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TRANSPLANTATION

Simultaneous bone marrow and intestine transplantation promotes
marrow-derived hematopoietic stem cell engraftment and chimerism

Atsunori Nakao, Hideyoshi Toyokawa, Kei Kimizuka, Michael A. Nalesnik, Isao Nozaki, Robert J. Bailey, Anthony J. Demetris,

Thomas E. Starzl, and Noriko Murase

Organ allografts have been shown to pro-
vide a syngeneic microenvironment for
organ-based donor hematopoietic stem
cells to maintain long-lasting chimerism
after transplantation. We hypothesized
that organ allografts would also support
engraftment and hematopoiesis of adjunc-
tively infused donor marrow stem cells,
syngeneic to organ grafts, in nonmyelo-
ablated recipients. in BN-to-LEW and GFP-
to-ACl rat combinations, donor bone mar-
row (BM) infusion together with small
intestine transplantation (SITx) under
short-course tacrolimus immunosuppres-
sion resulted in persistent macrochimer-

ism (more than 5%) for 150 days. In con-
trast, after BM infusion or SITx alone,
chimerism was temporary and disap-
peared by day 100. Y-chromosome poly-
merase chain reaction (PCR) in sex-
mismatched male BM plus female
intestine or female BM plus male intestine
transplantation into female recipients sug-
gested that persistent macrochimerism
was derived from infused BM. BM infu-
sion together with lymphoid-depleted in-
testine grafts also supported macrochi-
merism development; however, third-
party intestine grafts did not. After GFP-
positive BM plus wild-type (WT) SITx into

ACI, large numbers of GFP-positive leuko-
cytes were found in WT intestine grafts.
Isolated cells from WT intestine grafts
developed GFP-positive CFU-Cs and
propagated multilineage GFP-positive leu-
kocytes when adoptively transferred into
lethally irradiated WT recipients. These
findings suggest that intestine allograft
supports simultaneously infused donor
(syngeneic to organ grafts) marrow stem
cell engraftment, differentiation, and per-
sistence of chimerism. (Blood. 2006;108:
1413-1420)

© 2006 by The American Society of Hematology

Introduction

Long-lasting microchimerism was found in organ allograft recipi-
ents treated with conventional immunosuppression in clinical and
experimental studies.!> The longevity (decades in humans) and
multilincage features of persisting donor leukocytes in organ
allograft recipients suggest the presence of hematopoietic stem
cells in organ allografts and their proliferation/ditterentiation after
transplantation.* This finding is consistent with recent numerous
reports demonstrating that stem cells are present in multiple adult
tissues: however, the identification, behavior, and characterization
of the specitic stem cells inadult tissues outside of the bone marrow
(BM) have not been established.>¢

Apart from microchimerism associated with organ transplanta-
tion. the establishment of hematopoietic (macro)chimerism has
been long known to associate with stable donor-specific immuno-
logic tolerance.™ and the creation of hematopoietic chimera using
donor marrow stem cells has been an attractive approach in the
ticld of organ transplantation to obtain drug-free allograft accep-
tance.” ' Because this procedure requires the repopulation of the
hematopoictic stem cell compartment with infused donor marrow
cells after host myeloablative conditioning, the engraftment of
donor stem cells into host marrow microenvironment is the crucial
clement in success of the strategy. In this regard, the marrow
microenvironment. recognized as “niches.” has important roles by
providing a proximate relationship of stem cells with stroma cells
and extracellular matrix.'>!3 Previous experiments demonstrated

that transplantation of the microenvironment together with marrow
stem cells permitted stable marrow stem cell engrafiment without a
recipient conditioning regimen: bone fragments under the kidney
capsule, vascularized bone grafts as a part of composite hind limb,
or vascularized sternum grafts resulted in stable hematopoietic
chimerism.'*'® The comparable finding in organ transplantation is
that the organ allograft parenchyma provides a syngencic microen-
vironment for organ-based hematopoietic stem cells for the mainte-
nance of multilineage chimerism after solid organ transplantation.'”

Considering the significance of the relationship between stem
cells and the microenvironment, we hypothesized that organ
allografts would provide a syngeneic microenvironment not only
for the organ-based donor stem cells but also to adjunctively
infused donor marrow cells. Accordingly. using a small intestine
transplantation (SITx) model, this study examined the roles of
allograft parenchyma in supporting the engraftment of simulta-
neously infused allogeneic marrow hematopoietic stem cells. The
results demonstrated that the cngraftment was negligible when
allogeneic marrow cclls were infused alone into noncytoablated
recipients under the coverage of tacrolimus immunosuppression;
however, donor marrow stem cell engraftment and persistent
multilineage macrochimerism were achieved when donor BM was
infused together with intestine allografts. Simultaneously infused
donor marrow stem cells preferably engratted into intestine grafts.
The study suggests that the presence of intestine allografts supports
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the engraftment of allogeneic marrow hematopoietic stem cells into
major histocompatibility complex (MHC)-matched microenviron-
ment of intestine grafts.

