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Graft failure is a mortal complication in allogeneic bone mar- cumulation was found in the engrafted bone, which had the
row transplantation (BMT); T cells and natural killer cells are same H-2 phenotype as that of the BMCs, whereas only few
responsible for graft rejection. However, we have recently cells were detected in the engrafted bones of the third-party
demonstrated that the recruitment of donor-derived stromal H-2 phenotypes during the 4 to 6 weeks after BMT. More-
cells prevents graft failure in allogeneic BMT. This finding over, the BMCs obtained from the MHC-compatible bone
prompted us to examine whether a major histocompatibility showed significant numbers of both colony-forming units in
complex (MHC) restriction exists between hematopoietic culture (CFU-C) and spleen colony-forming units (CFU-S).
stem cells (HSCs) and stromal cells. We transplanted These findings strongly suggest that an MHC restriction ex-
bone marrow cells (BMCs) and bones obtained from ists between HSCs and stromal cells.
various mouse strains and analyzed the cells that accumu- q 1997 by The American Society of Hematology.
lated in the engrafted bones. Statistically significant cell ac-

4 to 6 weeks after receiving BMT plus bone grafts. The BMCs inW each engrafted femur were flushed out with RPMI-1640 medium
E HAVE demonstrated that allogeneic bone marrow
transplation (BMT) can be used to prevent or treat

containing 2% fetal bovine serum (FBS; Hyclone Laboratories, Lo-autoimmune disease in non-obese diabetic (NOD),1,2 (NZB
gan, UT) using a 1-mL syringe with a 26-gauge needle. The BMCs1 NZW)F1,3 BXSB,4 (NZW 1 BXSB)F1,5 KK-Ay,6 FGS,7
in the engrafted femurs were suspended in 1 mL RPMI-1640 mediumand MRL/lpr mice.8 MRL/lpr mice, which possess radiore-
containing 2% FBS. The cells were counted separately.

sistant abnormal hematopoietic stem cells (HSCs), show a Colony-forming unit assays. Colony-forming unit (CFU) assays
recurrence of autoimmune diseases within 5 months of con- were performed using cells in grafted and recipient bones as de-
ventional allogeneic BMT.3 However, we have recently scribed in Table 1. In vitro hematopoietic colony-forming assays of
found that the recurrence can be prevented by the trans- the BMCs in each engrafted femur were performed as previously

described.11 Duplicate methylcellulose cultures were set up usingplantation of both bone marrow cells (BMCs) and bones.8

35-mm petri dishes (FALCON 1008; Becton Dickinson Labware,The aim of bone grafts was to recruit donor-derived stromal
Lincoln Park, NJ). One milliliter of culture in each 35-mm dishcells that can effectively support the donor-derived HSCs.
contained an appropriate concentration of BMCs in engrafted fe-Using another chimeric resistant combination (DBA2 r
murs, 0.8% methylcellulose (4,000 cps; Nacalai Tesque, Kyoto, Ja-C57BL/6), we have also found that chimerism resistance
pan), 30% FBS, 1% deionized bovine serum albumin (BSA; Sigmacan be overcome by BMT plus bone grafts.9 These findings
Chemical, St Louis, MO), 5 1 1005 mol/L 2-mercaptoethanol, 2

suggest that donor-derived HSCs migrate into major histo- U erythropoietin (Connaught Lab, Willowdale, Canada), and 10%
compatibility complex (MHC)-matched engrafted bones, WEHI-3 culture supernatant (WEHI-3–conditioned medium [CM]:
where they proliferate under the influence of MHC-matched Collaborative Research, Bedford, MA) in Iscove’s modified Dulbec-
stromal cells. We therefore examined whether an MHC re- co’s medium (IMDM; GIBCO-BRL, Grand Island, NY); the erythro-

poietin was excluded for the CFU-granulocyte-macrophage (GM)striction exists between HSCs and stromal cells in vivo. In
assay. The dishes were incubated at 377C in a humidified atmospherethe present study, we show that an MHC restriction does,
with 5% CO2 in air. After 14 days in culture, the mixed hematopoi-indeed, exist.
etic colonies (CFU-GEMM), erythroid burst (burst-forming unit
[BFU]E), and granulocyte-macrophage colonies (CFU-GM) were

