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Fig. 4. Induction of humoral immune responses in hu-HSC NOG/DR4/I-A~'~ mice. (A) Schematic protocol for OVA immunization. OVA (10 pg) and
alum were injected intra-peritoneally into hu-HSC NOG/DR4/I-A™~ mice 2025 weeks after HSC transplantation. After four weekly OVA
immunizations, sera were collected and the presence of OVA-specific human IgM and IgG was examined by ELISA. (B) The production of anti-OVA
antibody in the sera. The titers of OVA-specific IgM (left panel) and OVA-specific 1gG (right panel) in sera from HLA-mismatched or HLA-matched
HSC groups are shown. (C) The amount of total human IgM (left panel) and IgG (right panel) in sera. Sera were collected from HLA-mismatched
(white symbols) or HLA-matched HSC groups (gray symbols) before (circles) and after (squares) the immunization with OVA and the 19 levels were
quantified. (D) T-cell responses to stimulation with anti-CD3 and anti-CD28 antibodies. Splenocytes from hu-HSC NOG/DR4/I-A~~ mice with
HLA-matched HSC were isolated 25 weeks after fransplantation and compared with peripheral blood from a healthy human donor. Cells were
labeled with CFSE and cultured in vitro in the presence of stimulating antibodies. At day 6, the cells were recovered and stained with anti-CD4. The
dilution of CFSE was measured by flow cytometry. Representative flow plots are shown (n > 10). (E) Cytokine production by human CD4* T cells.
In vitro-stimulated T cells from hu-HSC NOG/DR4/I-A~'~ mice were re-stimulated with PMA/ionomycin in the presence of Golgi plug for 4 h at 37°C.
The cells were fixed, permeabilized and stained with various anti-cytokine antibodies. Representative flow plots are shown (n = 5).

[gG in one mouse reached to >6250-fold higher than that HLA-mismatched HSC, although they showed OVA-specific
of non-immunized conirol mice. OVA-specific 1gG was IgM production (Fig. 4B). As for the total amount of IgM and
not detected in hu-HSC NOG/HLA-DR4/-AB™~ mice with IgG, there was no significant difference between the mice
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250 Humoral immune responses in humanized mice

with HLA-matched HSC and HLA-mismatched HSC before
immunization (Fig. 4C, white symbols). After immunization,
total IgM and lgG was increased in several mice in HLA-
matched group, but none in HLA-mismatched group
(Fig. 4C, gray symbols) and the increase was statistically sig-
nificant for IgM, but not for IgG. These results suggested that
humanized HLA transgenic mice with HLA-matched HSC
transplantation mounted immune responses sufficient to
induce antibody class switching in the human B cells.

We next analyzed T-cell function in the hu-DRB1:0405*
HSC NOG/HLA-DR4/I-AB™~ mice. The human T cells
showed significant proliferation in response to anti-CD3 and
anti-CD28 antibodies in vitro, and the activated T cells pro-
duced IL-2 and IFN-y upon stimulation with PMA and iono-
mycin (Fig. 4D and E). These results suggested the
presence of human T cells with normal function in the hu-
HSC NOG/HLA-DR4/I-AB™"~ mice. However, the magnitude
of T-cell proliferation was not as robust as that of human
T cells from normal healthy donors (Fig. 4D), and the amount
of human IL-2 in the culture supernatants was not as high as
that produced by normal human T cells (data not shown).

In the present study, using the novel mouse strain NOG/
HLLA-DR4/I-AB™~, we demonstrated that human lympho-
cytes that developed in situ in the humanized mice caused
human humoral immune responses in an HLA-DR-restricted
manner in cases that used HLA-matched HSC for transplan-
tation. This is a significant advance in humanized mouse
technology, as there has yet to be a reliable model in which
properly functioning adaptive human immune responses
occur without the need for xenotransplantation of human
tissues (e.g. fetal liver and thymus in the BLT model) (23).

It has been speculated that the mismatch between the
mMHC Il responsible for the positive selection of human
T cells in the mouse thymus and the HLA 1l expressed by
human B cells in the periphery is the major obstacle to
inducing functional human adaptive immune responses in
conventional humanized mice (17). Our resulis demon-
strated that this problem was overcome, even if partially, by
the introduction of HLA [l and the elimination of mMHC Il
Recently, Danner et al. reported that antigen-specific human
IgG was produced in NSG/HLA-DR mice that expressed
a human/mouse chimeric molecule, in which the peptide-
binding domain of the mouse I-Ef chain was substituted
with the corresponding domain of HLA-DRB1:0401 to mimic
the structure of an HLA-DR4 molecule (24, 25). Because
they used I-A sufficient NSG mice, the elimination of mMHC
il was not necessary for the elicitation of human immune
responses. However, it is noteworthy that the I-A sufficient
NOG/HLA-DR4/I-AB*/~ mice in our mouse colony did not in-
duce human IgG responses (data not shown). One plausible
explanation for these discrepant results is that mMHC 11 still
played a dominant role in the positive selection of human
T cells in I-A”~ mice because of the abundance of mMHC
II* TEC. This could render the size of the T-cell repertoire
restricted by HLA Il too small to induce detectable human
immune responses. If this is the case, the elimination of
mMHC 1l is critical to maximize the HLA-restricted T-cell
repertoire.

Matching the HLA-DR haplotypes of the recipient NOG/DR4
transgenic mouse and donor HSC significantly influenced

human T-cell homeostasis. In particular, HLA-maiched reconsti-
tution resulted in a large Tgyw population, suggesting the HLA-
dependent rapid profiferation of human T cells. Considering
the extremely lymphopenic environment in NOG mice, the
expansion of Tgy is reminiscent of lymphopenia-induced prolif-
eration of T cells, which is a well-known phenomenon typically
seen when a small number of Ty are seeded into chronically
lymphopenic environments (e.g. RAG gene deficiency or scid
mutation) (20, 26). Thus, it is possible that a few human thymic
immigrants proliferated to restore the T-cell compartment in
NOG mice. This mechanism would explain the higher
frequency and higher number of CD4* T cells in the HLA-
matched HSC group, compared with the mismatched group,
at early time points. Although the same mechanism would also
regulate the relatively slower increase of T cells in the HLA-
mismatched group, in this case, mouse DC and M¢ in NOG/
DR4/I-A™"~ mice predominantly stimulate the T cells, whereas
both mouse and human APC would stimulate T cells in the
HLA-matched HSC group. The difference in the abundance of
APC is one reason for the difference in T-cell homeostasis
between the HLA-matched and HLA-mismatched groups.

We previously demonstrated that human T cells in conven-
tional hu-HSC NOG mice had extremely low proliferative ca-
pacity in response to antigenic stimulation (17). The
accumulation of Tgy and the rapid decrease of Thawve, Which
have the largest capacity for proliferation, may be one possi-
ble explanation. Indeed, when the frequency of Tpaive Was in-
creased by the transplantation of fetal thymic lobes from
NCD mice into the renal capsules of NOG mice, human
T cells showed strong proliferation in response to in vitro
stimulation that was comparable to that of human T cells
from healthy human adults (data not shown). This result sug-
gests that high numbers of Trawe in NOG/DR4/I-A™~ mice
will enable the augmentation of immune responses. There
are two major mechanisms that regulate the size of the Thave
pool: the supply from the thymus (27, 28) and homeostatic
profiferation in the periphery (29, 30). To enhance the func-
fion of the thymus (27), transgenic expression of keratino-
cyte growth factor or flt-3 ligand in TEC, which can enhance
the regeneration of TEC after irradiation, should be tested
(31,32,33,34,35). Regarding the homeostasis in the periph-
ery, reconstitution of secondary lymphoid organs in NOG
mice, which have a significant deficiency of lymph nodes
(LN) (36,37,38), is important, as IL-7, a survival factor for
Thaives 1S provided by LN-resident reticular fibroblastic
cells (39).