Materials and methods

Animals

Green fluorescent protein (GFP)-transgenic and wild-type (WT) Sprague
Dawley (SD) rats originally generated by Dr Masaru Okabe (University of
Osaka. Japan)'®2? were obtained from Japan SLC (Hamamatsu. Japan). The
expression of GFP was under the control of the cytomegalovirus enhancer
and the chicken B-actin promoter derived trom an expression vector,
PCAGGS. ™ Inbred BN (RTI™, LEW (RT1'). and ACT (RTI%) rats
weighing 180 to 250 g were purchased from Harlan Sprague Dawley
(Indianapolis. IN). All animals were maintained in a laminar flow animal
facility at the University of Pittsburgh and fed with a standard diet ad
libitum. All procedures in this experiment were performed according to the
guidelines of the Council on Animal Care at the University of Pittsburgh
and the National Research Council’s Guide for the Humane Care and Use of
Laboratory Animals.

Transplantation procedures

Orthotopic SITx with caval drainage was performed as previously de-
scribed.” The donor small intestine from the ligament of Treitz to the
ileocecal valve was isolated on a vascular pedicle consisting of the portal
vein and of the superior mesenteric artery in continuity with a segment of
aorta. The graft was perfused via the aortic segment with 5 mL chilled
lactated Ringer solution. and the intestinal lumen was irrigated with 20 mL
cold saline solution containing 0.5% neomycin sulfate (Sigma, St Louis,
MOy The entire recipient intestine, including gut-associated lymphoid
tissue (GALT). was removed and end-to-side anastomoses between the
graft aorta and the recipient infrarenal aorta and between the graft portal
veinand host vena cava were performed. Enteric continuity was restored
by proximal and distal end-to-end intestinal anastomoses. All recipient
animuls were given 20 mg/d prophylactic cetamandole nafate for 3
postoperative days.

Bone marrow isolation and infusion

Unfractionated BM cells were obtained by flushing the tibias and femurs.
Cells were processed with RPMI 1640: supplemented with 25 mM HEPES,
2 M t-glutamine. 50 pg/ml. gentamicin, and 10% fetal bovine serum (all
from Life Technologies, Grand Island. NY); and then passed through nylon
mesh to separate the remaining connective tissue fragments.*? Trypan blue
exclusion testing uniformly showed more than 95% cell viability. A total of
2.5 ¥ 10% viable cells were intravenously injected into the recipient via the

jugular or penile vein. 2223

Reagents and procedures

Tacrolimus (TAC) (Astellas Pharma. Tokyo, Japan) was administered
intramuscularly with a daily dosage of 1.0 mg/kg on day 0 to day 13 with
additional single doses on day 20 and day 27.%% Rabbit anti-rat lymphocyte
serum (ALS) (Accurate Chemical & Scientific, Westbury. NY) was
intraperitoneally injected for 3 days with a daily dose of 1.0 mL. This dose
of ALS ettectively decreased circulating T cells to less than 5%.%* Ex vivo
irradiation of the harvested intestine graft (9.5 Gy) in cold lactate Ringer
solution in a 50 mL Falcon tube was performed using a '37Cs source
(Gammacell 1000 Etite; Nordion International, Kanata. ON, Canada).??

Flow cytometry

Atfinity-purified biotinylated rat monoclonal antibodies (mAbs) 163 (rat
1¢G2b) and 42 (rat 1eG2a) were used to detect RTIA' (MHC class [) on
LEW and RTIA" antigens on BN. respectively.®> Phycoerythin (PE)-
conjugated streptavidin (PharMingen. San Diego, CA) was used as a
secondary antibody. Lineages of leukocytes were analyzed with fluorescent-
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conjugated mAbs R7.3 (afTCR; PharMingen), anti-rat IgM (Organon
Teknika, Durham, NC), OX33 (CD45RA, B cells; PharMingen), NK3.2.3
(NKR-P1, natural killer [NK] cells; PharMingen), EDI (macrophages
CD68; Serotec, Kidlington, Oxford, United Kingdom), ED2 (macrophage
CD163; Serotec), and OX42 (CD1 Ib; Serotec). The samples were fixed in
paraformaldehyde and analyzed on a Coulter Elite ESP (Coulter. Miami.
FL). Isotype-matched nonspecific antibodies were used for the control.

Routine histopathology and immunohistopathology

Formalin-fixed tissues were embedded in paraffin, sectioned at 4 pm. and
stained with hematoxylin and eosin. The slides were blindly reviewed by
one of the authors (M.A.N.) without knowledge of experimental groups.
The degree of epithelial injury of intestine allografts was determined by the
frequency of apoptosis in crypt epithelial cells. The numbers of lymphoid
nodules and Peyer patches (PPs) in the intestine were counted and
expressed as the number per section. The presence of mesenteric tibrosis in
mesenteric lymph nodes (MLNs) and severity of mesenteric arteriopathy
were graded as 0 (none), | (mild), and 2 (severe).

