active Notchl
may serve as a positive regulator of cell growth by repressing
TGF-B-induced growth inhibition. We observed, however, that
CaSki cells made no response to TGF-B under treatment with
Y-secretase inhibitors, chemical compounds that block Notch
cleavage, despite our observation that the amount of active
Notchl was decreased and the transcriptional activation of the
Notch reporter gene was suppressed when CaSki cells were
treated with y-secretase inhibitors (data not shown). This obser-
vation was apparently puzzling. However, it has since been
reported that many transmembrane proteins, in addition to
Notch and the amyloid precursor protein that was the substrate
identified originally, could be substrates of the y-secretase.™®
These new lines of evidence made it possible for us to speculate
that y-secretase inhibitors might influence other growth signal
pathways and that the specific knockdown of Notch signaling
might be achieved using the RNA interference technique, rather
than with a y-secretase inhibitor. It is of future interest to elucidate
the mechanisms underlying the failure to restore responsiveness
to TGF-P by y-secretase inhibitors in CaSki cells.

Genetic and molecular studies have implicated several down-
stream components in the Notch signaling pathway, such as
RBP-J and Deltex. As RBP-J is one of the main effectors in
Notch signaling,®7%% it is critical to determine whether the RBP-
J-dependent transcription is required for the inhibitory effect of
Notch signaling. If that is the case, DN-RBP, a DNA-binding
mutant that perturbs Notch activity in a dominant-negative man-
ner, should cancel this suppression. The negative result of the
experiment using DN-RBP, however, suggests that RBP-J-
dependent transcription of specific target genes is not required
for the inhibition of TGF-B signaling.

The p300 protein functions as global transcriptional coacti-
vator and plays important roles in a broad spectrum of biological
processes, including cell proliferation and differentiation.®” A
role for p300 in tumor suppression has been proposed, and bial-
lelic mutations of p300 have been identified in certain types of
human cancers.*>*® Furthermore, it was reported recently that
reintroduction of wild-type p300 suppresses the growth of
p300-deficient carcinoma cells.”” Insufficiency of cyclic AMP
response element binding protein (CBP), a coactivator closely
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related to p300, also results in both Rubinstein~Taybi Syndrome
in humans, a disease characterized by an increased propensity
for malignancies, and an increased incidence of leukemias in
mice, suggesting that characteristics of tumor suppressors may
be common to these general coactivators p300 and CBP.®»

In summary, we propose that activated Notch represses TGF-B-
mediated signaling possibly through sequestration of coactivator
p300, which contributes to the mechanisms of Notch-induced
neoplastic transformation. Our current results indicate that
Notch oncoproteins promote cell proliferation and tumor devel-
opment partly by repressing the tumor suppressor Smad.
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Objective. For the study of the function of genes of interest in hematopoietic stem cells (HSCs)
and for successful gene therapy, it is fundamental to develop a method of efficient gene trans-
fer into HSCs. In mice experiments, efforts have been made to raise the transduction efficiency
by modifying the vectors, administrating S5-fluorouracil (5-FU) to donor mice, selecting
cytokine cocktails to better sustain the long-term repopulating potential of the stem cells,
and so on. The objective of this study is to examine whether the use of fibroblast growth
factor-1 (FGF-1)-expanded bone marrow cells provide an improved source for retroviral gene
delivery to HSCs.

Materials and Methods. Unfractionated bone marrow cells from one mouse were cultured in
serum-free medium containing FGF-1. Both floating and attached cells were transferred to
retronectin precoated dishes and infected with virus supernatant from MP34 cells stably
transduced with pMY/GFP retrovirus. After 3-day infection, the green fluorescence pro-
tein—positive fraction was sorted and the cells were transplanted to lethally irradiated mice.

Results. The experiments illustrated that the number of bone marrow~derived competitive
repopulation units (CRUs) was increased from 600 to 9300 per mouse after a 3-week culture
period with FGF-1. Following retroviral transduction of the expanded cells, the absolute num-
ber of sorted retrovirus-transduced CRUs was 4200. Using these retrovirus-transduced cells
in noncompetitive reconstitution assay, we achieved radiation protection and long-term bone
marrow reconstitution in 100% of the recipients with average myeloid and lymphoid chimer-
isms of 70% and 50 %, respectively, even if we transplanted 150 recipients with cells derived
from a single donor mouse.

Conclusion. In conclusion, FGF-1-expanded bone marrow cells constitute an excellent source

of stem cells that could be used in a range of gene delivery protocols. © 2005 International
Society for Experimental Hematology. Published by Elsevier Inc.

Hematopoietic stem cells (HSCs) are clonogenic cells with
capacity to self-renew and differentiate into progenitor cells
and mature blood cells of all hematopoietic lineages. Gene
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delivery to HSCs is key to the study of genes of interest in
HSCs and their various progenies for experimental purpo-
ses, as well as for gene therapy of hematopoietic and
immune disorders. In most of the experimental protocols
for HSC-targeted gene delivery, retrovirus-mediated gene
transfer methods have been used. The difficulty is that cell
division is requisite for the retrovirus to be introduced into
the cells and HSCs are quiescent in nature. The use of
lentiviral vectors is more efficient as they do not require cell
division for gene transduction, but it requires higher
biosafety levels.

0301-472X/05 $-see front matter. Copyright © 2005 International Society for Experimental Hematology. Published by Elsevier Inc.
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It has been a major challenge for the development of
HSC culture procedures to allow transplantable stem cells
to proliferate without loss of their stem cell activity. Modi-
fications of cytokine combinations used for HSC expansion
[1-3] have resulted only in modest improvements in gene
transfer into HSCs because any cytokine combination indu-
ces some degree of differentiation in the HSCs concomitant
with their cell division. As an alternative gene transfer strat-
egy, administration of 5-fluorouracil (5-FU) to donor mice
has been used to enrich the HSCs. 5-FU is selectively cyto-
toxic for cycling cells while forcing quiescent HSCs to go
into cycle. It is known that 5-FU administration enhances
gene transfer into HSCs up to 10-fold [4] but there is also
evidence that treatment with 5-FU reduces the engraftment
potential of bone marrow (BM) cells {5].

Recently, a cogent method for in vitro expansion of
mouse long-term repopulating cells using fibroblast growth
factor-1 (FGF-1) as a single exogenous growth factor was
described [6]. We confirmed that this method is highly re-
producible and that the growing cells after 3 weeks of this
culture contain an abundant number of long-term dand mul-
tilineage repopulating cells. Thus, we expected that these
cells would serve as an excellent source for retrovirus-
mediated gene delivery.

Interestingly, limiting dilution experiments revealed that
there was a 15.3-fold increase in the number of competitive
repopulation units (CRUs) cultured with FGF-1 and that
45% of the expanded CRUs could be recovered by sorting
as retrovirus-transduced cells.

Materials and methods

Mice

C57BL/6 (B6-Ly5.2) mice were purchased from Narc (Tokyo,
Japan). Mice congenic for Ly5 locus (B6-Ly5.1), gifts from
H. Nakauchi (Institute of Medical Science, University of Tokyo,
Tokyo, Japan), were bred and maintained at Sankyo Labo Service
(Tsukuba, Japan). Ly5.1/5.2 mice were obtained from mating
pairs of B6-Ly5.1 males and B6-Ly5.2 females and were main-
tained in the animal facility of the University of Tokyo. Eight-
to 10-week old mice were used as recipients. Mice were treated
based on the University of Tokyo Animal Experiment Manual.