Humanized mice are an excellent tool with which to study
human immunology. The reconstitution of a functional human
adaptive immune system in hu-HSC NOG/HLA-DR4/I-AB~~
mice offers unique opportunities to test and utilize human
immunity. For example, the capability to produce antigen-
specific IgG in hu-HSC NOG/HLA-DR4/I-AB™~ suggests that
this model has great potential for generating mAbs against
various exogenous substances, such as viral or bacterial
proteins. Such mAbs could work as therapeutic drugs for
prevention of infection or allergy (18, 19). Along with further
improvemenis of humanized mouse technologies, e.g. intro-
duction of human cytokine genes (40,41,42), this mouse
model! will contribute to the development of new therapeutic
strategies for human disease.
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Online.
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Efficient Xenoengraftment in Severe Immunodeficient
NOD/Shi-scid IL2ry™* Mice Is Attributed to a Lack of
CD11¢"B220"CD122" Cells

Ryoji Ito,* Tkumi Katano,* Miyuki Ida-Tanaka,* Tsutomu Kamisako,* Kenji Kawai,*
Hiroshi Suemizu,* Sadakazu Aiso,' and Mamoru Jto*

Xenograft animal models using immunodeficient mice have been widely applied in medical research on various human diseases.
NOD/Shi-scid-IL2ry™¥* (NOG) mice are known to show an extremely high engraftment rate of xenotransplants compared with
conventional immunodeficient mice. This high engraftment rate of xenotransplants in NOG mice was substantially suppressed by
the transfer of spleen cells from NOD-scid mice that were devoid of NK cells. These results indicate that cell types other than
splenic NK cells present in NOD-scid mice but not in NOG mice may be invelved in this suppression. To identify the cell types
responsible for this effect, we transferred subpopulations of spleen cells from NOD-scid mice into NOG mice and assessed the
levels of human cell engraftment after human PBMC (hPBMC) transplantation. These experiments revealed that CD11¢*B220™
plasmacytoid dendritic cells (pDCs) from NOD-scid mice markedly inhibited engraftment of human cells. The CD11¢*B220*
CD122* cells further fractionated from the pDCs based on the expression of CD122, which is an NK cell marker strongly inhibited
during hPBMC engraftment in NOG mice. Moreover, the CD122" cells in the pDC fraction were morphologically distingnishable
from conventional CD122" NK cells and showed a higher rejection efficiency. The current results suggest that CD11¢"B220*
CD122" cells play an important role in xenograft rejection, and their absence in NOG mice may be critical in supporting the

successful engraftment of xenotransplants. The Journal of Immunology, 2012, 189: 4313-4320.

” e previously established the severely immunodeficient
NOD/Shi-scid-IL2ry™" (NOG) strain appropriate
v for generating a “humanized mouse” model in which
human tissues, human cancers, and human PBMCs (hPBMCs) or
cord blood hematopoietic stem cells (HSCs) can be engrafted or
differentiated into multilineage immune cells after transplantation.
Thus, these mice are useful as models for human tissue grafting
(1, 2), cancer (3, 4), graft-versus-host disease (5), and the human
immune system (6, 7). The success of xenoengraftment in NOG
mice has been attributed to the multiple immunologic dysfunc-
tions of acquired and innate immunity, whereby the lack of T and
B cells and of NK cells is linked to the scid mutation (8) and to the
IL-2 receptor common <y-chain deficiency (9), respectively.

The NOD strain in combination with the scid mutation or RAG
deficiency is known to promote xenoengraftment. The recently
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reported signal regulatory protein-a (SIRP-a), which is a critical
immune inhibitory receptor on macrophages, interacts with the
CDA47 ligand on the xenograft to prevent phagocytosis (10-12).
Takenaka et al. (13) reported that the SIRP-o. polymorphism on the
NOD genetic background leads to enhanced binding to human
CDA47 and that this interaction may activate CD47-induced sig-
naling pathways to support xenoengraftment. Furthermore, Shultz
et al. (14) reported that complement-dependent hemolytic activity
is more severely impaired in the NOD strain than in other inbred
strains. These reports indicated that the NOD strain is much better
than other strains in engrafting human cells and tissues. However,
NOG mice showed a remarkably higher xenoengraftment level
compared with NOD-scid mice despite having the NOD back-
ground. This higher xenoengraftment rate in NOG mice has been
generally accepted as attributable to lack of NK cells as NOG mice
lack NK cells through the introduction of an /L-2Ry mutation. In
fact, several reports have described how NK cells are important for
xenograft rejection in immunodeficient mice. Higher success rates
for xenoengraftment after transplantation of human HSCs were
observed in NOD-scid f2m™ mice, which lack NK activity, and in
NOD-scid mice treated with CD122 Ab than in nontreated NOD-
scid mice (15~17). These results suggest that NK cells contribute to
rejection of the transplanted xenograft. Conversely, our previous
experiments have suggested that dendritic cells (DCs) might have
a more pivotal role in xenograft rejection than NK cells. In our
experiments, we found that the xenoengraftment level was signif-
icantly suppressed in NOD-scid mice treated with anti-NK Abs
compared with NOG mice (6). Furthermore, we revealed that the
production of inflammatory cytokines, such as IFN-y and IL-6, was
markedly reduced by spleen cells from NOG mice and CD11c*
DC-depleted NOD-scid mice but not by those from NK cell-
depleted NOD-scid mice (6). These results imply that the dys-
function of CD11¢* DCs in NOG mice may be related to the high
efficacy of xenoengraftment in these mice.
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DCs contribute to innate and adaptive immunity and act as
professional APCs that are capable of Ag uptake, processing, and
presentation to naive T cells (18, 19). DCs are classified into
several populations based on surface markers and functional
properties (20). Plasmacytoid dendritic cells (pDCs), character-
ized by the expression of CDllc and B220, represent a rare
population of DCs that exists mainly in lymphoid tissues and plays
a crucial role in producing type I IFNs against viruses via TLRs
(21, 22). In transplant studies, prominent roles of DCs in graft
rejection have been demonstrated using DC-depleted hosts (23).
Thus, DCs may also suppress the reconstitution of donor cells and
contribute to xenograft rejection.

In the current study, we investigated the role of DC subsets in
hPBMC xenograft rejection using NOG mice. We performed
transfer experiments with DC subpopulations and NK cells and
demonstrated that CD11¢"B2207CD122" cells, but not other DC
subpopulations and NK cells obtained from NOD-scid mice, are
potent inhibitors of hPBMC engraftment in NOG mice.

Materials and Methods

Ethics statement

All animal experiments were approved by the Institutional Animal Care and
Use Committee of the Central Institute for Experimental Animals (CIEA)
(certification number 11004 A, February 16, 2011) and were performed in
accordance with guidelines set forth by CIEA.

All experiments using human resources were approved by the Institu-
tional Ethical Committee of the CIEA (certification number 08-11, Sep-
tember 4, 2008) and performed in accordance with CIEA guidelines.
Written informed consent was obtained from all subjects in the current
study.

Mice

NOD/Shi-scid-IL2ry"™* (NOG; formal name, NOD.Cg-prkdc™“il2rg ™5 ¢/
Jic) mice were bred and maintained under specific pathogen-free con-
ditions at the CIEA. NODACBl7-prkdc“’d/ShiIic (NOD-scid) mice were
purchased from Clea Japan (Tokyo, Japan). NOD-scid EGFP transgenic
mice were established by backcross mating of NOG-EGFP transgenic mice
(24) to NOD-scid mice. IFN-y knockout (KO) mice were kindly provided
by Dr. Y. Iwakura (The University of Tokyo, Tokyo, Japan) and back-
crossed with NOD-scid mice to establish the NOD-scid IFN-y KO mice.
These mice were housed in sterilized cages and fed sterilized food and
water ad libitum. These four strains of immunodeficient mice were used at
the age of 8-12 wk.

Transplantation of hPBMCs

Human peripheral blood (PB) samples were obtained from healthy vol-
unteers after acquiring their informed consent. hPBMCs were isolated by
Ficoll-Hypaque (GE Healthcare, Little Chalfont, Buckinghamshire, U.K.)
density centrifugation and washed with PBS. Cells were resuspended in
PBS and transplanted via the tail vein into NOG mice.