Cryosections were stained with immunofluorescent technique using
OX27 (1:200: Serotec) that recognized BN. but not LEW, MHC class |
antigens. Double staining was with OX27 followed by PE-conjugated
anti-mouse IgG and FITC-conjugated anti-rat IgM. To detect GFP-positive
cells in tissues, samples were obtained by perfusing animals via the
abdominal aorta with phosphate-buffered saline (PBS) followed with 2%
paraformaldehyde in PBS. Tissue samples were stored in 2% paraformalde-
hyde for several hours at 4°C, cryoprotected in 2.3 M sucrose in PBS
overnight, embedded in OCT compound, and frozen in liquid nitrogen—
cooled isopentane. Samples were cut into 6-um sections, nuclear DNA
stained with Hoechst dye (bisbenzimide). and visualized with an Olympus
BX51 epitluorescence microscope (Malvern, NY) ecquipped with an
Olympus MagnaFire™ CCD camera (Goleta. CA) and interfaced with
MagnaFire image software. GFP-positive cells were counted per 500 nuclei
in 8 to 10 high-power fields (HPF) in each section. and the result was
expressed as the percentage of GFP-positive cells.

Real-time PCR

Real-time polymerase chain reaction (PCR) for sex-determining region of
Y chromosome (SRY) gene was used to determine the concentration of
male cells in the sample. Genomic DNA of peripheral blood mononuclear
cells (PBMCs) and recipient tissues were prepared using QIAamp kit
(Qiagen, Chatsworth. CA) as described by the manufacturer. PCR reaction
mixture was prepired using SYBR green PCR master mix (Perkin Elmer.
Foster City, CA) using the primers of AAGTCAAGCGCCCCATGA
(sense) and TGAGCCAACTTGTGCCTCTCT (antisense).”?7 The reac-
tions were performed using an ABI7000 Prism Sequence Detection System
(Perkin Elmer). The thermal cycler was configured as the following:
incubation (95°C. 10 minutes). 40 cycles of denaturation (95°C. 15
seconds). and annealing and extension (60°C. 60 seconds). The standard
curves for the presence of SRY were prepared by mixing male and female
DNA in various proportions (100%, 20%. 4%. 0.8%, 0.16%). Each run
consisted of standard and a negative control without template.

CFU-C assay

Leukocytes from MLNs were isolated by injecting RPMI 1640 into MLNs
and by filtration through nylon mesh. Lymphocytes in PPs were obtained as
previously described.” Briefly, after the mucosal layer of the intestine was
disrupted. PPs were excised: cut into small pieces; digested in a water bath
for 30 minutes at 37°C with RPMI 1640 containing 0.05% collagenase
(type B: Boehringer Mannheim, Mannheim. Germany), 2% FBS. 10 mM
HEPES, and 50 pg/mL gentamicin (Lite Technologies): and passed through
nylon mesh to separate the remaining connective tissue fragments from
leukocyte fraction. Isolated cells were washed twice with RPMI 1640
containing 5% FBS and further purified by centrifugation over Ficoll-Paque
(specific gravity. 1.077: Amersham Biosciences, Uppsala. Sweden). The
interface was collected and washed twice with RPMI 1640 containing
5% FBS.
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Isolated leukocytes from MLNs and PPs were resuspended in Iscove
madified Dulbecco medium with 2% FBS (2% IMDM) (StemCell Technolo-
gies. Vancouver, BC. Canada). The cells (1.5 X 10%) in 0.1 mL of 2%
IMDM were mixed with 1.0 mL methylcellulose-based media in the
presence of stem cell factor. GM-CSF, and 1L-3 (MethoCult, StemCell
Technologies). A total suspension volume of 1.1 ml. was plated in a 35-mm
dish. These dishes were placed in 150-mm dishes with 3 to 4 mL sterile
water for humidity and incubated at 37°C with 5% COa and at least 95%
humidity. At 10 days of culturing, colonies (more than 30 cells per
aggregate) were counted as CFU-C counts by inverted microscope and an
Olympus SZX 12 fluorescence dissecting microscope for confirmation of
GFP-positive colonies.

Statistical analysis

All data in this study were expressed as mean = SD. Results of flow
cytometry and histopathology were analyzed by [-way analysis of variance
(ANOVA) und the Fisher projected least significance difference (PLSD)
test. A P value of less than .05 was considered to be significant.

Results

Development of macrochimerism with simultaneous BM
and intestine transplantation

LEW recipients received the intestine, BM. or intestine plus BM
from fully allogeneic BN donors under short-course TAC immuno-
suppression, and the percentages of donor cells in the peripheral
blood were sequentially studied by flow cytometry. In recipicnts of
SITx alone. donor cells during the first week after SITx were a
mean of 9.9% . However, they gradually decreased and disappeared
by day 120. After BM infusion alone, donor cells slowly increased
and reached 5.0% = 1.3% during the second month. Thereatter,
chimerism was not maintained. and donor cells disappeared by day
90. In contrast, when BM was infused together with SITx, higher
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levels of donor cells (10% to 15%) were detected early after SITx,
and stable blood chimerism more than 5% was maintained for more
than 150 days (Figure 1A).

Numbers of donor cells in recipient spleen at day 150 correlated
well with peripheral blood chimerism levels. No donor cells were
found in the recipient spleen atter BM or SITx alone, while
multilineage donor cells (2% to 8%) were found in the spleens of
simultaneous BM plus SITx recipients. The multilineage teature of
macrochimerism at day 150 suggests the engraftment of donor
stem cells in recipients of BM plus SITx. Interestingly, B cells were
a predominant population among donor cells (Figure 1B-C).
Immunohistochemistry of the spleen confirmed abundant OX27-
positive donor B cells in the splenic B-cell follicles of simultaneous
BM plus SITx recipients (Figure 1D).

