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Abstract Immunocompromised mouse models have been extensively used to assess human cell implantation for
evaluation of cytotherapy, gene therapy and tissue engineering strategies, as thesemice are deficient in T and B lymphoid
cells. However, the innate immune response and its effect on human cell xenotransplantation in these mouse models are
mainly unknown. The aim of this study is to characterise the myeloid populations in the spleen and blood of CB17 scid
beige (CB17 sb) mice, and to study the inflammatory cell responses to xenogeneic implantation of enhanced green
fluorescent protein (GFP)-labelled human bonemarrow fibroblastic (HBMF) cells into CB17 sbmice. The results indicate
that even though CB17 sb mice are deficient in B- and T-cells, they exhibit some increases in their monocyte (Mo),
macrophage (MF) and neutrophil (Neu) populations. NK cell and eosinophil populations show no differences compared
with wild-type Balb/C mice. An innate immune response, identified by CR3 (CD11b/CD18)-positive myeloid
inflammatory cells and F4/80-positive macrophages, was evident in the tissues where HBMF cells were implanted. As
a consequence, the majority of implanted HBMF cells were eliminated by 4 weeks after implantation. Interestingly, the
mineralised matrix formed by osteogenic HBMF cells was also eroded by multinuclear MF-like giant cells. We conclude
that CB17 sb mice retain active innate immune cells, which respond to HBMF cell xenotransplantation. This study
highlights the importanceof the innate immune cells in the anti-xenograft response and suggests that strategies to block the
activities of these cells may ameliorate the progressive long-term elimination of xenotransplants. J. Cell. Biochem. 98:
966–980, 2006. � 2006 Wiley-Liss, Inc.
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Human bone marrow fibroblastic (HBMF)
cells or mesenchymal stem cells (MSCs) are a
nonhaematopoietic adherent cell population
that can be isolated by direct cultivation of
whole bonemarrow cells [Pittenger et al., 1999].
This cell population and its osteogenic potential
were first identified by Friedenstein in the early
70s [Friedenstein et al., 1970]. Owen [1988]
introduced the concept of the stromal cell
system, in which bone marrow fibroblastic
cells, such as those that reside within the
marrow, maintain a level of self-renewal, and
give rise to cells that can differentiate into
various connective tissue lineages. Suggestions
have been given to design cell therapies for the
reconstruction of mesenchymal tissues, includ-
ing bone, cartilage, muscle, marrow stroma,
tendon, fat, dermis and connective tissues using
MSCs [Caplan, 1994]. Recently, MSCs have
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been studied extensively in terms of their
identification, differentiation and distribution
[Liechty et al., 2000; Triffitt et al., 2001;Niyibizi
et al., 2004]. In particular, their potential for
bone formation and their use in bone tissue
engineering, gene therapy [Tsuda et al., 2003]
and clinical applications are under active
investigation.
It is currently widely accepted that for cell

therapy autogenousMSCs are preferable. How-
ever, allogeneic MSCs are also applied systemi-
cally in vivo [Lee et al., 2003]. Adult MSCs have
been suggested to decrease lymphocyte prolif-
eration in vitro [Gotherstrom et al., 2003] and
may even have a potent immunosuppressive
effect in vivo [Le Blanc et al., 2004]. Thus this
phenomenon suggests MSCs may have poten-
tially wide clinical applications. Allografts in
experimental animals have been used to recon-
struct bone defects without the use of immuno-
suppressive therapy [Arinzeh et al., 2003].
However, marrow stromal progenitors rein-
fused in patients receiving a T-cell-depleted
allograft have a limited capacity to reconstitute
marrowmesenchymal cells [Cilloni et al., 2000].
It has been found that MSCs isolated from
recipients of allogeneic transplantation are not
of donor genotype despite successful donor type
haematopoietic engraftment [Koc et al., 1999].
Whether this is due to an unsuitable environ-
ment or to host immune responses to MSCs and
related therapies is unknown.
In order to obtain reliable models to evaluate