Cytokines

The FIt3 ligand (FL) was purchased from Genzyme (Boston, MA,
USA), and the other cytokines used were generated in Kirin Brew-
ery Research Laboratory (Takasaki, Japan).

Establishment of virus producing stable cell lines

GP-293 packaging cells (Clontech, Palo Alto, CA, USA) were
transiently transfected with vesicular stomatitis virus glycoprotein
(pVSV-G; Clontech) and pMY/IRES-EGFP (7] (a gift from
T. Kitamura, IMSUT, Tokyo, Japan). After 48 hours, virus super-
natant was collected and used to infect ¢MP34 cells [8] (a gift
from Wakunaga Pharmaceuticals, Hiroshima, Japan), which car-
ries an envelope protein from Molony murine leukemia virus
[9,10].

YMP34 cells expressing green fluorescence protein (GFP) at
high levels were clone-sorted with FACS Vantage (Becton
Dickinson, Franklin Lakes, NJ, USA) and the clones producing
individual viruses at the highest titers were selected.

Virus-producing ¢MP34 cells were cultured in 3 mL Dulbec-
co’s modified essential medium (Invitrogen, Grand Island, NY,
USA) supplemented with 10% fetal calf serum and penicillin
streptokinase in collagen type I-coated plates (Corning Inc., Corn-
ing, NY, USA). After 48 hours, when 90% confluence was
reached, the culture medium was collected and filtrated through
0.45-um filters (Pall Corporation, Ann Harbor, MI, USA). Virus
was concentrated by centrifugation at 18,000g for 4 hours at
4°C. The titer of the concentrated virus was defined by transduc-
tion of NIH3T3 cells and analysis of GFP expression with FACS
Calibur (Becton Dickinson). All the concentrated viral superna-
tants showed efficiencies of 3.5 to 4 X 10° NIH3T3 cell infection
per milliliter.

Stem cell expansion
BM cells were cultured with FGF-1 and heparin as previously de-
scribed [6]. Briefly, unfractionated BM cells with neither erythro-
cyte lysis nor gradient centrifugation from a 10- to 12-week-old
B6-Ly5.1 mouse were cultured for 3 weeks in 5 mL StemSpan
serum-free medium (StemCell Technologies, Vancouver, BC,
Canada) in the presence of 10 ng/mL FGF-1 (Invitrogen) and 10
g/mL heparin (Sigma, St. Louis, MO, USA) in a six-well non-
coated plate. The density of the cells was 5 X 10° cells/well.
Two plates (12 wells) were used to culture BM cells obtained from
a single mouse. Twice a week, the medium was changed by re-
moving half the media from the well and gently adding equal
amount of the same fresh media without resuspending the cells.

Stem cell enrichment

BM mononuclear cells were obtained from 10- to 12-week-old
mice and lineage marker-negative, c-Kit™ and Scal * (KSL) cells
were sorted with FACS Vantage as previously described [11,12].

Retrovirus gene transfer

A schematic diagram of the transduction protocol of the FGF-1-
expanded cells is given in Figure 1B. Six wells from a 24-well
noncoated plate were covered with 500 pL of 25 pg/ml Retro-
Nectin (Takara, Shiga, Japan) and incubated overnight at 4°C or
2 hours at room temperature. The wells were then washed with
phosphate-buffered saline (PBS) and covered with 2% bovine se-
rum albumin for 30 minutes at room temperature. After being
washed with PBS again, 500 pL of the unconcentrated virus-con-
taining medium was put in the wells and incubated at 37°C for 4
hours. Next, the supernatant was discarded and the wells were
gently washed with PBS.

After centrifugation of virus-containing medium, the superna-
tants were removed and the pellets were resuspended in 300 pL of
StemSpan medium containing one of the following three cytokine
cocktails: 10 ng/ml. FGF-1+100 ng/mL stem cell factor
(SCF)+100 ng/mL TPO, 100 ng/mL SCF + 100 ng/mL TPO, or
10 ng/ml. FGF-1 alone. Then, these concentrated viruses were
mixed with a 200-uL suspension of 3.5 X 10° cultured cells resus-
pended in 300 pl of the same cytokine cocktails described above
(multiplicity of infection [MOI], 300-340; see below for details).

Subsequently, the 3-week cultured BM cells were collected
from one well. The floating and adherent cells were collected by
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pipetting and 0.1% trypsin treatment, respectively. Then the cells
were washed with PBS to remove the heparin and resuspended in
200 pL of StemSpan medium containing one of the cytokine cock-
tails that was used to prepare the concentrated viruses. These cell
suspensions were then mixed with the concentrated viruses and
overlaid on retronectin-coated wells (see above; 500 pL total vol-
ume/well of medium containing same cytokine cocktail). The cells
were incubated at 37°C in 5% CO, for 3 days. Concentrated vi-
ruses (150 pl.) were daily refurnished after the same volume of in-
fection medium had been discarded. At the end of the 72-hour
transduction, the floating and adherent cells were collected and
GFP-positive cells were sorted and used for competitive and non-
competitive repopulation assays.

Retroviral transduction of the KSL cells was performed as pre-
viously described [12]. Briefly, 5 X 10* KSL cells were collected
from 10 to 12 mice and seeded at a concentration of 1 X 10 in
one retronectin-coated well of a 24-well dish and cultured in
StemPro34 medium (Invitrogen) containing 50 ng/mL SCF, 20
ng/mL TPO, and 20 ng/mL FL in addition to the concentrated
virus prepared in the same medium (MO, 1.1-12 X 10%.
Twenty-four hours after the culture, half of the medium was
replaced with fresh concentrated virus and cultured for another
24 hours. After 48 hours the GFP-positive cells were sorted.

Noncompetitive repopulation assays

After sorting the GFP-positive cells from the FGF-1-expanded vi-
rus-transduced cells and from the virus-transduced KSL cells, we
injected 1 X 10 and 1 X 10% cells, respectively, into a tail vein of
9.5 Gy irradiated B6-Ly5.2 recipient mice. Peripheral blood count
and percentage of GFP-positive cells were evaluated every 2
weeks with FACS Calibur. Twelve weeks after the primary trans-
plantation, the mice transplanted with FGF-1-expanded and virus-
transduced cells were sacrificed, the GFP-positive cells from the
BM were sorted, and 1 X 10 cells were injected into the
B6-Ly5.2 secondary recipient after 9.5-Gy irradiation.

Competitive repopulating unit analysis

The experiment was performed on three cohorts of mice. In the
first cohort, 2 X 10°, 2 X 10% or 5 X 10° unfractionated fresh
BM cells; in the second cohort, 1 X 10°, 1 X 10% 3 X 10,
1 X 10%, 3 X 10% 3-week cultured cells in the presence of FGF-
1; and in the third cohort, 1 X 10°, 1 X 107 3 X 10°, 1 X 10°,
3 X 10 3-week cultured and then sorted retrovirus-transduced
cells, respectively (individually designated as test cells) from
B6-Ly5.1 mice were transplanted together with 2 X 10° compet-
itor cells from Ly5.1/5.2 mice to 9.5 Gy irradiated B6-Ly5.2 recip-
ients. Five to eight recipients were used in each arm. Ten weeks
after transplantation, the proportion of the individual donor cells
in the peripheral blood was determined using specific antibodies
(see below). The animals were considered to be positive if
> 2% of both myeloid and lymphoid (B+T) cells were of donor
origin 10 weeks after transplant. The frequency of the CRUs in
the test cells was analyzed by Poisson statistics and the statistical
software L-Calc (StemCell Technologies).