Isolation and transplantation of DC subpopulations and NK
cells

The method used for isolating DC subpopulations has been described
previously (25). Briefly, spleens from NOD-scid, NOG, or NOD-scid IFN-
vy KO mice were minced and digested with 0.1% collagenase (Roche
Diagnostics, Laval, QC, Canada) and DNase (1 mg/ml; Sigma-Aldrich, St.
Louis, MO) at 37°C for 30 min. After washing with 2% FCS in PBS, the
RBCs were lysed in Pharm Lyse buffer (BD Biosciences, San Jose, CA),
and cells were stained with biotinylated mouse B220 Ab (BioLegend, San
Diego, CA). To isolate DC subpopulations, cells were incubated with anti-
biotin magnetic beads (Miltenyi Biotec, Sunnyvale, CA), and the B220*
and B220™ fractions were separated on a MACS column (Miltenyi Biotec).
For myeloid dendritic cell (mDC) and pDC fractionation, the B220™ cells
were further reacted with anti-mouse CD11lc magnetic beads (Miltenyi
Biotec), and CD11c™ cells were separated on a MACS column. The
enriched B220" cells were almost all CD11c*, as these mice lack B cells.
For pDC and CD11¢*B220*CD122* cell purification, the enriched B220*
fractions were stained with PE-labeled mouse CD1llc Ab (BioLegend),
PE-Cy7-labeled streptavidin (BioLegend), and FITC-labeled mouse
CD122 Ab (BD Biosciences). The CD11¢"B220"CD122* cells and
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CD11¢"B220"CD122~ pDCs were sorted using the MoFlo cell sorter
(Beckman Coulter, Stanford, CA), and the results were analyzed using
Flow]o software (Tomy Digital Biology, Tokyo, Japan). The purity levels
of the isolated mDC and pDC fractions ranged from 91 to 95% (MACS
sorting), and those of the isolated pDCs and CD11¢*B220"CD122" cells
ranged from 97 to 99% (MoFlo sorting). NK cells, which were designated
as CD11¢™B2207CD122* cells, were isolated from the B220 cell frac-
tion at >97% purity using the MoFlo cell sorter.

The purified mDCs, pDCs, CD11¢*B220*CD122* cells, and NK cells
were resuspended in PBS, and 1 X 10° to 2 X 10° cells were transplanted
intravenously into NOG mice 1 d before hPBMC transplantation.

Flow cytometry

Bone marrow (BM), PB, and spleen samples were obtained from mice 2-7
wk after transplantation with hPBMCs. RBCs were lysed using the Pharm
Lyse buffer (BD Biosciences), and mononuclear cells (MNCs) were pre-
pared as single-cell suspensions. MNCs were incubated for 30 min at 4°C
in the dark with the appropriate Abs. The following Abs were used:
allophycocyanin-Cy7-labeled human CD45, PE- and allophycocyanin-
labeled mouse CD11c, PE-Cy7-labeled mouse B220, PE-labeled mouse
Siglec-H, PDCA-1, and Ly49D, and allophycocyanin-labeled mouse DX5
(BioLegend). After washing with 2% FCS in PBS, the MNCs were sus-
pended in propidium iodide (PI) solution (BD Biosciences), followed by
multicolor flow cytometry (FACSCanto; BD Biosciences) and analysis of
the results using FACSDiva software (BD Biosciences). The rates of hu-
man leukocyte engraftment are expressed as the percentage of human
CD45" (hCD45%) cells in the PI™ total MNC population.

Cytotoxicity measurements

Cytotoxic activity was examined using the [>'Cr] release cytotoxic assay
with Yac-1 target cells (kindly provided by Dr. K. Takeda, Juntendo
University, Tokyo, Japan), according to the methods described by Shultz
et al. (14). Briefly, NOD-scid, nontransplanted NOG mice, and NOG mice
transplanted with pDCs or mDCs from NOD-scid mice were i.p. inocu-
lated with polyinosinic-polycytidylic acid (Sigma-Aldrich) 48 h before
assaying. Splenic MNCs from these mice were cocultured with >!Cr-
labeled Yac-1 target cells for 4 h at 37°C in a 5% CO, incubator with
various E:T cell ratios. Each sample was prepared in triplicate, and the
culture supernatants harvested from each well were assayed in a y-counter
(ARC300; Aloka, Tokyo, Japan). The percentage specific [*'Cr] release
was calculated using the formula: percentage specific release = [(X — S/
(T — $)] X 100, where X is the mean experimental release of [>*Cr]
measured in triplicate wells. Total release (7) was determined from wells
with >!'Cr-labeled Yac-1 cells and 1 N HCI, and spontaneous release (S)
was determined from wells with *!Cr-labeled Yac-1 cells and medium.

Induction of IFN-vy from DCs in vitro

In vitro IFN-y induction was determined according to the methods de-
scribed by Vremec et al. (25). Briefly, magnetically sorted pDC and mDC
fractions were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA)
that contained 10% FCS in 96-well flat-bottom plates at 37°C in 5% CO,.
To induce IFN-~y, cells were stimulated with 5 ng/ml IL-12p70 (R&D
Systems, Minneapolis, MN) and 20 ng/ml IL.-18 (R&D Systems) or with
10 ng/ml PMA (Sigma-Aldrich) and 1 pg/ml ionomycin (Sigma-Aldrich)
for 48 h. Culture supernatants were collected and stored at —80°C until
use. IFN-y was assayed using the Mouse IFNvy Quantikine ELISA Kit
(R&D Systems).

Morphological analysis

pDCs, CD11¢"B2207CD122% cells, and NK cells were isolated as de-
scribed earlier. For May-~Griinwald Giemsa staining, the enriched sub-
populations were precipitated onto silane-coated glass slides (Muto Pure
Chemicals, Tokyo, Japan) by cytospinning and were then air dried for
3 min. The slides were soaked in May-Griinwald solution (Muto Pure
Chemicals) for 3 min and washed under running water to remove extra
stain. The slides were further stained with 0.5% Giemsa solution (Muto
Pure Chemicals) for 15 min. After washing with running water, the slides
were dried and subjected to microscopic analyses.

Area and perimeter measurements of these smeared cells were auto-
matically calculated using ImageJ 1.45s software (National Institutes of
Health, Bethesda, MD).

Statistical analysis

Mean values and standard deviations were computed using Excel (Microsoft,
Redmond, WA). Significant differences were calculated by Student # tests
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and shown as *p < 0.05 and **p < 0.005. A p value <0.05 was deemed to
be statistically significant.

Results
Suppression of human cell engraftment by the CD11c*B220™
pDC fraction

To investigate the effects of DCs on xenograft rejection, we first
isolated two distinct DC fractions, CD11¢"B220" (pDCs) and
CD11¢"B220™ (mDCs), from NOD-scid and NOG mice, respec-
tively. These two DC fractions were intravenously transplanted
into NOG mice before hPBMC transplantation (Fig. 1A). The
efficacy of successful hPBMC engraftment in PB, BM, and
spleens from NOG DC-transplanted NOG mice and NOD-scid
mDC-transplanted NOG mice was at the same level as that of non-
transplanted control NOG mice. In contrast, (PBMC engraftment
was completely suppressed in the PB, BM, and spleens of NOD-
scid pDC-transplanted NOG mice at 7 wk posttransplantation
(Fig. 1B). Spleen cells from the NOD-scid, NOD-scid pDC-
transplanted or mDC-transplanted NOG, and untreated NOG
mice without hPBMC transplantation were cocultured with Yac-1
target cells that were labeled with ['Crl, then [°'Cr] release into
the culture supernatants was measured. Although cytotoxicity
was less effective compared with spleen cells of NOD-scid mice,
those from the pDC-transplanted NOG mice showed a higher level
of cytotoxicity compared with mDC-transplanted NOG and non-
transplanted NOG mice (Fig. 1C). These results show that the high
level of engraftment of NOG mice is suppressed by the NOD-scid
pDC fraction, indicating that this fraction includes cells that me-
diate xenograft rejection.
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NK marker-expressed cells in the pDC fraction have the
potential for xenograft rejection