Intestine allografts are chronic rejection—free and maintain
donor leukocytes when BM and intestine
are simultaneously transplanted

Histopathologic analysis of allografts at day 150 revealed the
development of chronic rejection (CR), including the depletion of
lymphoid components and fibrotic changes of GALT, and the
presence of arteritis, when the intestine was transplanted alone
(Table 1). In accordance with our previous studies,”>* these
changes were completely prevented in intestine allografts with
simultanecous BM infusion. The numbers of PPs and lymphoid
nodules in intestine grafts of SITx plus BM recipients were similar
to those seen in normal intestine, and there was no fibrosis or
arteritis in graft MLNs with simultaneous BM infusion.

To investigate levels of chimerism in intestine allografts,
single-cell suspension was prepared from graft MLNs. Because of
the severe fibrosis of graft MLNs in the SITx-alone group. the
numbers of lymphocytes recovered from graft MLLNs were not
sufficient for flow cytometric analysis. In contrast. graft MLNs in
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Figure 1. Development of multilineage chimerism after simultaneous BM plus SITx, but not after BM infusion or SITx alone, in BN-to-LEW combination under
short-course TAC immunosuppression. (A) Flow cytometric analysis of blood chimerism with mAbs for donor MHC class . Transplantation of intestine alone (n = 10)
showed an early high-level chimerism at day 14. Donor cells gradually decreased and disappeared at day 120. After BM cell injection alone (n = 6), donor cells gradually
increased with a peak (2% to 6%) at day 40, slowly decreased, and became undetectable by day 90. On the contrary, when BM and intestine were transplanted together
(n - 12), augmented macrochimerism (3% to 10%) was maintained for 150 days. *P < .05 versus BM or SiTx alone. (B) B-cell-dominant multifineage chimerism was seenin
both host spleen and intestinal graft MLNs 150 days after BM infusion plus SITx. Donor celis were not identified in recipients of BM or SITx alone; n = 3 to 7 for each group.
‘P < .05 versus BM or SITx alone. N/D indicates not detected; N/A, not applicable. (C) Representative flow cytometry of the blood taken at day 150 from 1 of the recipients of
BM plus intestine transplantation. Result demonstrates multiineage macrochimerism, including donor T, B, and NK cells and macrophages. (D) Double fluorescent
immunohistochemical staining of host spleen with OX27 (BN MHC class |, red) and anti-rat IgM (B cell, green). Abundant OX27-positive donor cells were found in the B-cell
area of the spleen at day 150 after BM infusion plus SITx but not after SITx alone (40x/0.75 numeric aperture [NA] oil-immersion objection). Images are representative of 3
animals per group.
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Table 1. Histopathologic changes of intestine allografts

BLOOD, 15 AUGUST 2006 - VOLUME 108, NUMBER 4

Allograft histopathology

Intestine MLNs
Blood No. of lymphoid
No. of chimerism,  No. of apoptosis No. of PPs nodules per Fibrosis Arteritis
Transplant recipients day 150, % per 10 crypts per section section grade grade
Normal intestine 4 NA 05 =06 0.30 + 0.50 1.65 * 0.42 0 0
Intestine alone 10 0 20+11 0.03 = 0.06 0.56 = 0.50 1.00 = 1.07 0.20 = 0.42
Intestine and BM 12 42 + 3.8* 12+05 0.28 > 0.21* 1.24 £ 0.47 0* [0
Irradiated intestine alone 5 0 1.8+08 0.02 = 0.02 0.48 = 0.32 1.80 = 0.83 0.20 * 0.45
Intestine from ALS-pretreated donor alone 7 Q 20=x1.2 0.02 £ 0.05 0.84 + 0.46 0.86 + 0.70 0.14 + 0.24
Irradiated intestine and BM 8 1.9 = 1.0 1.3+08 0.19 + 0.16" 1.00 = 0.36 0" 0"
Intestine from ALS-pretreated donor and BM " 5.0 £ 3.0 21+05 0.20 = 0.14" 1.12 = 058 0* [0

BN-to-LEW SITx under TAC 1.0 mg/kg on days 0-13, 20, and 27 after SITx. Data represent mean = SD.

NA indicates not applicable.
‘P - .05 versus intestine alone (1-way ANOVA and Fisher PLSD).

the SITx plus BM group were well populated. and flow cytometry
showed a total 0f 9.3% = (.76% donor cells. including donor T. B.
and NK cells (Figure 1B).