Flow cytometry

Flow cytometric analyses were performed on a FACS Calibur. The
following antibodies were used: fluorescein isothiocyanate-
CD45.2, phycoerythrin (PE)-Sca-1, PE-B220, PE-CD3, PE-
CD45.1, allophycocyanate (APC)-c-kit, APC-CD4, APC-CD83,

APC-CD45.2, peridinin chlorophyll protein (PerCp)-B220,
PerCP-Cy5.5-CD45.2, and biotinylated CD45.1 and CD45.2. All
antibodies were purchased from BD PharMingen (San Diego,
CA,USA). The samples for staining were prepared by standard pro-
tocols. GFP fluorescence was detected using detector channel FL-1.

Results

Characterization of the BM cells cultured with FGF-1

We cultured unfractionated BM cells from B6-Ly5.1 mouse
in heparin-supplemented serum-free medium in the pres-
ence of FGF-1 as a single cytokine, as described previously
[6]. Cell numbers declined in the early phase of the culture,
but after 2 weeks slowly started to increase. Most of the
cells in the well at this time were nonadherent. As soon
as small blast-like colonies loosely attached to the bottom
appeared, the cells began expanding rapidly. We found that
the percentage of Sca-1"c-Kit™ (KS) fraction gradually in-
creased (0.13% and 11% after 1 and 2 weeks, respectively;
data not shown) and reached the maximum of ~30% 3
weeks after culture initiation. In contrast, in BM cells cul-
tured in the same medium but without FGF-1 and heparin,
almost no KS cells were detected 3 weeks after the culture
(Fig. 1A). We confirmed that 1 X 10° of unfractionated
cells that had been grown in the presence of FGF-1 for 3
weeks conferred radiation resistance in the absence of res-
cue cells, and multilineage blood chimerism (> 80% in my-
eloid and > 50% in lymphoid populations) was observed in
lethally irradiated congenic recipient mice at 3 months
posttransplant (data not shown).

We also cultured unfractionated BM cells for 3 weeks in
the same medium but in the presence of different cytokines
or cytokine combinations such as 100 ng/mL SCF alone,
100 ng/mL SCF + 30 ng/mL TPO, or 100 ng/mL SCF +
30 ng/mL FGF-1. Interestingly, despite the fact that we de-
tected similar ratios of KS cells in all of the above condi-
tions, the percents of the donor-derived cell in the lethally
irradiated recipients 3 months posttransplant in noncompet-
itive repopulation assays were about 10% and 5% in the
myeloid and lymphoid populations, respectively (data not
shown). Thus we concluded that only the cells cultured
with FGF-1 alone potentially contain expanded HSCs that
could be a target for retrovirus-mediated gene delivery.

Successful transduction of the FGF-1 expanded

BM cells and characterization of the transduced cells
When we subjected FGF-1-cultured BM cells to the retro-
virus transduction protocol in the presence of FGF-1 alone,
the cells adhered to the bottom of the plate and slightly in-
creased in number. Appearance of GFP-positive cells was
very rare until 72 hours after transduction (data not shown).
In contrast, in the presence of FGF-1 + SCF + TPO or SCF
+ TPO, most of the cells adhered to the bottom of the plate
within 4 hours, and floating cells began to emerge on the
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Figure 1. Characterization of BM cells cultured with FGF-1 and schematic representation of the method. (A): Unfractionated BM cells were cultured in the
presence of FGF-1 and heparin. The cells cultured for 3 weeks showed highest percentage of Scal *c-kit" fraction (30%) and were used for the subsequent
experiments. Cells cultured in the same conditions but without FGF-1 gave rise to almost no Scal "c-kit™ cells. (B): Schematic representation of the exper-
imental design. Unfractionated BM cells from a single mouse were cultured in two 6-well plates at a cell density of 5 X 10%well for a 3-week period with
FGF-1 and heparin in serum-free medium. Both adherent and floating cells from one of these wells were then transferred to six wells of a 24-well plate and
the transduction was performed as described in the Methods section. An average of 2 X 10° GFP-positive cells from each of these wells was sorted and
injected into two lethally irradiated mice. For each recipient mouse, we used 1/150 of the cells from a single donor. Engraftment was achieved in 100%

recipients.

next day and they then rapidly increased in number. Under
the microscope, the majority of both floating and adherent
cells were GFP-positive after 72 hours (Fig. 2A and data
not shown).

By flow cytometric analyses, we confirmed much higher
transduction efficiency when using the combinations of
FGF-1 + SCF + TPO and SCF + TPO than FGF-1 alone
during the transduction procedure (Fig. 2B). We observed
that comparable ratios of Scal™ and Scal” cells, and
c-Kit™ and c-Kit™ cells were transduced with the combina-
tions of FGF-1 + SCF + TPO and SCF + TPO (Fig. 2B).
The percentage and absolute number of retrovirus-trans-
duced KS cells were also greater when combinations of

FGF-1 + SCF + TPO or SCF + TPO were chosen.
Mudifewer KS cells were transduced in the presence of
FGF-1 alone (Fig. 2B). The transduction efficiency was
similar between the combinations of FGF-1 + SCF +
TPO and SCF + TPO. The percentage of remaining KS
cells, however, was slightly but consistently greater with
the combination of FGF-1 + SCF + TPO (11 * 1%) than
with the combination of SCF + TPO (8 = 0.8%; Fig. 2B).
Thus, we decided to choose the former combination for our
subsequent experiments. We sorted all the GFP-positive
cells after a 3-week culture with FGF-1 alone and 3-day
transduction with SCF + TPO + FGF-1. Interestingly,
most of the GFP-positive cells in this condition were
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Figure 2. Successiul transduction of the FGF-1-expanded BM cells. (A): Microscopic image of the cells during transduction procedure. Twenty-four hours
alter the transduction. almost all the cells attached to the bottom (left pancl). The foating cells increased in number over the next 48 hours (second panel) and
overgrew the adherent cells 72 hours (third panel) after commencing the transduction. Fluorescent microscopic observation showing GFP expression (right
panel) is shown. Original magnification, >40. (By: Optimization of the transduction protocol. After 3-week culture with FGF-1 and heparin, both adherent
and nonudherent cells were transferred to fibronectin-coated dishes with medium containing the eytokines as previously described. These were subsequently
transduced with virus supematant from ¢MP34 cells stably transduced with pMY/mock-11G retrovirus. Best results were obtained when using the conbi-
nation of FGF-1. SCE and TPO. (C): All GFP-positive cells were sorted after a 3-day transduction. Characterizadon of the sorted cells is shown. Most of the

GFP-positive cells are confined to the lymphocyte gate.

confined to the lymphocyte gate (Fig. 2C). These cells were
used for repopulation experiments.

Aternpts to use cells cultured with FGF-1 for longer
than 3 weeks and to shorten or prolong the transduction pe-
riod resulted in reduction of the percentage of GFP-positive
cells (data not shown).