MATERIALS AND METHODS counted. To identify the CFU-GEMM, we used the criteria described
Mice. Female C57BL/6N(B6), BALB/c, C3H/HeN(C3H), C57BL/ by Powell et al.12

10, B.10D2, and B.10BR mice were purchased from Japan SLC CFU-spleen (S) assays were performed as previously described.13

(Hamamatsu, Japan) and DBA/1 mice from Charles River Japan
(Yokohama, Japan). All mice were used at the age of 8 to 9 weeks.

BMT and bone grafts. Recipient mice, having received lethal From the First Department of Pathology and the Third Depart-
ment of Internal Medicine, Kansai Medical University, Osaka,doses of irradiation 1 day before, were subcutaneously engrafted

with femurs from which the BMCs had been flushed out with a 23- Japan.
Submitted March 7, 1996; accepted August 5, 1996.gauge needle, as previously described.10 The radiation doses used

are listed in Table 1. The BMCs were collected by flushing them Supported in part by a grant for Experimental Models for Intracta-
ble Diseases from the Ministry of Health and Welfare of Japan, byout from the femurs and the tibias of the donor mice using 23-gauge

needles. The cell suspensions were prepared by repeated aspiration grants-in-aid for Scientific Research (02152117, 02670162,
03454177) from the Japanese Ministry of Education, Science andthrough the needle. We usually obtained 2 1 107 cells from one

femur of DBA/1, B6, or BALB/c mice, although a smaller number Culture, a grant-in-aid from the Osaka Cancer Research Associa-
tion, and the Research Aid of Inoue Foundation for Science.(á1.8 1 107 cells) was obtained from the C3H mice. These BMCs

were treated with anti-Thy1.2 monoclonal antibody (MoAb) (clone Address reprint requests to Susumu Ikehara, MD, PhD, First
Department of Pathology, Kansai Medical University, 10-15 Fumi-30H-12; American Type Culture Collection [ATCC], Rockville,

MD) plus rabbit complement (Pel-Freez, Brown Deer, WI) to deplete zono-cho, Moriguchi-city, Osaka 570, Japan.
The publication costs of this article were defrayed in part by pagethe T cells. The resultant cells were passed through Sephadex G10

(Pharmacia, Upssala, Sweden) columns twice to remove the macro- charge payment. This article must therefore be hereby marked
‘‘advertisement’’ in accordance with 18 U.S.C. section 1734 solely tophages and stromal cells. After the femurs had been engrafted, the

recipient mice were injected intravenously with 2 1 107 BMCs. All indicate this fact.
q 1997 by The American Society of Hematology.mice were maintained under specific pathogen-free conditions.

Preparation of BMCs in engrafted bones. The mice were killed 0006-4971/97/8901-0011$3.00/0
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Table 1. Mouse Combinations for BMT With Bone Grafts

Grafted Bones
Experiment Recipients No. of

No. (radiation) Donors Mice H-2b H-2d H-2k H-2q

1 DBA/1 (8.5 Gy) B6 7 B6 BALB/c C3H DBA/1
2 DBA/1 BALB/c 11 B6 BALB/c C3H DBA/1
3 DBA/1 C3H 4 B6 BALB/c C3H DBA/1
4 DBA/1 B10 7 B10 B10D2 B10BR DBA/1
5 DBA/1 B10BR 11 B10 B10D2 B10BR DBA/1
6 C3H (9.5 Gy) B6 3 B6 BALB/c C3H —
7 C3H BALB/c 9 B6 BALB/c C3H —
8 B6 (9.5 Gy) C3H 3 B6 BALB/c C3H
9 B6 BALB/c 16 B6 BALB/c C3H —