Origin of macrochimerism after simultaneous intestine
and BM transplantation

After we observed that infusion of allogencic BM with SITx in
noncytoablated recipients resulted in persistent macrochimerism,
we next determined whether chimeric donor cells in these recipi-
ents were derived from the intestine or BM graft using sex-
mismatched transplantation. In these experiments, female LEW
recipients received either male BN intestine plus female BN BM or
female BN intestine plus male BN BM. Using flow cytometry.
female LEW recipients ol sex-mismatched BN intestine and BM
grafts were contirmed to have the similar levels of macrochimerism
at day 150 as seen in male recipients. Levels of chimerism derived
from male grafts were determined using quantitative real-time PCR
for SRY. When male intestine and female BM were transplanted,
male DNA was detected carly after transplantation and disappeared
by 90 days. while flow cytometry detected 3.9% *+ 2.0% donor
cells at day 150 (Figure 2A). On the contrary, after transplantation
of male BM and female intestine. the male DNA concentration
gradually increased and became nearly equal to the level of
chimerism detected with flow cytometry by day 150. These results
indicate that most chimeric donor cells found early after simulta-
neous intestine and BM transplantation were from intestine allo-
grafts. In contrast. BM-derived donor cells gradually increased
with time, and donor chimeric cells in the blood at day 150 were
largely from the infused BM (Figure 2A-B).

BM-derived cells distribute into intestine grafts as well as
recipient lymphoid tissues

Distribution of BM-derived BN donor cells in various LEW
recipient tissues at day 150 after simultaneous female intestine plus
malc BM transplantation was analyzed by PCR for SRY. BM-
derived male signals were mainly found in graft (female) GALT,
including PPs and MLNs. Host spleen also had male signals. On
the other hand. very few male signals were detected in host
nonlymphoid organs. such as the liver. heart, and tonguc. BM
contained mostly progenitors with small numbers of mature cells,
and recipient BM showed less than 1% donor BM-derived male
signals at day 150 (Figure 20).

Depletion of intestine graft passenger leukocyte does not
prevent macrochimerism development

To investigate whether GALT leukocytes in intestine grafts play
roles in developing macrochimerism after SITx plus marrow
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Figure 2. Origin of donor cells in peripheral blood after BN-to-LEW BM plus
intestine transplantation. (A) Peripheral blood chimerism in female recipients of
male BM plus female intestine or female BM plus male intestine grafts was anatyzed
by flow cytometry (BN MHC class ) and quantitative real-time Y-chromosome PCR.
Results demonstrated that most donor cells in the blood at 7 days after transplanta-
tion consisted of passenger leukocytes from intestine allografts. However, intestine
graft-derived cells disappear by day 90. In contrast, BM-derived donor cells gradually
increased, and almost all donor cells were of infused BM origin at day 90 and day 150;
n = 3 to 4 for each group. {B) PCR analysis of PBMCs with primers for SRY at day
150. When female BN intestine and male BN BM were transplanted into female LEW
recipients, male DNA band was identified. On the other hand, transplantation of male
intestine and female BM resulted in undetectable SRY band in the blood at day 150,
while flow cytometry detected 3.9% donor cells, suggesting that macrochimeric donor
cells at day 150 were mainly derived from infused donor BM cells. Blot is
representative of 2 independent experiments from 3 to 4 rats per group. (C) Real-time
PCR analysis for SRY in various female LEW host organs at day 150 after female BN
intestine and male BN BM transplantation. Male DNA derived from BN BM was mainly
found in graft GALT (PP and MLN), cervical lymph node (CLN), and host spleen (Sp).
Very few infused BM-derived cells were found in host heart (Ht), liver (Liv), tongue
(Ton), or bone marrow (BM); n = 3 for each group.
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Figure 3. Sequential blood chimerism after BM infu- A
sion with leukocyte-depleted intestine grafts. (A)
Donor BN cells in LEW recipients of leukocyte-depleted
intestine grafts without donor BM infusion became unde-
tectable by day 120. (B) In contrast, donor BM infusion
together with transplantation of leukocyte-depleted intes-
tine grafts resulted in persistent macrochimerism. ALS
indicates donor ALS pretreatment for 3 days (1.0 mL; day
—3to —1); Rad, ex vivo 9.5 Gy graft irradiation. *P < .05
versus naive SITx (without lymphoid depletion}; 8P < .05
versus corresponding group without donor BM at the
same time point.
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infusion, we next examined sequential changes of blood chimerism
after BM infusion and SITx when intestine lcukocytes were
climinated by donor ALS pretreatment or ex vivo graft irradia-
tion.>*** Early chimerism was significantly reduced after transplan-
tation of leukocyte-eliminated intestine  grafts alone
(0.15% = 0.01% with ex vivo graft irradiation and 2.75% = 0.85%
with ALS donor pretreatinent) compared with those of nondepleted
intestine grafts (9.94% = 0.99%). In all recipients without BM
infusion, donor cells quickly disappeared (Figure 3A). When BM
was infused together with leukocyte-depleted intestine grafts, early
chimerism levels were low; however, donor cells gradually in-
creased, and macrochimerism was maintained with 1.4% to 11.5%
at day 150 (Figure 3B). Histopathologically, leukocyte-depleted
intestine grafts also were chronic rejection—free when BM was
simultancously infused (Table 1).