Competitive reconstifution experimenis

In order to compare the absolute numbers of HSCs in fresh
BM before culture. in the population after culture but be-
fore transduction. and in the retrovirus-transduced cell pop-
ulation. we performed limiting dilution and competitive
repopulation experiments. Senally reduced numbers of
cells from the three sources were transplanted into lethally
irradiated recipients. together with 2 X 10 competitor BM

cells. At 4, 8. and 10 weeks postiransplant, peripheral blood
cells were analyzed to examine the level of donor-derived
test cells. The CRU frequencies in unfractionated fresh
BM cells. FGF-1-cultured cells, and cultured and then
sorted retrovirus-transduced cells were 1/82.000 (with
95% confidence interval 1/34.765-193.475). 12700
(171399-5211) and 1/3600 (1/1840-7021), respectively
(Fig. 3B). Because the starting cell numbers per donor
mouse were about 5 X 107 fresh BM cells, 2.5 = 041 X
107 FGF-1-cultured cells. and 1.5 = 0.41 X 107 cultured
and sorted retrovirus-transduced cells. the absolute numbers
of CRUs in each population were calculated to be about
600. 9300 and 4200, respectively. Ultimately. we can con-
clude that the markedly higher number of retrovirus-trans-
duced HSCs is available in the FGF-1-expuanded populution
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Figure 3. (A) Competitive repopulating unit measurements in fresh, FGF-1-expanded and FGF-1-expanded and transduced BM cells. The percentage of
donor-derived cells in each cohort of mice is presented. A mouse was considered to be positive if >2% of test cells were detected in both myeloid and
lymphoid lineages in the peripheral blood of the recipients 10 weeks after transplant. (B): Relation between the test cell dose and the number of engrafted

mice was analyzed by Poisson statistics and the CRU frequency is presented.

compared to those in the fresh BM, which should be only
a fraction of 600 per mouse.

Contribution of the

GFP-positive cells in the recipient mice

To characterize the FGF-1-expanded and retrovirus-trans-
duced HSCs, we transplanted 1 X 10° GFP-positive cells
per recipient without competitors. Based on the competitive
repopulation assay, this number of retrovirus-transduced
cells was expected to provide long-term engraftment. Be-
cause the average number of GFP-positive cells that was
sorted was about 1.5 X 107 (per experiment initiated from
BM cells derived from a single donor mouse), BM cells
from a single mouse could be engrafted to 150 recipient
mice (Table 1). In the recipient mice, contribution of
GFP-positive cells in the myeloid cells was 79 * 6% at 4
weeks posttransplant. The chimerism was slightly reduced
to 67 = 4.4% but sustained at these levels for 12 weeks.
The chimerism of GFP-positive cells in the lymphoid com-
partment was 43 = 5% at 4 weeks and slowly increased

to 50 = 6.3% until 12 weeks posttransplant (Fig. 4A and
Table 1). We performed transplantation into five to eight
recipient mice each in six independent experiments
(more than 50 in total), with very consistent results.
Typically, HSCs used for gene delivery are fresh BM
cells obtained from 5-FU-treated mice or fresh lineage-
negative cells prepared from BM of untreated mice [12-16].
In order to directly compare our protocol with other meth-
ods, we transduced freshly purified KSL cells from nor-
mal mice with the retrovirus that was used in the
transduction of FGF-1-cultured cells. In the transduction
procedure, we used a cytokine combination of SCEF,
TPO, and Flt3 ligand because we had previously evaluated
that this combination gave the best results in retrovirus-
transduced cell transplantations. After sorting, we trans-
planted 1 X 10* GFP-positive cells into irradiated recipi-
ents. This procedure conferred respective peripheral blood
chimerism of 15 * 5.2% and 7.2 = 6.1% in the myeloid
and lymphoid lineages at 4 weeks posttransplant. However,
the chimerism at 12 weeks posttransplant was always
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Table 1. Comparison between freshly obtained KSL cells and FGF-1-treated bone marrow as a target for retrovirus-mediated gene delivery

Source

Fresh KSL cells FGF-1-treated bone marrow

Number of donor mice

Number of available cells before transduction

Number of cells after transduction

Percentage of GFP-positive cells (%)

Number of cells after sorting

Number of cells injected into one recipient to
achieve short-term chimerism w/o competitors

Percentage of donor chimerism at 12 weeks posttransplant
Myeloid (%)
Lymphoid (%)

Number of recipient mice

10-12 1
5.0 = 3.4 x 10° 25 =041 x 107

50 = 2.1 x 10° 52 % 0.52 X 107
51 = 4.1 57 = 7.7
6+ 1.2x10° 1.5 + 0.41 x 107
1 x 10° 1 % 10°
0.8 + 0.6 67 + 4.4
12+ 15 50 * 6.3
~6 ~150

The data is calculated as mean value £ SD from six independent experiments (13 animals for KSL cells and 46 animals for FGF-1-treated bone marrow
cells). A parallel comparison of the two sources is given. When using KSL cells the number of mice required to collect only 5 X 10* cells was 10 to
12. This is in contrast to the FGF-1-treated bone marrow cells when just one mouse was used. Still, the number of recipient mice was ~6 and ~ 150, when
using KSL or FGF-1-treated cells, respectively. Furthermore, the later ones provided higher number of GFP-positive cells and higher donor chimerism in the
peripheral blood of the recipients 12 weeks after transplant than the previous. KSL, Lin"c-Kit*Scal™ cells; FGF-1, fibroblast growth factor-1; GFP, green

fluorescence protein.

< 2% in both lineages. The comparison between the FGF-
1-cultured cells and freshly obtained KSL cells is summa-
rized in Fig. 4A and Table 1.

The multilineage reconstitution in the peripheral blood
of the mice injected with FGF-1-expanded and transduced
cells is presented in Figure 4B. Figure 4C demonstrates
the contribution of these cells in hematopoietic organs in
one of the best reconstituted primary recipients 12 weeks
after transplant. On average, chimerism of GFP-positive
cells was 41 to 83% in BM, 34 to 75.5% in spleen, 32 to
96.2% in thymus, 15 to 37.1% in lymph nodes, and 31 to
63% in the peritoneal cavity.

Reconstitution of

GFP-positive cells in secondary recipients

To further confirm that the retrovirus was integrated in ex-
panded long-term reconstituting cells after the FGF-1 cul-
ture, we performed secondary transplantation. Because
the mice transplanted with retrovirus-transduced KSL cells
showed very low engraftment levels 12 weeks after the pri-
mary transplantation, they were not subjected to secondary
transplantation. Mice that had received FGF-1-expanded
and retrovirus-transduced cells were sacrificed and GFP-
positive cells from the BM were sorted. Again, 1 X 10°
GFP-positive cells were injected into lethally irradiated sec-
ondary recipients (B6-Ly5.2 mice). All mice survived the
transplantation. Unlike the primary transplantation in which
cultured cells were injected, levels of chimerism in second-
ary recipients in the peripheral blood were lower at 4 weeks
posttransplant in all lineages, but they reached values of
56 = 7.3% in myeloid and 49 * 7.6% in lymphoid lineages
8 weeks posttransplant. These levels were maintained at 12
weeks after the secondary transplantation (Fig. SA). Multi-
lineage reconstitution in the peripheral blood, BM, thymus,
spleen, and lymph nodes by GFP-positive cells at 12 weeks
after the secondary transplantation in a representative

mouse is shown in Figure 5B and C. On average, the per-
centage of GFP-positive cells was 41 to 85% in BM, 32
to 63% in spleen, 24 to 75% in thymus, 12 to 33% in lymph
nodes, and 40 to 63% in the peritoneal cavity. Representa-
tive multilineage reconstitution in different organs in a sin-
gle mouse 12 weeks after the secondary transplantation is
presented in Figure 6.