10 DBA/1 B10D2 2 B10 B10D2 — —
BALB/c
DBA/2

11 DBA/1* B6 3 B6 BALB/c C3H DBA/1
12 DBA/1* BALB/c 3 B6 BALB/c C3H DBA/1
13 DBA/1* C3H 4 B6 BALB/c C3H DBA/1

14 DBA/1 B6 4 B6† BALB/c† C3H† DBA/1†
15 DBA/1 BALB/c 4 B6† BALB/c† C3H† DBA/1†

* Recipient mice were injected with MoAbs (ascites) against CD4, CD8, and NK1.1.
† Bones were irradiated (8Gy) (Table 4).

Briefly, 24 hours before cell transfer, the recipient mice (H-2, identi- 1 104 cells at 8 weeks, then reached a plateau (755 1 104

cal to bone marrow donor) were irradiated from a 60Co source at a cells) at 16 weeks after transplantation, whereas the cell count
rate of 1 Gy/min. Appropriate numbers of BMCs collected from the in the H-2–mismatched B10D2 bone increased slightly (4.0
engrafted femurs were injected into the recipient mice to determine { 5.2 1 104 cells at 4 weeks, 0.7 { 1.2 1 104 cells at
the CFU-S counts. The mice were killed 14 days later, and their 8 weeks, and 65.0 { 72.1 1 104 cells at 16 weeks after
spleens were removed and fixed in Bouin’s solution. Visible surface

transplantation). As the next step, we examined the cell accu-colonies were counted. Irradiated mice that were not given cell
mulation in the engrafted bones in various combinations ofpreparations had fewer than one colony per spleen. For CFU-S
recipients, bone marrow donors, and engrafted bones, asassays, radiation doses used were less than those for BMT (as shown
shown in Table 1. Since we found differences in the accumu-in Table 1); 9.5 Gy r 8.5 Gy in recipients (C3H, B6, B10, B10BR

or B10D2) and 8.5 Gy r 7.5 Gy in the DBA/1 recipient; at these lated cell counts between H-2–matched bones and H-2–mis-
doses, no endogenous CFU-S count was observed. matched bones at 4 weeks after transplantation in the prelimi-

Reproducible results were obtained, and representative data are nary experiments, all recipient mice were killed and examined
therefore shown in the figures and tables. at 4 to 6 weeks after transplantation. We statistically analyzed

Treatment of recipient mice. To deplete T cells and natural killer the cell counts in the engrafted bones of each mouse using a
(NK) cells from the recipient mice, the mice that received BMT paired t-test. As shown in Fig 1, statistically significant cell
plus bone grafts were injected intraperitonealy with 0.5 mL of GK1.5

accumulation was found in the engrafted bones with the same(rat anti-mouse CD4) ascites (cytotoxic titer 1:10,000), 2.43 (rat
H-2 phenotype as that of the BMC donor, whereas few cellsanti-mouse CD8) ascites (cytotoxic titer 1:10,000), and PK136 (rat
had accumulated in the engrafted bones of the third-party H-2anti-mouse NK1.1) ascites, as previously reported (experiments 11,
phenotypes. Cell accumulation was also found in the engrafted12, and 13).11 To examine the effects of irradiation on the bone

marrow stromal cells, we first transplanted the bones, then irradiated bones of recipient H-2 phenotypes, but significantly less than
(8 Gy) the mice and reconstituted them with BMCs (experiments in the bones of the BM donor phenotypes.
14 and 15). To examine whether minor histocompatibility complexes

(minor HCs) such as Mls also have an effect on cell accumu-
RESULTS lation, B10D2(Mlsb, H-2d) BMCs plus bones from DBA/2