To identify cells that play critical roles in graft rejection, we used
NOD-scid mice that systemically expressed GFP (NOD-scid
EGFP Tg), and transplanted the pDC and mDC fractions isolated
from the mice into NOG mice before hPBMC transplantation.
At 7 wk posttransplantation, engraftment of hCD45" cells was
inhibited in BM and spleens of the pDC-transplanted NOG mice
(Fig. 2A, top left panel), consistent with the results shown in Fig.
1B. Also, GFP" cells were detected in the spleens of the pDC-
transplanted NOG mice but not in those of the mDC-transplanted
NOG mice (Fig. 24, fop right panel), and these GFP™ cells
expressed the DX5 Ag (Fig. 2A, bottom panel). These GFP*DX5"
cells might be expanded by recognizing xenografts and are con-
sidered to be responsible for their rejection. CD11¢"B220"DX5*
cells are known to produce high levels of IFN-y upon stimulation
(26, 27). We compared the levels of IFN-y production of the
isolated DC subpopulations from the spleen cells of NOD-scid and
NOG mice. After stimulation with either IL-12 plus IL-18 or PMA
plus ionomycin, high-level production of IFN-y was observed in
the pDCs from the NOD-scid mice but not in those from the NOG
mice (Fig. 2B). We compared the expression of Siglec-H, PDCA-
1, and CD122 on CD11c"B220" cells between NOD-scid and
NOG mice. pDCs generally express Siglec-H and PDCA-1 (28,
29) but not CD122, which is an NK cell marker and often used for
detection of DXS5 (30). Siglec-H and PDCA-1 were expressed on
all CD11¢"B220" cells in the spleen of NOG mice, but CD122*
cells were not observed (Fig. 2C). However, ~30% of CD11c™
B2207CD122" cells were present in the spleens of NOD-scid
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FIGURE 1. Suppression of xenoengraftment by the pDC fraction. (&) CD11¢*B220* pDCs and CD11¢*B220™ mDCs from the spleens of NOD-scid and
NOG mice were isolated using magnetic beads and MACS columns. These DC fractions (2 X 10° cells) were intravenously transplanted into NOG mice. At
1-2 d posttransplantation of the pDC or mDC fraction, 5 X 10® hPBMCs were intravenously transplanted into the NOG mice. (B) Engraftment of hCD45*
cells is significantly inhibited in the PB, BM, and spleens of NOD-scid pDC-transplanted NOG mice (7 = 5) but not in the PB, BM, and spleens of mDC-
transplanted NOG mice (n = 4), and engraftment is not inhibited in nontreated NOG mice (7 = 3) and NOG DC-transplanted NOG mice (n = 3) at 7 wk after
hPBMC transplantation. (C) Spleen cells from NOD-scid (square plot), NOD-scid pDC-transplanted (cross plot), or mDC-transplanted (triangle plot) NOG
mice and from untreated NOG mice (circle plot) were cocultured in triplicate with S1Cr-labeled Yac-1 cells at various ratios for 4 h. Spleen cells from pDC-
transplanted NOG mice showed high cytotoxicity compared with those from mDC-transplanted NOG mice. *p < 0.05, *¥p < 0.005.
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FIGURE 2. NK marker-expressed cells in the pDC fraction have the potential for xenograft rejection. (&) The pDC or mDC fraction from NOD-scid
EGFP Tg mice was transplanted (2 X 10° cells) into NOG mice prior to transplantation with 5 X 10° hPBMCs, and the engrafted human cells and
transplanted GFP* mouse cells were analyzed by flow cytometry at 7 wk posttransplantation. Engraftment of hCD45™ cells was evident in the mDC-
transplanted NOG mice (n = 3) but not in the pDC-transplanted NOG mice (n = 3). The percentage of engrafted mouse cells that expressed GFP was higher
in the pDC-transplanted NOG mice than in the mDC-transplanted NOG mice. All the engrafted GFP" cells expressed the DX5 Ag. (B) The mDC or pDC
fraction was isolated from NOD-scid or NOG mice, and 1 X 10° cells were cultured in duplicate with or without IL-12 plus IL-18 (upper panel) or PMA
plus ionomycin (PMA+IM; lower panel). IFN-y was strongly produced from the NOD-scid pDC fraction stimulated under both culture conditions. These
assays were performed simultaneously, and the results are representative of three independent experiments. (€) Spleen cells from NOD-scid or NOG mice
were stained with CD11c, B220, CD122, and Siglec-H or PDCA-1 Abs and analyzed by flow cytometry. CD122*Siglec-H™ or CD122*PDCA-1" cells were
detected in the NOD-scid pDC fraction but not in the NOG pDC fraction. (D) Spleen cells from NOD-scid mice were stained with CD11c, B220, CD122,
and Ly49D Abs. The histogram shows the frequencies of Ly49D expression on CD11¢7B2207CD122* NK cells (leff) and on CD11¢*B220"CD122* cells

(right). Similar results were obtained in three independent experiments (C, D). **p < 0.005.

mice. We further analyzed Ly49D expression on CD11c"B220"
CD122" cells in NOD-scid mice. Ly49D is a receptor on NK cells
and mediates allograft rejection by recognition of MHC class
I molecules (31, 32). The frequency of Ly49D expression on
CD11c™B2207CD122" cells was higher compared with that on
CD11c¢”B2207CD122" NK cells in the spleens of NOD-scid mice
(Fig. 2D). These results suggest that CD11c¢"B2207CD122" cells
have a high potency for xenograft rejection and their absence in
NOG mice may lead to high-level engraftment of human cells.

CDI11c"B220%CD122" cells suppress xenoengraftment in
NOG mice

To determine whether CD11¢"B2207CD122" cells inhibit the
engraftment of human cells, we isolated CD11¢*B2207CD122"
cells or pDCs (CD11¢"B2207CD1227) from NOD-scid mice by
cell sorting (Fig. 3A). It is well known that pDCs produce type 1
IFNs after treatment with a TLRO ligand (25). We demonstrated
that isolated pDCs could produce IFN-o; however, IFN-a was
not produced by CD11c*B2207CD122" cells (Supplemental Fig.
1). CD11¢™B2207CD1227 cells or pDCs were transplanted into
NOG mice prior to hPBMC transplantation (Fig. 3A). Engraft-
ment of the hCD45" leukocytes was significantly suppressed
in the PB, BM, and spleens of CD11¢*B220*CD122" cell-trans-
planted NOG mice, whereas the pDC-transplanted NOG mice
showed similar percentages of engrafted human leukocytes to the
non-transplanted control NOG mice at 7 wk posttransplantation
with hPBMCs (Fig. 3B). We also isolated pDCs or CD11¢"B220™
CD122* cells from NOD-scid and NOD-scid IFN-y KO mice and
transplanted them into NOG mice. The percentages of engrafted
human leukocytes in the PB, BM, and spleens were not reduced
by CD11c"B2207CD122" cells from NOD-scid IFN-y KO mice
(Fig. 3C). These results revealed that CD11¢"B220*CD122*
cells play a crucial role in xenograft rejection via IFN-y produc-
tion.

Suppressive effects of CD11c*B2207CD122" cells and NK
cells on xenoengraftment

The possible involvement of NK cells in xenograft rejection was
examined because these cells produce IFN-y and are defective
in NOG mice. Thus, we compared the efficiencies of xenograft
rejection for CD11¢c"B2207CD122" cells and CD11c™B220~
CD122* NK cells. CD11c¢"B2207CD122" cells and NK cells were
sorted from the spleen cells of NOD-scid mice and intravenously
transplanted (1 X 10° or 2 X 10° cells) into NOG mice before
hPBMC transplantation (Fig. 4A). At 2 and 4 wk posttrans-
plantation, the CD11¢™B220"CD122" cells were found to sup-
press human cell engraftment more potently than NK cells when
2 X 10° cells were transplanted (Fig. 4B, right panel), although
the CD11¢*B220*CD122" cells and NK cells did not cause re-
jection when 1 X 10° cells were transplanted (Fig. 4B, left panel).
In vitro cytotoxic assays showed that the killing activity of
CD11c¢"B220*CD122* cells was slightly higher than that of NK
cells and that it could be suppressed by treating cells with an anti-
NKG2D blocking Ab (Supplemental Fig. 2). Overall, these results
indicate that CD11¢"B2207CD122" celis have a greater potential
than NK cells to induce xenograft rejection.