These results indicate that the FGF-1-expanded and sub-
sequently retrovirus-transduced BM cells maintain full
multilineage differentiation potential after the serial trans-
plantation in vivo.

It appears that GFP expression levels slightly declined in
secondary recipients (Figs. 4C and 5C). This suggests a de-
crease in the copy number of transgene or partial silencing
of vector expression by methylation in serially transplanted
HSCs.

Discussion

In this study, we present a method for highly efficient retro-
virus transduction into mouse long-term reconstituting cells
precultured for 3 weeks in vitro. This is a major challenge
to the paradigm that freshly obtained HSCs are the best tar-
get for retrovirus-mediated gene transfer because of their
presumed highest stem cell potential.

To enrich HSCs and to have them enter the cell cycle are
the two major requisites for successful retroviral transduc-
tion. To these ends, in mouse HSC transduction, treatment
of donor mice with 5-FU and/or antibody- or fluorescent
dye-based cell sorting and cytokine treatment during the
transduction period have been the most widely used meth-
ods in general protocols. In these methods, HSC division
necessary for retrovirus transduction depends on selected
combinations of exogenous cytokines during a short trans-
duction period as well as in vivo HSC recovery (in the 5-FU
strategy).
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Figure 4. Contribution of GFP-positive cells in the recipient mice 12 weeks after primary transplantation. (A): A total of 1 X 10° GFP-positive cells derived
from the FGF-1-expanded and retrovirus-transduced culture were transplanted into one group of lethally irradiated recipient mice. In parallel, 1000 GFP-
positive KSL cells were transplanted into another group of mice (three to four mice per group were used and the experiment was repeated five times). En-
graftment of donor-derived myeloid and lymphoid cells in the recipients at indicated time points after the transplantation is shown. Representative results are
shown as the mean = SD of 46 animals. (B): Multilineage reconstitution with GFP-positive cells from the FGF-1-expanded and transduced cells at 12 weeks
posttransplant in a representative recipient. (C): Contribution of GFP-positive (FGF-1-expanded and transduced) cells in hematopoietic organs of a represen-
tative recipient. BM, bone marrow; SP, spleen; THY, thymus; LN, lymph node; PEC, peritoneal cavity.

The lineage-negative population is one of the most fre-
quently used long-term reconstituting cell sources in the
study of stem cell biology. However, as a target for retrovi-
rus-mediated gene delivery to HSCs, the KSL population ob-
tained from untreated mice was worse than the FGF-1-
expanded population, as shown in Figure 4 and Table 1.
The retrovirus transduction efficiency for KSL cells in our
experiments appears to be rather lower than those reported
by others. This could be biased by sorting of the GFP-
positive cells prior to transplantation. Another possibility is
that the KSL cells are more difficult to efficiently transduce
with retrovirus in comparison to Lin~ or Lin"Scal ™ cells
maintaining the long-term engraftment potential, as we pre-
viously showed [12].

‘Whole BM cells prepared from 5-FU-treated mice could
also be evaluated. Based on our experience and on the liter-
ature, the average number of cells available from a single
donor mouse is approximately 3 X 10°, the transduction
efficiency is 40 to 60%, and the CRU frequency is known
to be 1/2000[17,18]. Thus, the absolute number of CRUs that
could harbor the retrovirus is estimated to be 600 to 900 per
mouse. Comparing these numbers with the results of the
limiting dilution study presented in this paper (i.e., actual re-
covery of 4200 virus-transduced CRUs per mouse), we show
that the FGF-1-cultured cells for 3 weeks are a significantly
better source of HSCs as a target of retrovirus transduction.

There is an additional advantage in FGF-1-cultured pop-
ulation as a target of gene delivery. Besides the quite high
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Figure 5. Reconstitution of GFP-positive cells in secondary recipients. A total of 1 X 10° GFP-positive cells were transplanted into lethally irradiated sec-
ondary recipients. Chimerism of the donor cells was checked in the peripheral blood of the recipient mice. Engraftment of donor-derived myeloid and lym-
phoid cells in the transplanted recipients at indicated time points after the transplantation is shown. Representative results are shown as the mean + SD of 21
animals. (B): Multilineage reconstitution in the peripheral blood of a recipient mouse transplanted with GFP-positive cells. (C): Contribution of GFP-positive
cells in hematopoietic organs of a representative secondary recipient. BM, bone marrow; SP, spleen: THY, thymus; LN, lymph node; PEC, peritoneal cavity.

long-term chimerism, we showed radiation protection and
high short-term chimerism with 1 X 10° precultured retro-
virus-transduced cells without any rescue cells. This is most
likely due to the high ratio of progenitor cells in the FGF-1-
expanded and retrovirus-transduced population. The higher
short-term chimerism in primary recipients than in second-
ary ones offers additional support to this conclusion. This is
particularly advantageous in experiments in which high chi-
merism from gene-delivered donor cells is needed. For
example, to observe the rescue of the hematolymphopoietic
phenotype in the gene knockout mice, this system confers
an ideal source of cells for a number of experiments. In-
deed, we could rescue a knockout phenotype in the hema-
topoietic compartment using the protocol described here
(data not shown).

It is not completely elucidated in this article whether the
quality of FGF-1-expanded HSCs is the same as that of

freshly obtained HSCs from BM. In fact, we analyzed the
primary recipients 10 weeks after transplant, which could
be too short to assess whether the transplanted cells repre-
sented true long-term repopulating cells, according to the
previous retroviral marking studies. However, we showed
long-term and multilineage engraftment at fairly high chi-
merism levels not only in the primary but also in the sec-
ondary recipients. More extensive explorations may reveal
similarities and differences between fresh and FGF-1-
expanded HSCs.

The robust retroviral transduction of HSCs most proba-
bly stems from the expansion of HSCs during the preculture
with FGF-1 before transduction. From this consideration,
other HSC expansion methods could be chosen for retrovi-
rus transduction protocols, such as the ones using Wnt3a
[19,20], Notch ligands [21], and HoxB4 [22]. Compared
to these, however, in which HSC purification was required,
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Figure 6. Multilineage reconstitution in secondary recipients. Multilineage reconstitution in the recipient mice was evaluated 12 weeks after the secondary
transplantation. Reconstitution in different hematopoietic organs in a representative mouse is shown. bm, bone marrow; sp, spleen; thy, thymus. The cells
from different organs were stained with Grl (for myeloid cells), B220 (for B cells), and CD4 and CD8 (for T cells). Engraftment of donor-derived granu-

locytes, B cells, and T cells is shown.

the method utilized here is unique in that we use whole
BM cells without any purification, serving a very simple
protocol. Moreover, FGF-1 is available on the market un-
like Wnt3a or Notch ligands. Owing to this, it was easy
to examine the reproducibility of HSC expansion by
ourselves.