MSC therapies, immunocompromised mice,
such as CB17 scid beige or severe combined
immunodeficient (SCID) mice have been used
extensively. SCID background mice are used to
host human cells and provide valuable tools to
investigate their potential for human cell
therapy, gene therapy and tissue engineering
applications [Lee et al., 2001; Gronthos et al.,
2003]. This is because SCID background mice
lack functional T- and B-cells as a result of a
defective recombinase system necessary for
rearrangement of antigen-specific receptors
[Schuler et al., 1986].
It has been proposed that mesenchymal stem

cells have unique immunologic characteristics
that allow persistence in a xenogeneic environ-
ment [Liechty et al., 2000]. However, the
survival of human cells, in particular human
bone marrow fibroblastic (HBMF) cells, in
immunocompromised mice remains limited
and only persists short-term [Toma et al.,

2002]. By systematic delivery of retroviral
transfected HBMF cells encoding human inter-
leukin 3 (hIL3) in vivo into NOD/SCID mice, it
has been shown that the peak of hIL-3 expres-
sion demonstrated in host serum is at 1 week
then decreases over time [Lee et al., 2001].
Pretreatment of SCID mice with radiation
before xenotransplantation of human bone and
subsequent administration of anti-asialo GM1
antiserum every 7 days to deplete mouse
macrophageandnatural killer (NK) cell activity
led to xenogeneic human bone survival with
new bone formation [Boynton et al., 1996]. This
implies that the innate immune system, con-
sisting predominantly of polymorphonuclear
leukocytes, monocytes (Mo)/macrophages (MF)
andNKcells,maybe responsible for elimination
of human cell implants in immunocompromised
mice [Fox et al., 2001].

Our previous work indicated that encoura-
ging stem and progenitor cells to progress
towards osteogenesis by prolonged dexametha-
sone treatment resulted in the greatest bone
formation within diffusion chambers (DCs) or
scaffolds [Gundle et al., 1995]. However, direct
grafts of human cells alone into immunocom-
promised or cortisone-treated animals has also
been used with some success to assess the
developmental capability of the grafted cells
[Yamamoto et al., 1991]. In the present studies
it was considered that, (a) to encourage any
continuation of the bone tissue formation
induced by osteogenic culture following implan-
tation in vivo and (b) to assess the potential for
any remaining immune cell responses to the
human products alone, the most appropriate
scaffold to induce further development was the
extracellular matrix produced by the cells
themselves in similar confluent layers. Further-
more, freshly scraped mouse marrow stromal
cell lines directly inoculated subcutaneously
into nude mice have been shown to exhibit
osteogenic activity and after 4 weeks appreci-
able bone tissue can be observed [Matsumoto
et al., 2005].

Xenografts, like allografts, are presumed to
elicit cell-mediated immune responses result-
ing in chronic rejection [Platt, 1999]. Antibody-
dependent adaptive immune responses to
xenografts are dominated by B- and T-lympho-
cytes and their clinical significance has been
investigated extensively. In contrast, relatively
little attention has been paid to the pro-
inflammatory role of innate immunity on donor
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cell survival and differentiation [Fox and Har-
rison, 2000].