GFP BM cells induce macrochimerism when a syngeneic
intestine graft is simultaneously transplanted

To further confirm the engraftment of BM-derived stem cells
and to determine the site of engrattment, we next cmployed BM
plus SITx experiments using GFP transgenic rats. GFP BM was
infused into fully allogeneic ACI rats with or without WT
intestine grafts under brief TAC immunosuppression. Sequential
Tow cytometric analysis of GFP-positive cells in host blood
samples confirmed the finding in the BN-to-LEW combination
model that GFP-positive-infused BM-derived cells gradually
increased in recipients and maintained levels above 5% for more
than 120 days when BM was infused simultaneously with SITx.
After GFP BM infusion or GFP SITx alone, GFP-positive cells
were only temporarily seen in the blood and stable macrochimer-
ism was not established (Figure 4).

Further, stable long-term macrochimerism was achieved only
when BM cells and simultaneously transplanted intestine grafts
were syngenceic, because GFP BM infusion together with third-

BM (GFP) SITx (GFP)

AT 120 an A
days after transplantation

SITx (GFP) BM (GFP)
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party intestine (BN) did not maintain stable macrochimerism. The
result suggested that syngeneic intestine graft supported the
engraftment of simultancously infused marrow stem cells and the
development of macrochimerism (Figure 4).

Infused BM-derived GFP-positive cells repopulate intestine
grafts and host secondary lymphoid organs

In animals with stable blood macrochimerism at day 120 after GFP
BM plus WT SITx, GFP-positive cells were detected by flow
cytometry at similar levels (about 5%) in graft GALT (eg, MLNs,
PPs) of WT intestine graft as well as host spleen and lymph nodes
(Figure 5A). However, GFP-positive cells were remarkably less in
host bone marrow and thymus. Location of GFP-positive cells was
studied with fluorescent microscopic analysis, and results revealed
a homogencous distribution of GFP-positive cells in the graft
lymphoid organs. Few GFP-positive BM-derived cells were seen in
the recipient liver. heart, or BM, probably due to less frequency of
mature leukocytes in these tissues (Figure 5B-C).

Infused marrow-derived stem cells engraft into simultaneously
transplanted intestine grafts, which are syngeneic to stem cells

Based on the findings that infused BM-derived multilineage
macrochimerism was maintained for more than 150 days when the
intestine graft (syngeneic to marrow cells) was simultaneously
transplanted, we hypothesized that marrow-derived donor hemato-
poietic stem cells engrafted into the syngencic microenvironment
provided by intestine grafts for differentiation. To investigate this
possibility, we conducted in vitro and in vivo assays to detect
infused marrow-derived hematopoietic stem cells in intestine
grafts. At day 120 after GFP BM and WT intestine grafts were
transplanted into ACI rat recipients under brief TAC immunosup-
pression, lcukocytes were obtained from GALT of WT graft
intestine as well as host BM. When BM cells taken from ACI

SITx (WT) BM (GFP)

SITx (BN) BM (GFP)

B0 120

Figure 4. Sequential blood chimerism of ACI recipients after transplantation of GFP, WT, or BN (third-party) intestine plus GFP-positive BM under TAC
immunosuppression. Similar to results of BN-to-LEW SiTx experiments, donor-derived GFP-positive cells gradually decreased with time in recipients that received
GFP-positive BM or GFP-positive SITx alone. Transplantation of GFP-positive intestine and GFP-positive BM resulted in stable macrochimerism for 120 days. Stable long-term
macrochimerism was also achieved when WT intestine graft and GFP-positive BM were transplanted together. However, cotransplantation of third-party intestine (BN) and
GFP-positive BM did not result in a long-lasting macrochimerism. " < .05 versus BM or SITx alone; n = 410 13.
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Figure 5. Distribution of BM-derived GFP-positive cells after GFP-positive BM
plus WT intestine transplantation. (A) Flow cytometric analysis of lymphoid organs
in recipients of WT intestine plus GFP-positive BM at day 120. From 4% to 6% of
GFP-positive cells were seen in the mesenteric lymph nodes (MLN) and Peyer
patches (PP) of WT intestine grafts. Host spleen (sp), cervical lymph nodes (CLN),
and blood also showed similar levels of macrochimerism. On the other hand, there
were few GFP-positive cells in recipient BM and thymus (Thy); n = 4 to 5. (B)
Fluorescent microscopic analysis of various organs in the recipients of WT intestine
plus GFP-positive BM at day 120. Numerous GFP-positive cells were seen in graft
MLNs and PPs as well as host spleen. Only few GFP-positive BM-derived cells were
identified in recipient liver (Liv), heart (Ht), or BM. Blue indicates nuclear stain;
40-/0.75 NA oil-immersion objective was used. (C) Percentages of GFP-positive
cells. GFP-positive positive cells were counted in the section and expressed as the
percentage to the number of nucleus.

recipients were cultured in a methyleellulose-based culture system
for CFU-C assay. about 150 colonies per 1.5 X 10° cells were
developed. However, there were very few GFP-positive colonies
(1.1 = 0.32 per 1.5 X 10° cells), and most of the colonies were
GFP negative. In contrast, when isolated cells from PPs and MLNs
of WT grafts were cultured for CFU-C assay. most of the developed
colonics were GFP positive (more than 90%) with frequencies of
6.5 = 4.1 and 0.9 = 0.1 per 1.5 X 107 cells, respectively. Although
total CFU-C counts of GALT leukocytes were low compared with
those of BM cells, GALT of transplanted intestine tended to have
more CFU-Cs than naive WT intestine (Figure 6). Neverthcless, the
frequency of GFP-positive colonies remained at a similar low level
in both host bone marrow and graft GALT. In vitro propagated
colonies were mostly composed of ED2-positive macrophages,
and negative stain with mAb R7.3 (afTCR) excluded the
possibility that the colonies were due to mixed lymphocyte
rcactions (data not shown).