In our current experiments, MOI was calculated to be in
the range between 300-340 and 1.1 to 1.2 X 10* for FGF-1-
expanded and KSL cells, respectively. These values could
be too high and may have yielded high transgene copy
numbers [23]. It would be desirable to test the retroviral
copy numbers; if they are high, we need to improve our
gene transfer protocol.

The increase in the number of cells during the 3-day
transduction period is possibly due to the preculture with
FGF-1 together with heparin and to the combination of
SCF, TPO, and FGF-1 without heparin during the transduc-
tion period. During this period, FGF-1 alone did not support
cell growth nor virus transduction (Fig. 2A), and addition of
other mitogenic cytokines such as the combination of SCF
+ TPO was required. This is probably due to the removal of
the heparin, which is required to maximize the biologic ac-
tivity of FGF-1, but on the other hand, its addition lowers
the transduction efficiency [24].

Regarding the cytokines to be used during the transduc-
tion procedure, there is still no general agreement, and the
use of a SCF + TPO combination was based on experience.
Different research groups have reported diverse combina-
tions [14,25)]. The synergy between SCF and TPO has been
reported [26-29], and our group has previously shown that
this combination works well for retroviral transduction
[11,30]. In the current protocol, FGF-1 was further added
to that cytokine combination because it preserved the
amount of KS cells slightly better than the combination
without FGF-1 (Fig. 2B).

We did not examine whether the retrovirus-transduced
HSCs were further expandable ex vivo, either in the pres-
ence of FGF-1 or supematant in which the cells were
grown. This is an interesting issue to be answered, particu-
larly if the expansion efficiency is improved.

Consequently, the protocol introduced here using a retro-
viral vector for HSC gene transduction can be as efficient as
protocols utilizing lentiviral vectors and superior to those
with respect to the number of gene-transduced HSCs.

In conclusion, whole BM cells cultured in the presence
of FGF-1 for 3 weeks provide HSCs highly competent
to retrovirus transduction and can be of great value for
the retrovirus-transduced HSC transplantation experiments.
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Host-Residual Invariant NK T Cells Attenuate

Graft-versus-Host Immunity’

Kyoko Haraguchi,*" Tsuyoshi Takahashi,** Akihiko Matsumoto,*" Takashi Asai,*
Yoshinobu Kanda,*' Mineo Kurokawa,* Seishi Ogawa,** Hideaki Oda,’ Masaru Taniguchi,”

Hisamaru Hirai,>*" and Shigeru Chiba***

Invariant NK T (iNKT) cells have an invariant TCR-« chain and are activated in a CD1d-restricted manner. They are thought to
regulate immune responses and play important roles in autoimmunity, allergy, infection, and tumor immunity. They also appear to
influence immunity after hemopoietic stem cell transplantation. In this study, we examined the role of iNKT cells in graft-vs-host disease
(GVHD) and graft rejection in a mouse model of MHC-mismatched bone marrow transplantation, using materials including a-galac-
tosylceramide, NKT cells expanded in vitro, and J&18 knockout mice that lack iNKT cells. We found that host-residual iNKT cells
constitute effector cells which play a crucial role in reducing the severity of GVHD, and that this reduction is associated with a delayed
increase in serum Th2 cytokine levels. Interestingly, we also found that host-residual iNKT cause a delay in engraftment and, under
certain conditions, graft rejection. These results indicate that host-residual iNKT cells attenuate graft-vs-host immunity rather than
host-vs-graft immunity. The Journal of Immunology, 2005, 175: 1320-1328.

atural killer T cells are a population of T cells that have
NK cell markers such as NK1.1 (NKR-PIC) in mice or

, CD161 (NKR-P1A) in humans (1, 2). Some NK T cells
use an invariant TCR-a chain (Val4-Jal8 in mice, Va24-Jal8 in
humans) paired with VB8, V7. or VB2 in mice or with VB11 in
humans (3-7), and are called invariant NKT (iNKT)" cells. iNKT
cells are activated by synthetic glycolipids such as a-galactosyl-
ceramide (a-GalCer) in a CDld-restricted manner (1. 2, 8, 9).
iNKT cells produce both Thi (such as IFN-y and TNF-«) and Th2
(such as TL-4, IL-5, IL-10, and IL-13) cytokines (1. 2, 8, 9). It has
been reported that iNKT cells control immune responses in some
infections, tumors, autoimmune diseases, and allograft rejection
(1,2, 8, 9.

Graft-vs-host disease (GVHD) is one of the most serious com-
plications in hemopoietic stem cell transplantation. It has been
suggested in a mouse acute GVHD model that NKI.I* T cells
obtained from donor bone marrow can suppress GVHD induced by
peripheral blood transplantation from the same donor (10). It has
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also been shown that a selected conditioning regimen, which pre-
serves more host-residual NK1.1% or DX5% T cells than other T
cells, is advantageous for reducing acute GVHD (11, 12). Further-
more, the suppressive effect of a-GalCer on induced acute GVHD
has been demonstrated in a mouse model(13, 14). We previously
reported that the number of iNKT cells was lower in patients with
GVHD than in those without GVHD (15) after hemopoictic stem
cell transplantation, although the cause-effect relationship was not
clear.

In this report. we provide direct evidence that host-residual
iNKT cells reduce GVHD in a mouse model of MHC-mismatched
bone marrow transplantation using JaI8 knockout mice that lack
INKT cells (16). Adoptively transferred iNKT cells with grafts
also reduce GVHD, but, importantly. this effect is dependent on
the presence of host-residual iNKT cells.

Materials and Methods
Mice

C57BL/6 (H-2") and BALB/c (H-2%) mice were purchased from Japan
Clea. Jal8 knockout mice (16) were kindly provided by M. Harada (Chiba
University. Chiba. Japan) and bred in the University of Tokyo animal fa-
cility. Drinking water for bone marrow transplant recipients was supple-
mented with 25 upg/ml neomycin sulfate and 0.3 U/ml polymyxin B
(Sigma-Aldrich). Mouse studies were conducted according to the Univer-
sity of Tokyo Animal Experiment Manual.

Abs and reagents

The following Abs were purchased from BD Pharmingen: anti-CD4 (RM4-
5). CDSa (53-6.7). CD45R/B220 (RA3-6B2). NKI.1 (PK136). H2D"
(KH95). H2D* (34-2-12), 1-A" (AF6-120.1). T-A* (39-10-8). LY-6G (Gr-
1)/Ly6C (RB6-8C5). TCRB(HS7-597). and CDI16/CD32 (2.4G2). a-Gal-
Cer was Kindly provided by Kirin Brewery. Rabbit anti-asialo GM1 Ab
was purchased from Wako Biochemicals. Murine rIL-7 and IL-15 were
purchased from PeproTech. Human rIL-2 was kindly provided by
Shionogi. Murine CD1d tetramer was established by Dr. M. Kronenberg
(La Jolla Institute for Allergy and Immunology. La Jolta. CA) (17) and
kindly provided by Dr. Nakayama (Chiba University. Chiba. Japan).