CB17 SCID/beige (CB17 sb) mice are derived
from CB17 scid (no T- and B-cells) and B6 bg
mice (no NK activity) and are doubly homo-
zygous for scid and beige (bg) [Froidevaux and
Loor, 1991]. Mice with both of these immuno-
deficiencies should be better recipients for
xenografts than classical scid mice [Froidevaux
and Loor, 1991]. Lacking B- and T-cells as well
as having a defect in NK cell activity makes the
CB17 sb mouse strain an ideal model for the
study of host innate immune responses to
implanted HBMF cells and the effects of this
on donor cell survival, differentiation potential
and function. Previous experiments in our
laboratory have shown that implantation of
HBMF cells and/or polymer materials in non-
obese diabetic/severe combined immunodefi-
cient (NOD/SCID) mice induced recruitment of
neutrophils, monocytes, macrophages, genera-
tion of foreign body giant cells and mast cell
infiltration for up to 8 weeks in vivo [Xia et al.,
2004]. However, little is known about the
remaining host innate immune responses to
HBMF cells in CB17 sb mice. Recently, a rapid
ex vivo identification of myeloid cells has been
developed that makes it possible to analyse
the characteristics of monocytes/macrophages,
neutrophils, eosinophils andnatural killer (NK)
cells [Taylor et al., 2003]. The aim of the current
study was to characterise the populations of
innate immune cells in spleen and blood and
their distribution in tissues after xenogeneic
implantation of HBMF cells into CB17 bg mice.
The potential role of macrophages in elimina-
tion ofHBMFcells and theirmineralisedmatrix
is also investigated. As reported, CB17 sb mice
are deficient in T- and B-cells, but they have
normal or increasednumbers of neutrophils,Mo
and MF compared with wild-type BalbnC mice.
Mo/MF as well as CR3-positive cells infiltrate
tissue sites containing HBMF cells. We have
also observed F4/80 (a marker of macrophages)
and CR3 (the receptor for the complement
component, CR3/CD11b) positive cells eroding
ectopicmineralisedmatrix formedby implanted
HBMF cells.

MATERIALS AND METHODS

Cell Culture and Retroviral Transfection

Primary human bone marrow fibroblastic
(HBMF) cell cultureswere prepared as described

previously [Oreffo et al., 1999]. In brief, trabe-
cular bone samples were obtained from haema-
tologically normal patients undergoing routine
total hip replacement surgery. Only tissue that
would have been discarded was used, with the
approval of the local hospital management
committee. Trabecular bone containing bone
marrow was gently crushed in aMEM (Gibco
BRL, Invitrogen Ltd., Paisley, UK), the tissue
repeatedly vortexed (Vortex-GENIE. K-550-GE,
Scientific Industries, Inc., UK) and the resultant
cell suspension filtered through a 70 mm cell
strainer (Falcon, Fahrenheit, Milton Keynes,
UK) to obtain a single-cell suspension. Cells were
then centrifuged and resuspended in aMEM
before seeding at a density of 1–2� 105 cells/
cm2 for culture in 10% fetal calf serum (FCS)
aMEM.

PrimaryHBMF cellswere transduced using a
modified retroviral pseudotype of the murine
leukemia virus,MuLV 4073, containing a retro-
viral vector encoding enhanced green fluores-
cent protein (eGFP) and Neor genes (kindly
suppliedbyOxfordBiomedicaPlc.,Oxford,UK).
ConcentratedMuLV 4073 were diluted 1:200 in
20% FCS aMEM containing 4 mg/ml polybrene
(Sigma, Sigma-Aldrich Company Ltd., Dorset,
UK) to transduceHBMF cells 6 h/day for 3 days.
Culture medium containing retroviral vectors
was replaced by normal culture medium (10%
FCS in aMEM) after each of the three viral
transductions [Xia et al., 2005].

In the experiments described, the cells were
used after two to four passages. All culture
medium contained penicillin 100 U/ml and
streptomycin 100 mg/ml (final concentrations),
and cultures were maintained at 378C in a
humidified atmosphere of 5% CO2 in air in a
commercial incubator.

Animal Model and In Vivo Implantation
of HBMF Cells

Allmice used in this studywere between 6 and
10weeks of age.Balb/C andCB17 scid beigemice
were purchased from the Biomedical Services,
University of Oxford. Animals were maintained
and handled in accordance with strict institu-
tional and UK Home Office guidelines.