CD11c*B2207CD122% cells are distinguishable from NK cells

Previously, Vosshenrich et al. (33) reported that B220 expression
on NK cells was inducible after activation in vitro and in vivo, and
they argued that activated NK cells show a phenotypic resem-
blance to the CD11¢"B220"CD1227 IFN-producing killer den-
dritic cells (IKDCs). In contrast, Guimont-Desrochers et al. (34)
showed that NK cells did not acquire B220 expression after
adoptive transfer. To clarify this inconsistency, we investigated
whether the sorted NK cells upregulated B220 and CD11c mol-
ecules after adoptive transfer. Fig. 5A shows that transplanted
CD122" cells did not acquire B220 expression in the spleens of
NK cell-transplanted NOG mice, whereas a small amount of
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cells, but not pDCs, suppress xeno-
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engraftment. (A) Scheme for the
isolation of pDCs or CD11¢*B220*
CD122* cells using a MoFlo cell
sorter and subsequent cell trans-
fer (2 X 10° cells) into NOG mice
before transplantation of hPBMCs
(5 X 10° cells). (B) hCD45" human
cell engraftment was analyzed by
flow cytometry in the PB, BM, and
spleens at 7 wk after hPBMC trans-
plantation. The pDC-transplanted
NOG mice (n = 5) showed a similar
engraftment rate to that of the non- 100 PB 1
treated NOG (n = 3) mice, whereas }

a remarkable decrease in human cell
engraftment was observed in the
CD11c¢"B220"CD122* cell-trans-
planted NOG mice (n = 5). (€)
CD11c*B2207CD122" cells from == - .
NOD-scid or NOD-scid IFN-y KO - Lotz cpizx - tbrz ooz - Coix cmizz
mice were isolated and transplanted CD11cB220" celis CD11CB226" cels CD11c'B220" cels
(2 % 10° cells) into NOG mice, Cellsourcesfor tansplartafon Celsources for ransplantafon Cefisources for fransplantzion
followed by transplantation of 5 X
10% hPBMCs. The percentages of
engrafted leukocytes were analyzed 1
by flow cytometry at 6 wk post-
transplantation. The percentage of
hCD45* cells was inhibited in the
PB, BM, and spleens of the NOD-
scid CD11¢*B2207CD122% cell-
transplanted NOG mice (n = 11), .

whereas IFN-y KO CD11c"B220 . CDi2z €D122'fom - Tepim commwm O - epize cpizzFom
CD122" cells did not inhibit hCD45* FiNy KO Ry KO FNy KO
cells as well as nontransplanted con-
trol NOG mice (n = 6). **p < 0.005.
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CD122" cells simultaneously expressed B220 and CD11c mole- among sorted CD11¢"B220"CD122" cells, NK cells, and pDCs by
cules in the spleens of CD11c*B2207CD122* cell-transplanted May~Giemsa staining. As observed in Fig. 5B, CD11¢"B220"
NOG mice. We further analyzed the morphological differences CD1227 cells resembled pDCs; they showed a monocytic mor-
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FIGURE 5. CD11¢"B220"CD122*
cells are distinguishable from NK
cells. (A) CD11¢*B220*CD122% or B
NK cells were purified using a MoFlo
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cell sorter, and 1 X 10° of these cells s 88
was transplanted into NOG mice.
Two weeks after transplantation,
spleen cells from the transplanted
NOG, NOD-scid, and NOG mice
were analyzed by flow cytometry.
(B) Morphology of CD11c"B220*
CD1227 cells. Cytospin samples of
sorted pDCs, CD11¢*B220*CD122*
cells, and NK cells were stained by
May-Giemsa. (€) The means of the 10um
areas and perimeters of pDCs,

CD11c¢"B220"CD122* cells, and NK
cells were calculated using the ImageJ C
software. Similar results were ob-

tained in two independent experi- 120
ments. *¥*p < 0.005.
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phology, low nuclear/cytoplasmic ratio, and dispersed chromatin.
In contrast, NK cells showed a lymphocytic morphology, high
nuclear/cytoplasmic ratio, and hyperchromatic nuclei. Moreover,
we compared the area and perimeters of these cell populations
using TmageJ analysis. CD11¢*B2207CD122" cells had an inter-
mediate area size between that of pDCs and NK cells and a larger
perimeter than NK cells (Fig. 5C). These results demonstrated that
CD11¢"B220%CD122" cells were phenotypically and morpho-
logically distinct from NX cells.

Discussion

In the current study, we investigated the mechanism underlying
the high acceptance rate of xenografts in NOG mice. To determine
the cells responsible for xenograft rejection, we transplanted DC
subpopulations and NK cells from NOD-scid mice into NOG mice.
We showed that the CD11¢*B220"CD122" cells from NOD-scid
mice strongly inhibited the engraftment of transplanted hPBMCs,
whereas other DC subpopulations and NK cells from NOD-scid
mice did not highly contribute to xenograft rejection in NOG
mice. Throughout these experiments, we revealed that CD11c”
B2207CD122" cells with characteristics commonly shared by

IKDCs and activated NK cells—which are controversial cell lin-
eages in xenograft rejection—are responsible for the rejection in
immunodeficient mice.

A DC subpopulation that expresses NK cell markers CD122 and
DXS5 in the pDC fraction was identified as IKDCs, which share the
functional properties and surface markers of DCs and NK cells
and have cytotoxic activities and Ag-presenting abilities (35, 36).
Taieb et al. (36) reported that IKDCs prevented transplanted
tumor outgrowth and that IEN-y—dependent and TRATI ~-dependent
killing activities and tumor recognition via MHC class II mole-
cules occurred simultaneously when these cells were adoptively
transferred, whereas conventional NK cells did not prevent these
events. The authors claimed that IKDCs participate in tumor
surveillance and act as effectors of innate immune responses.
Regarding activated NK cells, CD11¢"B2207CD122" cells more
closely resemble NK cells than DCs (33, 37-39) because their
developmental pathway is very similar to that of NK cells that rely
on IL-15 signaling through the IL-2RB, IL-15RB, and common
y-chain. In our results, the CD11c"B220"CD122" cells resembled
activated NK cells but not pDCs, as CD11¢"B2207CD122" cells
did not express Siglec-H and PDCA-1 and did not produce IFN-a
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after TLRO stimulation, and cytotoxicity was suppressed by
NKG2D Ab treatment. These results were consistent with acti-
vated NK cells reported by Blasius et al. (39). However, CD11c"
B220"CD122* cells were morphologically distinct from NK cells,
and NK cells did not acquire B220 expression after adoptive
transfer. Recently, Guimont-Desrochers et al. (34) obtained simi-
lar results demonstrating that CD11¢"B2207CD122"% cells are
distinct from activated NK cells. Thus, controversy remains in
describing the relationship between CD11c"B220°CD122* celis
and activated NK cells, and further studies are needed to define the
differences between these cells.

The role of NK cells in xenograft rejection in NOD-scid mice has
been described previously. Kollet et al. (15) reported an 11-fold
higher rate of xenoengraftment after transplantation of human
HSCs for NOD-scid p2m™ mice that lacked NK activity com-
pared with that for NOD-scid mice. Additionally, McKenzie et al.
(17) showed enhancement of xenoengraftment after HSC trans-
plantation when the NK cells were eliminated by treatment with
a CD122 Ab. In those studies, the observed higher xenoengraft-
ment level cannot be attributed solely to NK cells because CD11c*
B220*CD122" cells could have been present in their eliminated
fraction. Our current results indicate that CD11c*B220*CD1227
cells are more effective than NK cells at inducing xenograft re-
jection, and we conclude that CD11¢*B220*CD122* cells, but not
NK cells, are the main effector cells for xenograft rejection.
CD11¢"B2207CD122" cells produce higher levels of IFN-y than
NK cells upon IL-15 stimulation (35, 36). Chaudhry et al. (40)
reported that CD11¢™B220"NK1.17 cells (called NKDCs), which
are the same as CD11¢"B2207CD1227 cells, and NK cells were
absent in IL-157"" mice, and they observed that CD11¢"B220*
NK1.1" cells were restored more rapidly than NK cells by exog-
enous IL-15 treatment. Their in vitro analysis showed that CD11c"
B220"NK1.1" cells stimulated with IL-15 retained cytotoxic ca-
pacity and potent IFN-y secretion. Moreover, tumor metastasis in
the lung caused by transplanted B16F10 melanoma cells was
inhibited by syngeneic CD11¢"B220"NK1.1" cell transplantation.
In conmtrast, CD11c*B220"NK1.1% cells from IFN-y—deficient
mice did not cause this type of inhibition. Furthermore, Lin et al.
(41) transplanted pig cells into T cell-depleted, IFN-y—deficient
mice and found that the engraftment of pig cells was significantly
enhanced in the IFN-y—deficient mice compared with the control
T cell-depleted, wild-type mice. Those findings support our cur-
rent results that CD11c¢"B2207CD1227 cells from IFN-y-deficient
mice do not suppress xenoengraftment. Thus, xenograft rejection
by CD11¢*B220°CD122" cells may depend on the amount of
IFN-y, and IFN-y deficiency may contribute to the high accep-
tance rate of xenografts in NOG mice. However, we have no ev-
idence that the IFN-y produced by CD11¢"B2207CD122* cells
modulates the rejection of xenografts. We speculate that IFN-y
can promote xenograft rejection through at least two scenarios. In
the first scenario, CD11c¢*B2207CD1227 cells self-activate in an
autocrine manner through secretion of IFN-y and enhance cyto-
toxicity mediated by perforin/granzyme, FasL, and the TRAIL
pathway against targeted xenografts that lack species-specific
MHC class I molecules, which interact with killer inhibitory
receptors (42). In the second scenario, IFN-y produced by CD11¢*
B220%CD122" cells induces the activation of macrophages, and
these macrophages are subsequently recruited to the graft site
through the upregulation of monocyte-attracting chemokines,
resulting in a direct attack on the xenograft. The relative impor-
tance of IFN-y—dependent xenograft rejection by CD11cB220*
CD122* cells remains to be elucidated.