(Mlsa, H-2d), BALB/c (Mlsb, H-2d), and B10 (Mlsb, H-2b)Accumulation of hematopoietic cells in MHC-compatible
bones. We engrafted B10D2(H-2d) and B10BR(H-2k) bones mice were transplanted into the DBA/1 (Mlsa, H-2q) mice

(experiment 10 in Table 1). Significant numbers of cells hadunder the skin of DBA/1(H-2q) mice that had been lethally
irradiated and transplanted with B10BR BMCs. The hemato- accumulated in the DBA/2 bones (315 { 78 1 104 cells)

that were MHC-matched but Mls-mismatched, whereas onlypoietic reconstitution in the engrafted bones was sequentially
examined from 2 to 16 weeks after transplantation. Until 2 a few were found in the B10 bones (17 { 10 1 104 cells)

that were MHC-mismatched but had the same phenotype inweeks after transplantation, the cell counts in all engrafted
bones were the same. However, the cell count in the engrafted minor HCs.

We next examined the H-2 phenotypes of the cells thatB10BR bone, which is the same H-2 as the transplanted
BMCs, increased to 179 1 104 cells at 4 weeks and to 750 had accumulated in the engrafted bones. These cells showed
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MHC RESTRICTION BETWEEN HSCs AND STROMAL CELLS 51

Fig 1. Accumulation of BMCs in bone marrow donor bones. All
combinations of mice and engrafted bones are shown in Table 1. Cell
counts in each engrafted bone were made separately at 4 to 6 weeks
after BMT. Cell counts in bones from third-party mice are expressed
as the mean number of two engrafted bones. Individual mice are
shown by a line graph.
R

the MHC phenotypes of the transplanted BMCs; more than
99% of the cells in the engrafted bones were derived from
transplanted BMCs (data not shown).

Accumulation of progenitor cells in MHC-compatible
bones. To examine whether the cells that had accumulated
in the engrafted bones were progenitor cells, they were cul-
tured in methylcellulose. Since we obtained reproducible
results in experiments 1 to 9 (Table 1), the results of experi-
ment 1 ([B6 r DBA/1]), experiment 2 ([BALB/c r DBA/
1]), and Experiment 3 ([C3H r DBA/1]) are shown in Fig
2 as representative data. Significant numbers of cells with
CFU-GM activity were observed in the bones that were
MHC-matched, whereas only a few with CFU activity were
found in the MHC-incompatible third-party bones. In some
experiments (nos. 1, 2, and 4), we performed assays for
CFU-GEMM, CFU-GM, CFU-G, CFU-M, and BFU-E. Re-
sults from experiment 4 ([B10 r DBA/1]) are shown in
Table 2 as representative data. In all kinds of colony forma-
tion, the BM donor bones showed significant numbers of
CFUs (BFUs), in contrast to those of the third-party bones.
A more significant difference was recorded in numbers of
BFU-E and CFU-GEMM between the BM donor and third-
party bones.

Furthermore, to examine whether HSCs accumulate in
MHC-compatible engrafted bones, the accumulated BMCs
were again transferred into H-2–identical recipients. The
assay for day 14 CFU-S, which are thought to be derived
from pluripotent HSCs, was performed (experiments 1, 2, 3,
4, 6, and 7). The data in experiment 4 are shown in Fig 3

Fig 2. Accumulation of CFU-
GM in H-2–matched grafted
bones. Formation of CFU-GM
colonies in BMCs (per bone)
from each grafted bone was
evaluated 4 to 6 weeks after allo-
geneic BMT [B6 r DBA/1] ( ),
[BALB/c r DBA/1] ( ), and [C3H
r DBA/1] ( ) with bone grafts
(B6, BALB/c, C3H, and DBA/1).
Data are expressed as the mean
Ô SD of three to five mice. *P Ú
.05.
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Table 2. Accumulation of Hematopoietic Progenitor Cells in MHC-
Matched Grafted Bones