To screen for innate immune cell markers,
three Balb/C mice were used as wild-type
controls. CB17 scid beige mice, three controls
and six obtained after HBMF cell implantation
were used for FACSanalysis of blood and spleen
and immunohistochemistry of spleen and tibia.
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For implantation, GFP-labelled HBMF cells
were cultured in aMEM containing 10% FCS
for up to 7 days to allow cell proliferation to
confluence, before the culture medium was
switched to osteogenic medium, consisting of
10% FCS in aMEMwith supplements of 10�8 M
dexamethasone and 100 mM L-ascorbic acid-2-
phosphate to induce osteogenic differentiation.
Cultures were continued for 10 days and media
replaced every 3–5 days. After matrix forma-
tion was observed by light microscopy, the cells
were washed twice in PBS, and the cell sheets
detachedwith a disposable cell scraper. The cell
sheet was collected in a centrifuge tube, cen-
trifuged at 250g and resuspended in ice cold
PBS. The estimated cell number per T175
culture flask was 2� 106 as determined by cell
counting. Thirty-six CB17 sb mice were ran-
domly divided into two groups and under
general anaesthesia the anterior tibialismuscle
was surgically separated from the tibial surface.
In the treatment group, a pellet of HBMF
(1� 106) cells was implanted between the tibia
and the anterior tibialis muscle. Sham operated
mice served as controls without cell implanta-
tion. One, 2 and 4 weeks post-operatively, six
mice in each group were killed and tissue
samples were either immediately embedded in
Cryo-M-bed, (Bright Instrument Company
Ltd., UK) on dry ice for cryosectioning, or frozen
in liquid nitrogen and stored at �808C for
isolation of total RNA for RT-PCR analysis.

FACS Analysis

Splenocytes were harvested by standard
methods using a combination of digestion
with ‘‘Liberase Blendzyme II’’ in RPMI (Roche
Molecular Biochemicals, East Sussex, UK) and
mechanical dissociation [Taylor et al., 2003].
Enzyme activity was quenchedwithRPMI: 20%

FCS, erythrocytes lysed with Gey’s hypotonic
solution and cell debris removed by centrifuga-
tion through 100% FCS at 300g.

Peripheral blood was collected by exanguina-
tion by cardiac puncture following cervical
dislocation into 0.1 volume of 100 mM EDTA,
pH 8.0. Cells were harvested by centrifugation
and resuspended in 50 volumes ofGey’s solution
to lyse erythrocytes. Peripheral blood leuko-
cytes were then recovered by centrifugation
through FCS as described above.

FACS analysis of surface antigen expression
was performed according to conventional pro-
tocols at 48Cin thepresence of 2mMNaN3.Cells
were blocked with 5% heat-inactivated rabbit
serum; 0.5%BSA; 5mMEDTA, and10mg/ml 2.4
G2 (anti-FcgRII and III) prior to the addition of
primary antibodies. Biotinylated antibodies
were detected using streptavidin–allophyco-
cyanin (BD Pharmingen, Oxford, UK). Cells
were fixed with 1% formaldehyde in PBS prior
to analysis on a BD FACScalibur with Cell
Quest software.

The following antibodies (Table I) were used
in this study: F4/80-PE (Serotec),Gr-1-PE (anti-
Ly6C/G; BD Pharmingen), 5C6-FITC (Serotec;
anti-CR3/CD11b), CD3, B220, CD49b, 2A11
(Serotec; anti-Dectin-1) and isotype matched
control antibodies.

Histochemistry, Immunohistochemistry,
Histomorphometry and Microscopy

The frozen undecalcified tissue samples were
cryosectioned (Reichert-Jung Cryostat 2800,
Cambridge Instruments Ltd., Cambridge, UK)
and mounted on glass slides. After air drying
the sections were stored at �208C before
staining. Tartrate resistant acid phosphatase
(TRAP) activity was detected by using an acid
phosphatase kit (Sigma-Aldrich Company Ltd.)

