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論 文 内 容 の 要 旨 

 

 免疫不全マウスを用いた異種移植モデルでは、ヒト造血細胞をマウスに移植することにより、マ

ウス内にヒト造血を再構築することが可能である。このような実験系により、ヒト造血幹細胞の機

能解析が飛躍的に進歩し、現在ではがん幹細胞アッセイにも応用されている。マウス内にヒト造血

を再構築するには、マウスリンパ球による拒絶およびマウスマクロファージによる貪食を防ぐため

に、免疫不全マウスであることが不可欠である。免疫不全マウスの開発に伴い、ヒト造血細胞の高

い生着効率が得られるようになってきた。我々も以前に、C57BL/6 バックグラウンドで Rag2 およ

び Il2rg遺伝子を欠損したマウスに、NOD型 Sirpa変異を導入した C57BL/6.Rag2nullIl2rgnullNOD-Sirpa 

(BRGS)マウスを樹立した。BRGS マウスは、ヒト造血細胞の高い生着効率を有しており、異種移植

モデルにおいて最も効果的で有用な免疫不全マウスの 1 つとして使用されている。 

 しかし、BRGS マウスを含めた既存の免疫不全マウ

スでは、マウス内のヒト造血が B 細胞に偏ること、ヒ

ト赤血球や血小板の産生が殆どみられないことが課題

として残っている。ヒト造血細胞が、マウス骨髄微小

環境によって十分に支持されていないことが原因と考

えられ、我々はマウス骨髄微小環境の改変を試みた。

本研究では、骨髄微小環境における造血幹細胞の維持

に重要な分子である KIT に注目し、機能欠失型 KitWv

ホモ変異を免疫不全マウスに導入することにより、ヒ

ト造血細胞の多系統への再構築能が飛躍的に向上する

ことを示した。 

 我々は、BRGS マウスに KitWvホモ変異を導入した

C57BL/6.Rag2nullIl2rgnullNOD-Sirpa KitWv/Wv 

(BRGSKWv/Wv)マウスを新規樹立した(図①)。ヒト臍帯

血由来 CD34+CD38−細胞を異種移植後、BRGSKWv/Wv

マウスでは、BRGS マウスと比較して有意に高いヒト

細胞の生着効率を認め、高いヒトキメリズムが長期に

わたって維持された(図②)。また、ヒト骨髄球系・赤

芽球系・巨核球系細胞の再構築能の著明な改善を認め
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た。最も特筆すべき点は、マウスの骨髄において最終

分化を伴うヒト赤血球・血小板造血が顕著に認められ

た点である(図③)。さらに、クロドロン酸投与により

マウスマクロファージを除去すると、骨髄から末梢血

へヒト赤血球・血小板の動員が認められた。 

 本研究結果は、KitWv変異によるマウス KIT シグナ

ルの減弱により、ヒト造血幹・前駆細胞(HSPC)がマウ

ス HSPC をマウス骨髄至適微小環境から競合排除する

ことによって、多系統への分化能が得られたことを示

している。BRGSKWv/Wvマウスモデルは、赤血球・血

小板を含む多系統にわたるヒト造血の研究に極めて有用なレシピエントマウスとして応用可能であ

る。 

 

ヒ ト 赤血球造血

③ KitWv変異導入により
ヒ ト 赤芽球系細胞・ 血小板の再構築能が飛躍的に改善した

ヒ ト 血小板造血
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2013; Takagi et al., 2012). They werealso undetectable in

BRGSKWv/Wv mice (Figure 7A). We considered that

mature human blood cells might still be engulfed by

mouse macrophages, even after the introduction of

NOD-Sirpa, because hemosiderin was deposited in the

spleen of BRGSKWv/Wv mice with human hematopoietic

reconstitution (data not shown). Previous studies re-

ported that after xenotransplantation of a high dose

(1–5 3 105 cells) of human CD34+ fetal liver cells, which

have strong erythroid expansion potential (Holyoake

et al., 1999), the elimination of host macrophages by

clodronate administration accelerated the peripheral

distribution of human mature cells (Hu and Yang, 2012;

Hu et al., 2011). We therefore tested whether clodronate

treatment could inducehuman erythrocytesand platelets

into the circulation of BRGSKWv/Wv mice transplanted

with human CB cells. Injection of clodronate liposomes

(100–200 mL per injection) was started at 13 weeks after

transplantation, and continued for 3 weeks. Strikingly, a

statistically significant number of circulating human

CD71 CD235a+ mature erythrocytes and human CD41+

plateletsappeared after clodronate treatment (Figure 7B).

Our findings show that human hematopoiesis can prog-

ress up to the mature erythrocyte and platelet stages

in BRGSKWv/Wv mouse bone marrow, whereas mouse

macrophages in BRGSKWv/Wv mice might still prevent

these cells from circulating, presumably by engulfing

them in the bonemarrow and/or spleen.