To further confirm the engraftment of marrow-derived GFP-
positive stem cells into intestine grafts, GALT leukocytes were
obtained from WT graft after GFP BM plus WT intestine transplan-
tation. Isolated cells were adoptively transterred into lethally (9.5
Gy whole body irradiation. 'Y7Cs Gammacell 40) irradiated WT
animals together with naive WT BM cells (2 X 10° per animal).
Flow cytometric analysis of peripheral blood was performed at day
100 to evaluate whether GFP-positive stem cells in WT intestine
erafts propagated in these animals. When host BM cells (120 days
after GFP-positive BM plus WT SITx) were transferred into
irradiated WT recipients, 1.1% £ 0.8% GFP-positive cells were
found in the peripheral blood. Transfer of cells trom WT intestine
graft MLNs and PPs resulted in 5.9% * 0.4% GFP-positive cells,
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while cells from naive GFP rat MLNs and PPs resulted in
0.8% * 0.9% GFP-positive cells (Table 2). Propagated GFP-
positive cells included T cells, B cells, and monocytes/macro-
phages. Although some GFP-positive T cells could be long-lived T
cells that were originally adoptively transferred, multilineage
hematopoietic reconstitution in secondary recipients suggests the
engraftment of GFP-positive hematopoietic stem cells in GALT of
WT intestine grafts transplanted simultaneously with GFP-positive
BM (Figure 7).

Discussion

The current study demonstrated sustained macrochimerism for
more than 150 days in noncytoablated but conventionally immuno-
suppressed rat recipients of simultaneous BM and intestine trans-
plantation. Macrochimerism was only seen when both marrow and
intestine were transplanted together and either graft alone failed to
develop persistent macrochimerism. Further analyses of in vivo
propagation and in vitro CFU formation of cells isolated trom
intestine grafts proved the presence of infused marrow hematopoi-
etic stem cells in simultaneously transplanted intestine allografts
(syngeneic to marrow stem cells) for at least 150 days. The
development of macrochimerism was not hindered with the
depletion of leukocytes from the GALT of intestine allografts.
Thus, the study suggests that the intestinal graft parenchyma plays

clnes
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Figure 6. Colony-forming unit in culture (CFU-C) assay of isolated cells from
WT intestine grafts cotransplanted with GFP-positive BM. (A-B) Naive GFP-
positive BM formed more than 300 colonies per 1.5 X 105 cells, and all of them were
GFP positive under fluorescent microscopy. (C-D) BM cells taken from the recipient of
WT intestine plus GFP-positive BM formed comparable numbers of colonies as
normal ACI animals, but very few GFP-positive colonies were found despite stable
macrochimerism. (E-F) Cells isolated from PPs and MLNs of WT intestine grafts
transplanted with GFP-positive BM developed GFP-positive colonies with a fre-
quency of 2to 6 per 1.5 X 105 cells. CFU-Cs of cells isolated from naive WT intestinal
PPs and MLNs were 1 to 3 per 1.5 X 105 cells. (G) Mean numbers of colonies per
1.5 X 10% cells (n = 3). Panels A, C, and E are under an inverted microscope; B, D,
and F are under an Olympus SZX12 fluorescence dissecting microscope with
magnification wheel set at 7, insets at 30 X. Sf indicates small intestine.
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Table 2. Propagation of GFP-positive cells after adoptive transfer of cells isolated from intestine grafts into lethally irradiated WT recipients

No. of % GFP-positive cells
Source and number of celis transferred recipients Survival, d in the blood, day 100
Without additional BM cells
None 5 8,9 11,11,12 NA
Naive GFP BM, 2 x 108 2 - 100 > 96
Naive WT BM, 2 « 108 2 > 100 0
ACl host BM 100 d after transplantation of WT 3 > 100 1108
intestine and GFP BM, 2 x 10°
With 2 x 10 WT BM cells
Naive GFP MLNs and/or PPs, 10 x 108 - 100 0.8+0.9
WT graft MLNs and/or PPs 100 d after transplantation 3 > 100 59*+04

of WT intestine and GFP BM, 8 X 106to 12.4 ~ 108

Data represent mean = SD.
NA indicates not applicable.

roles in infused marrow stem cell engraftment and subsequent
donor-type hematopoiesis.