GVHD model
Six- to 8-week-old BALB/c hosts were given total-body irradiation (8 Gy)

from a 150-Kv x-ray source and injected with donor cells via the tail vein
within 6 h. All mice received 1 X 107 bone marrow cells and T X 107

0022-1767/05/502.00
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spleen cells obtained from C37BL/6 or BALB/c. Donor mice were 6-10
wk old and the same sex as the hosts. For a-GalCer treatment. mice re-
ceived 2 pg/mouse (18. 19) a-GalCer. comresponding to ~100 mg/Kg (20.
21), or control vehicle i.p. every 4 days from day 0 or —4 of transplanta-
tion. For the iNKT adoptive transfer model. mice received 1 X 10° in
vitro-expanded iNKT cells with donor cells. For in vivo NK cell depletion.
mice received 20 ul of rabbit anti-asialo GM1 Ab on days =5 and =1 or
on day —1! of transplantation. We used the same amount of PBS us a
control. Survival and appearance were monitored daily and body weight
was measured every other day. GVHD was assessed by a scoring system
that summed changes in five clinical parameters: weight loss, posture, ac-
tivity. fur texture. and skin integrity (maximum index = 10) as previously
described (22). Histopathological specimens from the skin. liver. and in-
testine of 15 dying mice were obtained on days 5-59 (median. 18 days)
after transplantation and were stained with H&E.

Serum cvrokines

Serum was obtained from recipient mice at 3- 6 h (early phase) or on day
5 or 6 posttransplant and stored at —20°C. IL-2. IL-4. IL-5. TNF-cv. and
IFN-y were detected simultaneously using the mouse Thi/Th2 cytokine
cytometric bead array (CBA) kit (BD Pharmingen).

In vitro stimulation of immunized splenocytes with a-GalCer

BALB/c mice were injected with a-GalCer (2 pg/mouse) or control vehi-
cle i.p. and sacrificed 6 days after the injection. Splenocytes (1 X 107) were
incubated with 100 ng/ml a-GalCer or control vehicle in RPMI 1640 me-
dium supplemented with 109% FCS. penicillin-streptomycin, and 50 uM
B-ME (complete RPMI (cRPMI)) for 72 h. The supernatants were collected
and measured for the concentrations of cytokines using the mouse Th1/Th2
cytokine CBA kit

Chimerism

We sacrificed mice on days 3-14 (median, 5 days) posttransplant. Spleno-
cytes were stained with H-2D"-FITC or H-2D“-FITC, CD4-PE and CD§-
allophycocyanin Abs. Bone marrow cells were stained with H-2D™FITC
or H-2D“FITC and Gr-1-PE Abs. To analyze NKT chimerism. hepatic
mononuclear cells were prepared as previously described (20) and stained
with H-2D"-FITC or H-2D“FITC. a-GalCer-loaded murine CDId tet-
ramer-PE and TCRp-allophycocyanin Abs. Propidium iodine (BD Bio-
sciences) was used to exclude dead cells. Immunofluorescence staining was
performed according to standard procedures (15). Cells were analyzed by
FACSCalibur and CellQuest software (BD Biosciences).

In virro culture of INKT cells

Val4™ NKT cells were established as follows. Thymocytes of 5- to 7-wk-
old C57BL/6 and BALB/c mice were pretreated with anti-CD16/CD32 Abs
to block FeyR and incubated with NKI1.1-PE (C57BL/6) or a-GalCer-
loaded CDI1d tetramer (BALB/c). followed by anti-PE microbeads. and
sorted by positive magnetic bead sorting (MACS: Miltenyi Biotec). Splenic
dendritic cells were obtained in a standard procedure. In short. spleens
were injected with 100 U/ml collagenase D (Roche Diagnostics) and
minced. After the incubation in collagenase D for 45 min at 37°C, the
spleen fragments were passed through a steel mesh and RBCs were lysed.
The cells were cultured overnight in cRPMI with 30 ng/ml e-GalCer. Non-
adherent cells were sorted by CDllc Microbeads (Miltenyi Biotec).
NK1.1- or a-GalCer-loaded CD1d tetramer-positive thymocytes were cul-
wred for 7 days with irradiated (15 Gy) a-GalCer-pulsed splenic dendritic
cells in cRPMI supplemented with human IL-2 (30 U/ml). murine IL-7 (40
ng/mb). murine IL-15 (50 ng/ml). and o-GalCer (30 ng/ml).

In vitro evtokine production by cultured iNKT cells

For in vitro cytokine production assay. 5 X 10* Va14¥ NKT cells and 5 X
10* a-GalCer-pulsed splenic dendritic cells were suspended in 200 ul of
c¢RPMI and cultared in 96-well plates. After 24 h. the supematants were
collected from each well and assayed for the concentrations of cytokines
using the mouse Th1/Th2 cytokine CBA Kit.

Molecular analvsis of TCR-o transcripts

Total RNA was extracted from 1 X 10° NKT cells uccording to the manu-
facturer’s protocol (Tri Reagent LS: Sigma-Aldrich) and reverse transcribed.
The transcribed cDNA was subjected to PCR amplification using the primer
pair (5"-CTAAGCACAGCACGCTGCACA-3". Val4: and 5'-TGGCGTTG
GTCTCTTTGAAG-3. Ca) or the pair for B-actin (5'-GAGAGGGA
AATCGTGCGTGA-3" and 5'-ACATCTGCTGGAAGGTGGAC-3") under
the following conditions: 94°C for 60 s. 60°C for 60 s, and 72°C for 60 s for
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40 cycles as described previously (7). For detection of the Va-Ja sequence. the
DNA band was excised {rom the agarose gel and DNA was extracted and
purified according to the manufactiwer’s protocol (QIAquick Gel Extraction
kit: Qiagen). Nucleotide sequences were determined by an ABI PRISM 310
Genetic Analyzer (Applied Biosystems). The primer used for sequencing was
5"-TGGCGTTGGTCTCTTTGAAG-3".

Statistical analvsis

Mouse survival was analyzed by the log-rank test. GVHD scores in the two
eroups were compared using repeated measures ANOVA. Differences in
the proportion of iINKT cells and the chimerism were analyzed using Stu-
dent’s 1 test. The cytokine levels in serum were analyzed using the non-
parametric Manmn-Whitney U test. A p < 0.05 was considered to be
significant.

Results
Establishment of GVHD model nice

In the prototype transplantation from wild-type C57BL/6 to wild-
type BALB/c. all of the recipients showed lethal GVHD as judged
by the GVHD score. Histological examinations also confirmed
GVHD in representative mice (data not shown). In this setting, we
confirmed that full donor chimerism was achieved in all of the
recipients (data not shown). We performed all of the transplanta-
tion experiments two to four times independently, and integrated
all of the results from individual experiments to avoid experiment-
to-experiment variation.

Administration of a-GalCer prolonged survival of GVHD mice

First. we administered either a-GalCer to activate iNKT cells or con-
wol vehicle every 4 days from the day of transplantation. a-GalCer-
treated mice survived significantly longer than control mice (p <
0.0001. Fig. 1A). The severity of GVHD in a-GalCer-treated mice
was milder than that in control mice (Fig. 1B). The GVHD score
within the first 30 days after transplantation in the two groups was
compared by repeated measures ANOVA and was found to be sig-
nificantly lower in the a-GalCer group (p < 0.0001).