TABLE I. Antibodies Used in This Study

Antibody Target Specificity Supplier References

FA11 Macrosialin/CD68 MF, DC Serotec Rabinowitz and Gordon [1991]
F4/80 F4/80/Emr1 Mo, MF, eosinophils, DC Serotec Hume et al. [1984]
SER4 Sialoadhesin (Sn) MF Dr. P. Crocker Crocker et al. [1991]
5D3 Mannose receptor (MR) MF, select endothelia Serotec Linehan et al. [1999];

Martinez-Pomares et al. [2003]
5C6 CR3/CD11b Mo, MF, MNGC, OC,

neutrophils and NK cells
Serotec Rosen and Gordon [1987]

RA3-6B2 CD45R Early Pro-B to mature B cells,
some activated T-cells

BD Pharmingen Domiati-Saad et al. [1993]

17A2 CD3 molecular complex T-cells BD Pharmingen Ferrini et al. [1989]
RB6-8C5 anti-Gr-1 (Ly6G/C) Neutrophils, Mo, MF,

eosinophils and subset of T-cells
BD Pharmingen Hestdal et al. [1991]

DX5 CD49b integrin a2 subunit CD4þ T-cells, IEL, NK cells BD Pharmingen Arase et al. [2001]
2A11 Dectin-1 Mo, MF neutrophils, DC Serotec Taylor et al. [2002]
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according to the manufacturer’s instructions.
For F4/80, Sn (Ser4), CR3 (5C6), macrosialin
(FA11), MR (5D3), CD3, B220 (Table I) and
mouse-anti-human vimentin immunohisto-
chemistry, ABC kits were used (Vector Labora-
tories Ltd., Peterborough, UK) and the
processing was as follows, according to the
manufacturer’s instructions with slight modifi-
cations: Sectionswere thawed and dried at 378C
for 1 h, fixed in 10% buffered formaldehyde
(0.1 M PBS, pH 7.2), washed in 0.1% Triton X-
100 inPBS5min three times, incubated at room
temperature in normal serum 30 min, primary
antibody 60 min, secondary antibody 30 min,
ABC 30 min and in substrate DAB (peroxidase
kit) for 2–5 min or 15 min in fast red (alkaline
phosphatase kit). Sections were washed three
times in PBS for 5 min between all steps. To
inhibit the activities of endogenous enzymes,
the sections were quenched in 1 mM sodium
azide, 0.18% (w/v) glucose, 0.4 ml/ml glucose
oxidase (Sigma-Aldrich Company Ltd.) in 0.1M
PBS (pH 7.2) at 378C after fixation for perox-
idase labelling, or pre-incubated in 50 mM
levamisole (Sigma) in Tris-HCl buffer (pH 8.2)
for 15 min, then reacted with AP substrate
mixture with 50 mM levamisole. Sections were
examined by light microscopy (Zeiss Axioplan;
Carl Zeiss Ltd., Oberkochen, Germany).

For histomorphometry, the microscopic
images from immunohistochemical staining
were scanned by a JVC KY-F55BE 3-CCD
colour video camera (Victor Company of Japan
Ltd., Tokyo, Japan). At each time point (day 7,
14 and 28), six samples, three control and three
with HBMF cell implantation were chosen for
analysis. For total GFP-positive cell area, three
sections from different levels from each mouse
were scanned at a magnification 25�. To
determine CR3 and F4/80 positive cell areas,
at a magnification 400�, two sections from
different levels and five fields per section
between the tibia and anterior tibialis muscle,
where sham operation or HBMF cell implanta-
tion was performed, were randomly selected.
Any calcified tissue, either callus or ectopic bone
was excluded from analysis to avoid interfer-
ence of calcified tissue staining on determina-
tion of DAB colour. The DAB stained colour
threshold was defined and the areas of all
positively stained cells automatically measured
using image analysis software OPTIMAS ver-
sion 5.2 (Optimas Corporation, Kent, UK). The
area is expressed as the area of positively

stained cells within the area of imaged tissue
(mm2/mm2).

RNA Extraction and RT-PCR

Cell and tissue samples were snap frozen in
liquid nitrogen and stored at �808C until
required. Tissues were ground under liquid
nitrogen using a pestle and mortar and both
DNA and total RNA extracted using a Qiagen
RNA/DNA kit (Qiagen, Crawley, UK) according
to the manufacturer’s protocol.