In conclusion, we demonstrated that the high-level acceptance of
xenografts in NOG mice is due to a lack of CD11¢"B2207CD122*
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cells, and we suggest that IFN-y produced by CD11c*B220"
CD1227 cells plays an important role in xenograft rejection. These
data are useful for clarifying the immunological mechanisms
leading to rejection of xenotransplants. Further studies are needed
to confirm the exact pathway involved in CD11¢"B2207CD122*
cell-dependent mechanisms of xenograft rejection.
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Supplementary figure legends

Figure S1. CD11¢"B220°CD122" cells do not produce IFNa.

CD11¢"B220°CD1227 cells or CD11¢"B220°CD122" pDCs were isolated from the
CD11¢"B220" fraction or CD11¢'B220" fraction of NOD-scid mouse spleen cells using
the MoFlo cell sorter. These fractions were cultured in RPMI 1640 medium (Invitrogen)
containing 10% FCS in 96-well flat-bottomed plates at 37°C in 5% CO,. To induce
IFNg, cells were stimulated with 1pM CpG ODN 2216 (Sigma-Aldrich) for 48 h.
Culture supernatants were collected and IFNa was assayed using the Verikine Mouse

IFNa ELISA Kit (PBL Interferon Sources, Piscataway NJ).

Figure S2. Cytotoxicity is reduced via inhibition of an NKG2D receptor on
CD11¢"B220°CD122" and NK cells.

Non-RI cytotoxic assay was performed using the Cellular DNA Fragmentation ELISA
kit (Roche Diagnostics, Mannheim, Germany) according to the manufacture’s
instructions. Sorted CD11¢'B220°CD122" or NK cells from the spleens of NOD-scid
mice were stained with anti-mouse NKG2D and isotype control antibody (Biolegend),
respectively, and co-cultured with BrdU-labeled Yac-1 cells at various ratios for 4 h.
After co-culturing, the supernatant was removed and amount of BrdU-labeled
fragmented DNA was measured by ELISA. The percentage of lysis was calculated as

described in Cyfotoxicity measurements in the Materials and Methods.
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Supplementary Figure S1
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NOD/Shi-scid IL2rynull (NOG) mice with severe immunodeficiency are excelient recipients to
generate “humanized” mice by the transplantation of human CD34" hematopoietic stem cells
(HSCs). In this study, we developed NOG mice carrying a human Delta-likel (DLL1) gene,
which is a ligand of the Notch receptor and is known to be impertant in HSC maintenance
and self-renewal. We also analyzed the effect of DLL1 signaling on human hematopoiesis and
HSC maintenance using humanized DLL1 transgenic NOG mice. To develop DLL1 transgenic
NOG (NOG-D1-Tg) mice, a transgenic vector consisting of a buman DLL] complementary
DNA fragment placed downstream of the al(I) collagen (Collal) promoter for expression
specifically in osteoblasts was constructed. Human CD34™ HSCs were transplanted into
NOG-D1-Tg mice, and differentiation of lymphoid or myeloid lineage cells from human
HSCs and maintenance of HSCs in bone marrow were analyzed. Severe osteosclerosis accom-
panied by increased bone mass and a decreased number of bone marrow cells were observed in
NOG-D1-Tg mice. After human HSC transplantation, development of human B lymphocytes,
but not T lymphocytes, was significantly suppressed in both bone marrow and the periphery
of NOG-D1-Tg mice. Contrary to the initial expectation, retention of human CD34" HSCs
was inhibited in the bone marrow of NOG-D1-Tg mice. In conclusion, our data suggest that
the development of human B lymphocytes and HSC maintenance in osteosclerstic bone may
be suppressed by intreducing DLL1. These unique humanized mice with sclerotic bone recon-
stituted by human HSCs are useful models of hematopoiesis in patients with osteosclerosis, such
as osteopetrosis, and for investigation of osteogenesis via Notch signaling. © 2012 ISEH -
Society for Hematology and Stem Cells. Published by Elsevier Inc.

Recently, the remarkably advanced development of
“humanized” mice with human hematopoietic systems has
enabled us to analyze the differentiation of human lympho-
cytes from hematopoietic stem cells (HSCs) in vivo. We
previously generated severe immunodeficient NOD/Shi-
scid TL2ry™" (NOG) mice, which were established by the
introduction of the targeted IL-2ry gene of IL-2ry knockout
mice [1] into NOD/Shi-scid mice [2,3] by backcross mating.

Offprint requests to: Mamoru Ito, D.V.M., Ph.D., Central Institute for
Experimental Animals, 3-25-12 Tonomachi, Kawasaki-kn, Kawasaki
210-0821, Japan; E-mail: mito@ciea.or,jp

Supplementary data related to this article can be found online at doi:10.
1016/j.exphem.2012.07.002.

They showed an exiremely high engraftment rate of trans-
planted human HSCs compared with other immunodeficient
mice due to their higher immunodeficiency, which is the
lack of T, B, and natural killer cells and reduced functions
of macrophage and dendritic cells. Furthermore, mature
human T cells differentiated from cord blood CD34"
HSCs could be detected in NOG mouse peripheries. There-
fore, NOG mice are considered excellent models of human-
ized mice, where human immune cells are well developed
and differentiated after transfer of human HSCs [3-5].

To evaluate human HSC development activity, Xenotrans-
plantation models using immunodeficient mice have been
widely used as recipients. Yahata et al. identified CD34738™
human long-term repopulating cells in cord blood, which are
responsible for lifelong hematopoiesis in the bone marrow

0301-472X/$ - see front matter. Copyright © 2012 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.
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microenvironment of NOG mice [6]. They also revealed that
the quiescent human long-term repopulating cells localized
to and interacted with the stem cell niche in NOG mice.
Thus, humanized mice are available as the analysis tool for
the features of human HSCs and interaction with their niches.

Notch receptors and their ligands are widely expressed
in the process of hematopoiesis and play an essential role
in T-cell lineage commitment [7-9]. Inactivation of
Notch-1 leads to blockage of T-cell differentiation at an
early stage with ectopic B-cell development in the thymus
[7]. In contrast, transduction of an active form of Notch-1
induced ectopic T-cell development in the bone marrow
(BM) with prevention of B-cell differentiation [8]. Further-
more, reconstitution of hematopoietic progenitor cells with
overexpressing DLL1 or 4 led to T-cell development, even
in the absence of the thymus [9]. DLL1 also acts on hema-
topoietic progenitor cells, resulting in induction of hemato-
poiesis, especially T-lineage cells, in in vitro studies in mice
[10,11] and humans [12,13].

Several groups previously reported that osteoblasts in the
trabecular bone are the major component of the HSC niche
[14-18] and that Notch signaling is required for the mainte-
nance of an undifferentiated state and for an increase in the
number of HSCs in vivo [14,15]. Duncan et al. generated
transgenic Notch reporter mice that expressed the enhanced
green fluorescent protein (EGFP) reporter gene in cells that
were actively signaling through Notch [15]. They demon-
strated that lineage c-kit"Scal™ (KSL) cells dramatically
increased in EGFP™ cells in a trabecular bone area. More-
over, EGFP" KSL cells have more potential for multilineage
differentiation than do EGFP™ KSL cells when using trans-
genic Notch receptor mice. These results suggest that Notch
signaling greatly contributes to HSC maintenance and
expansion in their niche.