CFU-C/Grafted Bone
CFU-C

[B10 r DBA/1] B10 B10D2 B10BR DBA/1

CFU-M 1208.8 { 947.5 1.3 { 3.5 66.3 { 49.8 411.3 { 85.8
CFU-G 96.3 { 74.2 0.0 { 0.0 5.0 { 7.6 38.8 { 13.6
CFU-GM 243.8 { 126.8 1.3 { 3.5 3.8 { 7.4 81.3 { 40.2
BFU-E 62.5 { 45.6 0.0 { 0.0 0.0 { 0.0 25.0 { 17.7
CFU-GEMM 51.3 { 23.6 0.0 { 0.0 0.0 { 0.0 10.0 { 9.3

as representative data. The MHC-compatible bone contained
a significant number of cells with CFU-S day 14 activity,
whereas only few cells with CFU-S day 14 activity were
found in the bones of third-party origin.

Effects of T-cell and NK-cell depletion on MHC restric-
tion. There is a possibility that the lack of cell accumula-
tion in the third-party bones was due to graft rejection by
radioresistant host T cells and NK cells. To examine this
possibility, we depleted the NK cells and T cells from the
recipients by injecting them with anti-NK 1.1, anti-CD8, and
anti-CD4 MoAbs (experiments 11, 12, and 13 in Table 1).

Fig 3. Accumulation of CFU-S in H-2–matched grafted bones.We confirmed the complete depletion of CD4/ and CD8/
BMCs obtained from each grafted bone of [B10 r DBA/1] mice werefrom the peripheral blood by anti-CD8 and anti-CD4 MoAb
injected into irradiated (8.5 Gy) B10 mice. Mice were killed on day

treatment (data not shown), as previously described.11 After 12 and the colonies counted. Each bar represents mean Ô SD of three
the anti-NK1.1 MoAb treatment, NK activity (the specific mice. Representative data of four experiments are shown.
lysis to YAC-1 cells) in the normal B6 spleen decreased
from 21% to 4% at a target/effector ratio of 1:100. As shown
in Table 3, the number of cells that had accumulated in the found that stromal cells are quite radioresistant8; they can

survive even after 40 Gy of irradiation, but cannot prolifer-third-party bones increased more after the MoAbs treatment
than in the untreated recipients, suggesting that some im- ate. Since it is well known that engrafted bones supply a

stromal microenvironment for hematopoiesis8-10 and thatmune responses to the third-party MHC determinants had
been generated. Nevertheless, there was a significant differ- cell-to-cell interaction between stromal cells and pluripotent

HSCs is necessary for proliferation and differentiation ofence in the accumulation of cells with CFU-S between the
MHC-compatible bone and the third-party bones (CFU-S pluripotent HSCs,23 we attempted to determine whether radi-

ation injury of stromal cells exerts effects on the MHC re-data not shown) even after treatment with MoAbs.
In some experiments, to rule out the possibility of graft striction between HSCs and engrafted bones. As shown in

Table 4, the MHC restriction was abrogated by irradiation,rejection by T cells and NK cells remaining in the bones,
the bones were treated with MoAbs against CD4, CD8, and which hindered stromal cell generation. Since the bones of

BALB/c mice are generally thinner and softer than thoseNK1.1 plus complement before being grafted into irradiated
recipients. However, the MHC restriction was not affected of the three other strains examined, the stromal cells of

BALB/c bones are more sensitive to radiation than those of(data not shown).
Effects of bone radiation on MHC restriction. The radio- other mouse strains. The lower level of cell (CFU) accumula-

tion in the engrafted BALB/c bones in Table 4 seems tosensitivity of stromal cells in the bone marrow has long been
the subject of animated controversy.14-22 We have recently reflect this. These findings strongly suggest that stromal cells

Table 3. Accumulation of Hematopoietic Cells in MHC-Compatible Grafted Bones Even After Depletion of Host T Cells and NK Cells