Marrow or blood stem cells are known to home and lodge in the
bone marrow for differentiation. Previous dogma has indicated that
the space needs to be created in the bone marrow using myclotoxic
procedures for infused stem cells to engraft. However, marrow
stem cells could engraft and maintain long-term chimerism in
immunocompetent syngeneic recipients without any myclotoxic
procedure,'* quggesting that there probably are open bone
marrow niches available tor infused stem cells. Without immuno-
logic barriers. frequency of engraftment is shown to correlate with
the number of infused stem cells competing with the number of
host stem cells. Myelotoxic therapy in syngeneic recipients has
been thus suggested to play beneficial roles in eliminating the host
stem cells and increasing the competitive ratios of infused stem
cells over host cells to home and engraft.™ On the other hand,
engraftment of allogencic marrow stem cells into host bone
marrow of nonmyeloablated recipients is extremely limited. Al-
though the primary role of conditioning remains controversial,
higher rates of initial engraftment failure of MHC-mismatched
allogencic stem cells. compared with MHC-identical or syngeneic
stem cells. indicate that considerable immunologic barrier exists
for the engraftment of infused aflogeneic marrow cells into the
marrow microenvironment. In fact. numbers of studies showed
increased allogeneic marrow stem cell engraftment by inhibiting
alloreactivity using CD4 " and CD8* T-cell depletion, cytoxan, and
costimulatory blockade without profound myeloablation.% 113435
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Figure 7. Propagation of BM-derived GFP-positive cells engrafted in the graft
GALT. Lethally irradiated WT rats were adoptively transferred with cells isolated from
GALT of WT intestine grafts simultaneously transplanted with GFP-positive BM. Flow
cytometric analysis of peripheral blood was performed 100 days after irradiation and
transfer. After adoptive transfer of cells isolated from MLNs and PPs of naive GFP
rats, a GFP-positive population was not identified. On the other hand, multilineage
GFP-positive cells including T, B, and monocytes/macrophages (about 6%) were
detected after infusion of cells from WT intestine grafts transplanted with GFP-
positive BM at day 120. Pictures are representative of 3 different animals of each
group.

Thus, allogencic marrow stem cell engraftment into the host
marrow microenvironment is a complicated task influenced by the
degree of MHC disparity, quality and quantity of stem celis,
immunosuppression or pretransplantation conditioning regimens,
and alloimmune reactivity. An additional potentially critical factor
is MHC disparity between donor stem cells and the host marrow
microenvironment. To clarify whether an MHC restriction exists
between stem cells and the marrow microenvironment. several in
vivo and in vitro experiments examinc the engraftment and
differentiation of stem cells with MHC-matched or -mismatched
stromal cells.*37 Although in clinical practice of bone marrow
transplantation the significance of a syngencic marrow microenvi-
ronment for the infused stem cells is uncertain, these experimental
studies demonstrate the increased numbers of infused hematopoi-
etic progenitor cells in an MHC-matched microenvironment and
suggest the existence of an MHC restriction between marrow stem
cells and supporting microenvironment.

Hematopoietic stem cells have been long known to exist outside
of bone marrow in the adult life.**¥3 Recent studies reveal that
mesenchymal stem cells also are present in a variety of tissues
besides in the bone marrow.**#! Although exact rofes of stem cells
outside bone marrow in normal and disease conditions are not
elucidated. these studies indicate that adult extra-bone marrow
tissues are capable of providing microenvironment for stem cells.
Infused marrow stem cells in this study engraft into both the
allogeneic marrow environment and syngeneic extra-marrow envi-
ronment (intestine graft). Considering that marrow is the primary
site of stem cell engraftment, although the number is low, a
relatively higher frequency of infused marrow-derived GFP-
positive CFU-Cs in graft PPs and MLNs than host bone marrow
(6.5 4.1 and 0.9 £ 0.1 versus 1.1 = 0.3 colonies per | X 10°
cells. respectively) at day 120 suggests that intestinal graft microen-
vironment is suitable for marrow stem cell engraftment. Although
the study did not analyze earlier time points, early enhanced
chimerism in the bone marrow plus intestine transplantation group
compared with intestine or bone marrow alone transplantation
group might suggest the migration and temporary engraftment of
donor hematopoietic stem cells in the host bone marrow during the
carly posttransplantation period.

Transplantation-induced early graft injury might result in the
local production of growth factors and cytokines/chemokines, and
such milieus could facilitate the homing of infused stem cells.
However, third-party intestine grafts in this study failed to support
macrochimerism development, indicating that the intestine graft
syngeneic to infused bone marrow, but not the soluble factor, is
crucial for marrow stem cell engraftment into intestine grafts in
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noncytoablated recipients. Thus. the preferential migration of
infused marrow stem cells toward syngeneic intestine grafts might
suggest the advantage of an MHC-identical microenvironment.

In summary, this study demonstrates that infused allogeneic
marrow cells induce macrochimerism when an intestine graft is
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simultancously transplanted. Although macrochimerism after simul-
taneous transplantation of BM and intestine tended to decrease
over the prolonged period ot 12 months, persistence of macrochi-

merism for a significantly prolonged time after transplantation

ecules, and other molecules (eg, extracellular matrix proteins).
However, the biology of hematopoietic stem cell engraftment into
BM niches remains largely unknown. Although further studies are
certainly required, data in this study provide new information in
understanding the behavior of marrow stem cells.

1242

indicates active roles of intestine allografts in supporting the

engraftment of infused marrow stem cells that are syngeneic to
intestine grafts. By using molecular and innovative tools, recent
extensive cfforts significantly advanced the understanding of
hematopoictic stem cell behavior, growth factors, adhesion mol-
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