Several groups succeeded in the expansion of human
HSCs by Notch signaling in vitro [12,19-21]. Suzuki et al.
used immobilized recombinant human DLL1-Fc chimeric
protein in the presence of hematopoietic cytokines for
expansion of human HSCs in vitro and performed an scid-
repopulating cells assay to evaluate the cultured HSCs by
transplanting them into NOG mice [21]. When cultured in
a medium containing DLL1-Fc, chimerism of scid-repopu-
lating cells increased by approximately sixfold in NOG
mouse BM compared with the absence of DLL1-Fc. Addi-
tionally, these HSCs had a multidifferentiation potency
into lymphoid and myeloid lineage cells in vivo. These find-
ings indicated that the Notch signal induced by DLLI re-
sulted in the prompt expansion and maintenance of the
undifferentiated state of human HSCs. However, little is
understood about in vivo involvement of DLLI in the HSC
niche and Notch signaling in humans.

In this study, we first generated NOG mice carrying the
human DLLI transgene (NOG-D1-Tg), in which the DLLI
was specifically expressed in osteoblasts under the control
of the Collal promoter. We also investigated the capacity

of human HSC retention and the development of human
T or B lymphocytes and myeloid-lineage cells in the
NOG-D1-Tg mice after human HSC transplantation.

Materials and methods

Generation of human NOG-DI1-Tg mice

Nonobese diabetic (NOD/Shi) mice were purchased from CLEA
Japan, Inc. (Tokyo, Japan), and NOD/Shi-scid-IL2ry™# (NOG;
formal name, NOD.Cg-prkdc™®®il2rg"™S%¢/Shilic) mice were
maintained in the Central Institute for Experimental Animals
under specific-pathogen-free conditions. Human DLL] comple-
mentary DNA (2.2 kb) was donated by Dr. T. Saito (Toray Indus-
tries, Inc., Kanagawa, Japan). A DNA fragment containing the
2.3-kb osteoblast-specific promoter region for the mouse Collal
promoter [22] was provided by Dr. B. de Crombrugghe (Univer-
sity of Texas, Houston, TX, USA). The chicken B-globin 5" HS4
insulator (2.4 kb) [23,24] was provided by Dr. G. M. Lefevre
(National Institute of Health, Bethesda, MD, USA). These DNA
fragments of the Collal promoter, insulator, and human DLLI
were inserted into the pCMVDb vector (Clontech, Inc., Mountain
View, CA, USA) (Fig. 1A). To generate transgenic mice, the
vector was digested by the Sfil restriction enzyme, the linearized
fragment was injected into NOD mouse embryos, and the
offspring with transgenes were further backcross-mated to NOG
mice to introduce the scid and IL-2 ry™" genes. All animal exper-
iments were approved by the Institutional Animal Care and Use
Committee and were performed in accordance with Central Insti-
tute for Experimental Animals guidelines.

Bone analysis

For histological analysis, femurs and tibias from NOG-D1-Tg or
non-Tg NOG mice were fixed with 4% paraformaldehyde (Wako,
Osaka, Japan) overnight and decalcified with 20% EDTA/
phosphate-buffered saline (PBS) solution for 4 days. The solution
was then changed to 70% EtOH, and the decalcified bones were
embedded in paraffin. Sections 3-um thick were placed on
aminosilane-coated glass slides (Matsunami Glass, Osaka, Japan)
and stained with hematoxylin (Sakura Finetek Japan, Tokyo, Japan)
and eosin (Muto Kagaku, Tokyo, Japan). For microcomputed
tomography, femurs were fixed in 4% paraformaldehyde, followed
in 70% EtOH, air-dried overnight, and scanned using a microcom-
puted tomography apparatus (GE Explore Locus SP Specimen
Scanner; GE Healthcare, Fairfield, CT, USA). Bone and marrow
volume were calculated using TRI/3D BON software (RATOC
System Engineering Co, Ltd, Tokyo, Japan).

Human HSC transplantation

Commercially available human cord blood—derived CD34™ cells
(Cat. No. 2C-101A, Lonza, Switzerland) were used in this study.
The frozen cells were incubated for melting in a water bath at
37°C and moved quickly into PBS containing 2% fetal bovine

“serum. After washing with PBS, the viability of CD34" HSC

was examined by 2.5% trypan blue exclusion, and cells with
>80% viability were used for transplantation. NOG-D1-Tg and
non-Tg mice were irradiated with 2.5 Gy using an x-ray system
(MBR-1505R, Hitachi Medical Corp., Tokyo, Japan) I day before
5 x 10* human HSCs intravenous transplantation via tail vein.
Engraftment and differentiation of human cells in BM, spleen,
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Figure 1. Generation of human Delta-likel transgenic NOG mice. (A) A microinjected construct of human DLLI Tg vector fragments. (B) In immunohis-
tochemistry, femurs from three NOG-D1-Tg mice and three non-Tg littermates were stained with an anti~hDelta-like-1 antibody. Human Delta like-1-posi-

tive cells are represented by brown coloration.

and peripheral blood (PB) were analyzed by flow cytometry stain-
ing with anti-human antibodies.

Flow cytometry

BM, PB, and spleens were obtained from the mice transplanted
with human HSCs and prepared as single mononuclear cell
suspensions using BD Pharm-Lyse (Becton Dickinson, BD
Biosciences, San José, CA, USA) to remove red blood cells. Cells
were incubated for 30 minutes at 4°C under protection from light
with a mixture of appropriate fluorescently labeled monoclonal
antibodies. After washing with 1% fetal bovine serum/PBS, cells
were suspended in propidium iodide solution (BD Biosciences),
followed by multicolor flow cytometry with FACS Canto (BD
Biosciences), and analyzed by FACS Diva software (BD Biosci-
ences). The engraftment ratio of human cells was expressed as
the percentage of human CD45™ cells out of total mononuclear
cells (mice plus humans), excluding erythrocytes. The antibodies
used for recognition of the cell surface molecules were anti-
human CD45-allophycocyanin-Cy7 (BD Biosciences), CD33-
fluorescein isothiocyanate (FITC; BD Biosciences), CD38-FITC

(BD Biosciences), IgM-FITC (BioLegend, San Diego, CA,
USA), lineage cocktail-FITC (BD Biosciences), CD19-
phycoerythrin (PE) (Beckman Coulter, Inc., Brea, CA, USA),
CD3-PE-Cy7 (Beckman Coulter), IgD-PE-Cy-7 (BioLegend),
CD10-PE-Cy7 (BioLegend), and CD34-PE-Cy7 (BioLegend),
CD20-allophycocyanin (BioLegend), anti-mouse c-kit—allophy-
cocyanin (BioLegend), lineage cocktail-PE (BioLegend), and
Sca-1-FITC (eBioscience, San Diego, CA, USA).

Immunohistochemistry

Sections were prepared in the same manner as described for the bone
analysis. They were immunostained by the universal immuno-
enzyme polymer method (Nichirei, Tokyo, Japan). After deparaffini-
zation, sections were incubated with an anti-human DLL1 antibody
(Abcam, Inc., Tokyo, Japan) and an anti-hCD34 antibody (Dako
Cytomation, Glostrup, Denmark) overnight at 4°C and then serially
incubated with peroxidase-labeled polymer-conjugated anti-mouse
or anti-rabbit antibody (Histofine Simplestain Max-PO; Nichirei)
for 30 minutes at room temperature. For color development, these
sections were incubated with 0.02% 3,3'-diaminobenzidine
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(Dojindo, Kumamoto, Japan) substrate solution containing 0.006%
H,0,. Immunostained sections were counterstained with hematox-
ylin (Sakura Finetek, Japan) for visualization of nuclei.

Statistical analysis

Mean values and standard deviations were computed using
Excel (Microsoft, Remond, WA, USA). Significant differences
were calculated by Student’s 7 test and shown as *p < 0.05 and
#p < 0.005. A p value of <0.05 was considered statistically
significant.

Results

Generation of NOG-DI1-Tg mice

After microinjection the complementary DNA encoding
human DLLI into NOD mouse embryos, we obtained 9
Tg founders (#9, #12, #39, #40, #56, #58, #67, #71, and
#78) and confirmed the expression of the DLLI transgene
in femurs in two lines (#58 and #78). We decided to use
#58 as human DLL] transgenic NOG mice (NOG-D1-Tg)
in this study because the DLL1 protein level was higher
than that in #78 (data not shown).