We then examined whether a-GalCer treatment influenced the
number of iNKT cells in the liver. which contains the largest pro-
portion of iNKT cells (1. 9) (14.2 £ 4.7% in our measurements;
Fig. 1Di), after transplantation. In control recipients. the ratio of
iNKT cells to lymphocytes decreased rapidly and iNKT cells be-
came undetectable by approximately day 5 posttransplant (Fig. 1.
C and D). The rate of decrease in the iNKT cells was delayed in
a-GalCer-treated mice, although iNKT cells were scarcely detect-
able after day 10 even in mice treated with a-GalCer (Fig. 10). We
observed temporary donor-type iNKT cell chimerism before the
disappearance. although the time course of the donorirecipient
iNKT cell ratio was highly variable (data not shown).

Interestingly. we found that the engraftment of donor CD4* T
cells in a-GalCer-treated mice was delayed compared with that in
control mice during the early phase after transplantation, although
complete donor chimerism was eventually achieved (Fig. 2A4). En-
graftment of Gr-17 cells was also slightly delayed, but engraft-
ment of other lineage cells was similar to that seen in vehicle-
treated mice (data not shown). These findings encouraged us to
compare various cytokine levels between a-GalCer-treated and
control mice, since iNKT cells produce high levels of both Thl and
Th2 eytokines and could influence Th1/Th2 polarization. There-
fore. we examined the serum levels of IFN-y, TNF-a. IL-4, and
IL-5 shortly after transplant and found that all of the cytokines
were increased by a-GalCer treatment (Fig. 2B, i-iv), reproducing
previous reports that a-GalCer has been shown to rapidly stimulate
Tht and Th2 cytokine production in vivo in the nontransplantation
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FIGURE 1. Survival of a-GalCer-treated GVHD mice. A, Survival of

a-GalCer-treated (n = 27) mice. control vehicle-treated (n = 18) GVHD
mice. and syngeneic cell-transplanted mice (7 = 7). a-GalCer-treated
GVHD mice survived longer than vehicle-treated GVHD mice (p <
0.0001). B, Mean clinical score and SD of a-GalCer-treated and vehicle-
treated GVHD mice. The GVHD score was determined from the surviving
mice shown in A. Within the first 30 days after transplantation, the GVHD
score was significantly lower in the a-GalCer-treated group (p < 0.0001).
C. Proportion of iNKT cells in liver lymphocytes from untreated mice and
those early after transplantation. We analyzed liver iNKT cells from 6
vehicle- and 6 a-GalCer-treated recipients on day 3. 9 vehicle- and 11
a-GalCer-treated recipients on day 5. and 10 vehicle- and 10 a-GalCer-
treated recipients on days 10—14 (median, 11 days). There is a statistically
significant difference between the proportions of liver iNKT cells from
vehicle- and a-GalCer-treated recipients on day 5 posttransplant (p <
0.0001). D, Representative FACS dot plots for liver iNKT cells from mice
on day 5 postiransplant or an untreated mouse.

model (23-25). In contrast, it has been reported that in vivo a-Gal-
Cer-primed splenocytes secrete less amounts of Thi cytokines af-
ter further in vitro treatment with a-GalCer compared with vehi-
cle-primed splenocytes (23, 20). In our experimental system. we
could exactly reproduce these findings (Fig. 2C, i-iv). Then we
measured all four cytokines on day 5 or 6 posttransplant (1 or 2
days after the second a-GalCer administration), both in a-GalCer-
and vehicle-treated mice. At this time point. GVHD signs were not
been obvious yet, although the damage from radiation was insep-
arably measured “GVHD score” in Fig. 1B. IFN-y and TNF-«a
levels in a@-GalCer-treated mice were significantly lower than
those in control mice. whereas levels of IL-4 and IL-5 in a-Gal-
Cer-treated mice were significantly higher in a-GalCer-treated

HOST-RESIDUAL iNKT CELLS ATTENUATE GVH IMMUNITY

mice (Fig. 2D, i-iv). These findings suggested that the administra-
tion of repeated a-GalCer somehow influenced cytokine produc-
tion by iNKT cells, which resulted in a difference in the engraft-
ment of donor CD4™ T cells and a shift to the Th2 cytokine pattern
early after transplantation.

iNKT adoptive transfer prolonged survival of GVHD mice

To obtain more direct evidence that the regulatory function of
«a-GalCer is mediated throngh iNKT cells, we first examined
whether adoptively transferred iNKT cells attenuate GVHD.
NK1.1- or e-GalCer-loaded CDId tetramer-positive thymocytes
from either C57BL/6 or BALB/c mice. respectively. were enriched
and expanded in vitro. The purity of a-GalCer-loaded CD1d tet-
ramer-positive cells after expansion was 90-98% (median, 95%)
(Fig. 3A). To confirm that most of the in vitro-expanded NKT cells
use the invariant TCR a-chain. we performed RT-PCR on RNA
from the cells using the Val4 and Ca primers and analyzed a
fragment encompassing the V-J junction. The sequence of the RT-
PCR product (Fig. 3B) was GCCACCTACATCTGGTGGT
GGGCGATAGAGGTTCAGCCTTAGGGAGGCTGCATTTT.
which is compatible with the sequence of the Val4-Ja18 invariant
chain. Furthermore. we checked in vitro function of expanded
INKT cells. Stimulation by autologous (or allogeneic. data not
shown) dendritic cells in the presence of a-GalCer induced iNKT
cells to produce a higher amount of cytokines compared with that
in the presence of vehicle. This cytokine production was blocked
by anti-CD1d Ab (Fig. 3C, i-iv).

These iNKT cells (1 X 10% were transferred along with the
C57BL/6-derived graft (2 X 107) to irradiated BALB/c mice. As a
control, the same amount (2 X 107) of C57BL/6-derived graft
alone was used. The 5% difference in the total cell number was
within the range of error. These recipient mice survived signifi-
cantly longer than control mice, regardless of whether the adop-
tively transferred iNKT cells were derived from C57BL/6 or
BALB/c mice (p < 0.001 Fig. 3D). To see whether transferred
iNKT cells had expanded in the recipients, we examined iNKT
cells in the liver lymphocytes. On days 57 posttransplant, there
were very few iINKT cells in the liver of control mice that received
grafts without adoptive iNKT cells (Fig. 3£i). In contrast, iNKT
cells were clearly detected on the same days in the liver of recip-
ient mice that had been transplanted with grafts containing adop-
tive iNKT cells. This observation was independent of whether the
transferred iNKT cells were derived from C57BL/6 or BALB/c
iNKT cells was the same as the donor strain (C57BL/6), both
H-2D"-negative (C57BL/6-derived) and H-2D“-positive (BALB/
c-derived) INKT cells were reproducibly detected (Fig. 3Ev). Sim-
ilarly, if the origin of the adopted iINKT cells was the same as the
host strain (BALB/c). both BALB/c-derived and C57BL/6-derived
iNKT cells were reproducibly detected (Fig. 3Eiv). The former
result indicates that the adopted donor strain iNKT cells were tem-
porarily engrafied and helped host-residual iNKT cells remain.
The latter result indicates that the adopted host strain iNKT cells
were engrafted or helped host-residual iNKT cells remain and fur-
ther helped graft-contaminated iNKT cells be engrafted
temporarily.

Then we measured serum cytokines shortly after transplantation
with adoptive iNKT transfer. The serum cytokine levels in the
iNKT-transferred mice were higher than those in the recipient
mice without iNKT cell transfer. Therefore. iINKT cell transfer
mimics the a-GalCer administration in the acute phase cytokine
production profile in the recipient mice.
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