No. of Cells in Grafted Bone
BM

Donor Recipient Treatment B6 BALB/c C3H DBA/1

B6 DBA/1 (/) 240.7 { 157.1*,† 54.2 { 63.3 14.6 { 19.2 83.1 { 67.6
B6 DBA/1 (0) 306.9 { 281.0 11.8 { 10.8 17.8 { 33.1 46.5 { 61.1
BALB/c DBA/1 (/) 53.0 { 51.7 219.5 { 115.4 61.2 { 45.0 38.3 { 35.3
BALB/c DBA/1 (0) 12.3 { 16.7 53.0 { 88.4 5.2 { 4.4 46.9 { 37.4
C3H DBA/1 (/) 107.7 { 54.3 47.3 { 49.0 139.0 { 23.3 27.0 { 2.8
C3H DBA/1 (0) 31.0 { 5.7 2.0 { 1.4 152.5 { 99.7 28.5 { 6.4

* Data are expressed as the mean { SE.
† Underlined values are the number of hematopoietic cells in grafted bones with the same MHC phenotype as the BMC.
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Table 4. Abrogation of MHC Restriction After Radiation

Grafted Bones From*

BM Donor Recipient Radiation B6 BALB/c C3H DBA/1

B6 DBA/1 (0) Cell counts (1 104) 248.0 { 231.3 28.3 { 29.1 13.0 { 15.4 43.6 { 45.6
CFU-GM 708 { 650 75 { 95 23 { 39 200 { 154

B6 DBA/1 (/) Cell counts (1 104) 16.0 { 16.2* 1.0 { 1.4 19.5 { 26.1 13.8 { 21.2
CFU-GM 108 { 85 2 { 3 123 { 119 170 { 214

Grafted bones were irradiated (8Gy) together with recipient mice before BMT.
* Data are expressed as the mean { SD.

are injured by as little as 8 Gy of irradiation functionally P-HSCs, we have also found that an MHC restriction does,
indeed, exist even in vitro between P-HSCs and stromal cells(from the aspect of MHC restriction).
(manuscript in preparation); P-HSCs show marked prolifera-

DISCUSSION tion when cocultured with MHC-compatible stromal cells,
but not with MHC-incompatible stromal cells. We are in theThere are several reports discussing the disadvantages of
process of clarifying the MHC restriction using this in vitroBMT across MHC barriers.24 Graft failure is one of the prob-
assay system.lems in allogeneic BMT. Recently, we have demonstrated

Recently, Heike et al32 have established a SCID-hu modelthat the recruitment of donor-derived stomal cells by bone
by coimplantation of a bone fragment and BMCs from angrafts effectively prevents graft failure.7-9 This finding sug-
adult human, which permits long-term human hematopoie-gests that graft failure may be due to an MHC restriction
sis. This supports our findings; the bone grafts replace thebetween the HSCs and the stromal microenvironment inde-
host stroma with donor-derived stromal cells, which in turnpendent of immunologic rejection. We have previously re-
support the engraftment and repopulation of the donor HSCs.ported that the bone from which the BMCs are flushed out

In conclusion, we have demonstrated using a new in vivodoes not contain HSCs, but retains stromal cells.10 Based on
method that an MHC restriction exists between HSCs andthese findings, we attempted to examine by bone grafting
stromal cells. We are in the process of clarifying the mecha-whether an MHC restriction exists between HSCs and stro-
nism underlying the ‘‘recognition’’ between HSCs and stro-mal cells in vivo. In this study, we have obtained the follow-
mal cells.ing results: (1) donor-derived BMCs (particularly HSCs) ac-

cumulate in bones of the same H-2 type; (2) comparing
ACKNOWLEDGMENTnumerous histocompatibility complexes, differences in the

MHCs (but not minor HCs) are responsible for the restric- The authors thank Yuki Matsui and Yoshiko Shinno for expert
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the manuscript.immunologic reactions such as host-versus graft reaction or
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