The expression of the human DLLI transgene in femoral
bones of NOG-D1-Tg mice was evaluated by immunohisto-
chemistry using an anti-human DLL1 antibody. The human
DLL1 protein was expressed in a small marrow space in
femurs from three 8-week-old NOG-D1-Tg mice, but not
from three littermate non-Tg mice, as shown by intense
brown coloration (Fig. 1B).

Severe osteosclerosis in NOG-DI1-Tg mice

We further investigated the characteristics of the BM of
NOG-D1-Tg mice. As shown in Figure 2A, almost all
marrow areas in the proximal tibias from 2-week-old and
8-week-old NOG-D1-Tg mice were filled with bone mass
stained with eosin. This increase in bone mass was observed
in both sexes (data not shown). In the microcomputed
tomography imaging, femurs from NOG-D1-Tg mice were
occupied by a calcified area, and analysis on the whole
femurs revealed an approximately 1.8-fold increase in total
volume and 2.5-fold increase in bone volume. In contrast,
marrow volume and marrow/total ratio were significantly
decreased in NOG-D1-Tg mice (Fig. 2B). Thus, NOG-D1-
Tg mice showed severe osteosclerosis and narrowing
marrow spaces since juvenile ages. We compared the mouse
mononuclear cell number and early HSC ratio defined by
KSL cells in femurs from NOG-D1-Tg and non-Tg mice.
As shown in Figure 2C, a 1.8-fold decrease in the mononu-
clear cell number was observed in NOG-D1-Tg mice.
Although the absolute KSL. cell number was also decreased
in NOG-D1-Tg mice, the KSL cell ratio was similar between
NOG-D1-Tg and non-Tg mice. These results suggest that the
Notch signaling from DLLI1 affects mouse osteoblasts, re-
sulting in enhanced osteogenesis, but does not have an effect
on mouse HSC self-renewal and maintenance.

Development of human lymphoid and myeloid cells

To investigate the effect of Notch signaling on human HSC
development in humanized NOG-D1-Tg mice, we performed
HSC transplantation and analyzed human lymphoid and
myeloid-lineage cell differentiation. Figure 3A shows the
scheme of human HSC transplantation and leukocyte analysis
in NOG-D1-Tg or non-Tg mice. After transplantation of 5 x
10* human HSCs into 2.5-Gy-irradiated mice, we determined
the cell number and ratio of engrafted human lymphoid and
myeloid lineage cells in BM, spleen, and PB. As shown in
Figure 3B, the number of total cells containing human and
mouse cells was dramatically reduced in the BM of NOG-
D1-Tg mice at 12 and 18 weeks after HSC transplantation.
The engrafted cell number of human CD45™ leukocytes was
also reduced in BM, but not in spleen (Fig. 3C). The reduced
leukocytes were almost CD19" B cells, and their development
was significantly inhibited at 12 and 18 weeks. The numbers of
CD3™" T cells in BM and CD33™ myeloid cells in the BM and
spleen of NOG-DI-Tg mice also decreased at 18 weeks
(Fig. 3C). The frequencies of CD45™ leukocytes and CD19™
B cells decreased slightly in the BM and spleen of NOG-D1-
Tg mice, while the frequency of CD3™ T cells increased in
the spleen of these mice. No difference was observed in the
frequency of CD33*" myeloid cells (Fig. 3D). In PB, the
frequency of human CD45" leukocytes in all non-Tg mice
gradually increased from 4 to 16 weeks after human HSC trans-
plantation, whereas it did not increase during this period in
almost all NOG-D1-Tg mice, with the exception of one mouse
(Fig. 3E). The frequency of CD19" B cells, in contrast to the
frequency of CD3™ T cells, in CD45™ cells was also reduced
in NOG-D1-Tg mice (Fig. 3F), which was also the case in the
BM and spleen. While, human erythrocytes were not observed
in the PB of either mouse strain after transfer of human HSCs
{Supplementary Figure El; online only, available at www.
exphem.org). These findings indicate that the development of
human B cells was remarkably inhibited in NOG-D1-Tg mice.

Human B-cell differentiation in NOG-DI1-Tg mice

The number of human B cells was significantly reduced in
NOD-D1-Tg mice as shown in Figure 3C, but it was
unclear whether the process of B-cell differentiation was in-
hibited. We accordingly evaluated human CDI19% cells
using five surface molecules of human B cells in the BM
and spleen of NOG-DI-Tg and non-Tg mice: CD34,
CD10 (pro-B cell), IgM, IgD, and CD20 (mature B cell).
In Figure 4A and B, the expression ratios of pro-B and
mature B cell markers showed no differences in BM and
spleen between NOG-D1-Tg and non-Tg mice. The aver-
ages of these subpopulations in B cells are shown in
Figure 4C. In summary, B-cell differentiation was not
affected in NOG-D1-Tg mice.

Human HSC maintenance in NOG-D1-Tg mice
To determine whether transplanted human HSCs were
maintained in NOG-DI1-Tg mice, we examined the

— 195 —



R. Ito et al./ Experimental Hematology 2012;40:953-963

A 2W 8w

NOG-DI-Tg non-Tg

NOG-D1-Tg

957

non-ig NOG-D1-Tg Total volume Bone volume Marrow volume BA/T ratio

] {rmreey oy
7 * 707 N 8 %
e b 0 " 7
53 50 5

5
4

a0 s b
B e 3
e 28 2
1 i b 1

E Woesmenirn s S 0 e o wonend Q o

non-Tg  NOGDI-Tg nonYg  NOG-DL-Tg nonTg NOG-DLTg non-Tg  NOG-DITg

Celt number in 8M KSL cell ratio in BM

109 &
& 'g it 5
L 4
| : |
3 ]
2 & ‘ 2
1 L " 1
3 s SO f ;M s
non-Tg NOG-D1-Tg nan-Tg NOG-D1-Tg

-

Figure 2. Severe osteosclerotic phenotype in NOG-D1-Tg mice. (A) Tibial bone sections in 2-week-0ld and 8-week-old NOG-D1-Tg mice and their non-Tg
littermates were stained with hematoxylin and eosin. (B) The microcomputed tomography images of a femoral bone in 9-week-old NOG-D1-Tg and non-Tg
mice. Bone and marrow spaces are shown in blue and red, respectively. Total volume (bone mass and marrow), bone volume, marrow volume, and marrow/
total (M/T) ratio were calculated using TRI BON software (n = 3). (€) The total number of 8-week-old mouse mononuclear cells from femoral BM was
counted under microscopy, and the ratio of lineage "c-kit"Scal™ (KSL) cells in CD45 propidium iodide™ cells was determined by flow cytometric analysis

(n = 3). *p < 0.05 and *¥p < 0.005.

frequency and the pumber of HSCs in BM. First, we
analyzed the frequency of lineage CD34% cells in the
BM of NOG-D1-Tg mice. The sizes of these populations
decreased at 6 and 18 weeks after HSC transplantation
(Fig. 5A), while their frequencies decreased slightly at 18
weeks after HSC transplantation compared with those in
the BM of non-Tg mice (Fig. 5B). We further examined
the quantity of human HSCs in NOG-D1-Tg mice. The
number of human HSCs (lineage " CD347CD387) was
drastically reduced (Fig. 5C), and the HSC ratio was
decreased approximately fourfold in NOG-D1-Tg mice
(Fig. 5D, E). When we investigated the localization of
human HSCs in the femur by immunohistochemistry using
an anti-human CD34 antibody, only a few human HSCs
were observed in the femoral marrow space of NOG-DI-
Tg mice compared with non-Tg mice (Fig. 5F). These
results show that the microenvironment in the osteoscler-

otic bone of NOG-D1-Tg mice was not suitable for the
maintenance of human HSCs.

Discussion

In this study, we developed novel transgenic NOG mice
with the human Notch ligand DLLI gene, specifically ex-
pressed in osteoblasts under the control of the Collal
promoter, to investigate human hematopoiesis under the
influence of Notch signaling after transfer of human
HSCs. Unexpected and severe osteosclerosis was observed
in NOG-D1-Tg mice showing increased bone mass and
narrow bone marrow spaces since juvenile age.

Han et al. previously reported cloning of complementary
DNA encoding human DLL! [25]. They showed high
conservation of amino acid sequences between human
and mouse DLL proteins (89% in the extracellular domain,
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