A B
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Figure6. Immunohistochemistry and3DConfocal Immunofluorescence Imaging of HumanMegakaryo-Erythroid LineageCells in
BRGSKWv/WvMice
(A) Immunohistochemical analysisof humanCD235a, hemoglobin subunit a (Hba), andCD41expression in thefemoral bonemarrowof
BRGSandBRGSKWv/Wvmice(magnification: toprow, 3 100; bottomrow, 3 600). Representativeimagesof four independent experiments
areshown. Scalebars: top row, 200mm; bottomrow, 20mm.
(B) RelativemRNAexpression levelsof humanhemoglobin subunit b (HBB) inhumanmyeloid andCD235a+erythroid cellspurified from
BRGSKWv/Wv recipient bonemarrow. Thenumbersanderror barsindicatemean valuesandSEM, respectively (n =4 independent experi-
ments). Mast, mast cell; Eosino, eosinophil; Neutro, neutrophil; Mono, monocyte.
(C–E) 3D reconstructed images of whole-mount sternal bone marrow from BRGSKWv/Wv recipients stained with human CD71 (red),
mouse TER119 (yellow), VE-cadherin (white), and PECAM-1 (white) antibodies at 20 weeks after transplantation. Representative
imagesfromBRGSKWv/Wv recipientswith high erythroid chimerism(C) andwith intermediate erythroid chimerism(D) areshown. Scale
bars, 800mm. (E) Extended imagesof thesquarearea in (D). Datashown arerepresentativeof six independent experiments. Scalebar,
50mm.
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hCD41

hCD235a

To visualize the broad distribution of human erythroid

cells in BRGSKWv/Wv recipient bone marrow, we per-

formed three-dimensional (3D) confocal immunofluores-

cence imaging experimentsby using whole-mount tissues

of themouse sternum (Kunisaki et al., 2013) stained with

human CD71 and mouse TER119. Human hematopoiesis

was efficiently reconstituted, even in the sternal bone

marrow (Figure 6C). Interestingly, human and mouse

erythropoiesis appeared to form ‘‘erythroblastic islands’’

(Figure 6D). Either human CD71+ or mouse TER119+

erythroid cells formed colony-like structures around

the vascular network throughout the sternum, as visual-

ized by VE-cadherin/PECAM-1 staining; however, where

human CD71+ cells formed islands, mouse TER119+

islands did not co-exist, and vice versa (Figure 6E).

These resultssuggest that human erythroid reconstitution

is achieved by outcompeting host erythropoiesis for

putative ‘‘erythroid’’ niches in the bone marrow of

BRGSKWv/Wv mice.

SystemicDepletion of MacrophagesReleasesHuman

Erythrocytesand Platelets into theCirculation of

BRGSKWv/Wv Mice

In previoushuman-to-mousexenogeneic transplantation

models, circulating human erythrocytesor plateletswere

not usually observed (Chen et al., 2009; Rongvaux et al.,

A B

C

Figure5. Terminal Differentiation of Human ErythropoiesisandThrombopoiesis IsEnhanced in BRGSKWv/WvMice
Analysis of human erythroid and megakaryocyte reconstitution in the bone marrow from the right femur of BRGS, BRGSKWv/+, and
BRGSKWv/Wvmice.
(A) RepresentativeFACSplotsat 20weeksafter transplantation. Chimerismof erythroidcellswasanalyzedwithin thehumanandmouse
CD45 population. Platelets were analyzed within the Lin population, and scatter gates specific for the platelet fraction were set.
Numbersin FACSplotsindicatethepercentagesof gatedcells.
(B) Frequenciesof humanCD235+erythroidcellsandCD41+platelets. Openandclosedsymbolsrepresent femalesandmales, respectively
(n = 4–23miceper strain). Thenumbersand horizontal bars indicatemean values fromfour independent experiments in each strain.
*p<0.05, ***p<0.001.
(C) Morphology of CD71+CD235a proerythroblasts/basophilic erythroblasts, CD71+CD235a+ polychromatic to orthochromatic erythro-
blasts, and CD71 CD235a+ enucleated mature erythrocytes in a BRGSKWv/Wv recipient. Representative images of three independent
experimentsareshown. Scalebar, 10mm.
SeealsoFigureS3.
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ized by VE-cadherin/PECAM-1 staining; however, where

human CD71+ cells formed islands, mouse TER119+

islands did not co-exist, and vice versa (Figure 6E).

These resultssuggest that human erythroid reconstitution

is achieved by outcompeting host erythropoiesis for

putative ‘‘erythroid’’ niches in the bone marrow of

BRGSKWv/Wv mice.

SystemicDepletion of MacrophagesReleasesHuman

Erythrocytesand Platelets into theCirculation of

BRGSKWv/Wv Mice

In previoushuman-to-mousexenogeneic transplantation

models, circulating human erythrocytesor plateletswere

not usually observed (Chen et al., 2009; Rongvaux et al.,

A B

C

Figure5. Terminal Differentiation of Human ErythropoiesisandThrombopoiesis IsEnhanced in BRGSKWv/WvMice
Analysis of human erythroid and megakaryocyte reconstitution in the bone marrow from the right femur of BRGS, BRGSKWv/+, and
BRGSKWv/Wvmice.
(A) RepresentativeFACSplotsat 20weeksafter transplantation. Chimerismof erythroidcellswasanalyzedwithin thehumanandmouse
CD45 population. Platelets were analyzed within the Lin population, and scatter gates specific for the platelet fraction were set.
Numbersin FACSplotsindicatethepercentagesof gatedcells.
(B) Frequenciesof humanCD235+erythroidcellsandCD41+platelets. Openandclosedsymbolsrepresent femalesandmales, respectively
(n = 4–23miceper strain). Thenumbersand horizontal bars indicatemean values fromfour independent experiments in each strain.
*p<0.05, ***p<0.001.
(C) Morphology of CD71+CD235a proerythroblasts/basophilic erythroblasts, CD71+CD235a+ polychromatic to orthochromatic erythro-
blasts, and CD71 CD235a+ enucleated mature erythrocytes in a BRGSKWv/Wv recipient. Representative images of three independent
experimentsareshown. Scalebar, 10mm.
SeealsoFigureS3.
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