One microgram total RNA was used for the
synthesis of cDNA.The reactionwas carried out
at 428C for 50 min in a total volume of 20 ml,
containing 0.5 mg oligo (dT)12–18 primer, 1 mM
each of dATP, dCTP, dGTP and dTTP, 1� first-
strand buffer (50 mM Tris-HCl, 75 mM KCl,
3mMMgCl2, pH 8.3) 10mMDTT and 200 units
SuperscriptTM II reverse transcriptase (all from
Invitrogen, Renfrew, UK). The reaction was
stopped by heating to 708C for 15 min and the
volume diluted to 200 ml.

Twenty microlitres aliquots from the above
mixture were used for PCR. The PCR reaction
was performed in a 25 ml mix of 1� PCR buffer
(20 mM Tris-HCl, 50 mM KCl, pH 8.4), 1.5 mM
MgCl2, 0.2 mM dNTPs, appropriate primers at
0.2 mM and 0.5 units Platinum1 Taq DNA
polymerase. Amplification reactions specific for
the following cDNAs were carried out: Alkaline
phosphatase (bone/liver/kidney isoform; AP),
osteocalcin (OC), osteopontin (OP), collagen
type I (ColI), green fluorescent protein (GFP),
Cbfa1/RunX2 and glyceraldehyde phosphate
dehydrogenase (GAPDH). Amplification pro-
files were as follows: AP—948C for 30 s, 558C
for 30 s, 728C for 30 sand38 cycles;OCandOP—
948C for 30 s, 558C for 30 s, 728C for 30 s and 36
cycles; ColI—948C for 30 s, 558C for 30 s, 728C
for 30 s and 32 cycles; GFP—948C for 30 s, 558C
for 30 s, 728C for 1 min and 40 cycles; Cbfa1/
RunX2—948Cfor30s, 588Cfor30 s, 728Cfor30s
and 36 cycles; GAPDH—948C for 30 s, 558C for
30 s, 728C for 30 s and 28 cycles. PCR products
were visualised by electrophoresis in a 1%
agarose gel containing ethidium bromide at
0.05 mg/ml.

Primer sequences, product sizes andGenBank
numbers are listed in Table II.

Statistics

Data are presented as mean� standard error
and evaluated by Student’s t-test in Microsoft
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Excel. Statistical significance was set at
P< 0.05.

RESULTS

Myeloid Markers of CB17 Scid Beige Mice

To screen innate immune cell populations, we
used FACS analysis to detect myeloid cell
markers (summarised in Table I) in the spleen
and blood of CB17 sbmice and wild-type Balb/C
mice. The results are shown in Tables III and IV
and supplemental Figure 1.
There were no significant differences in the

cell numbers recovered from the spleens of
the two strains of mice. Among the isolated
cells, the percentage of B- and T-cell numbers in
CB17 sb mice was much lower (P< 0.001)
compared with wild-type Balb/C mice, but the
recovery of monocytes and red pulp macro-
phages was three- and five-fold higher respec-
tively than those in wild-type Balb/C mice
(P< 0.01 and P< 0.05 respectively).
FACS analysis of myeloid cell markers in

peripheral blood cells of CB17 sb mice and wild-
type Balb/C mice is shown in Table IV. There
were no significant differences in cell numbers
recovered from peripheral blood in the two
strains of mice. Within the isolated cells, the
percentages ofB- andT-cell numbers inCB17 sb
mice were lower than those in wild-type Balb/C
mice (P< 0.001 and P< 0.05 respectively). The
percentage of neutrophils and monocytes, how-
ever, was two- and three-fold higher respec-
tively than in wild-type Balb/C mice (P< 0.01
and P< 0.05 respectively).
The myeloid markers in CB17 sb mice,

detected using immunohistochemical techni-
ques in the spleen, 3weeks after shamoperation
or implantation of HBMF cells in the anterior
tibialis muscle, are shown in Figure 1. CD68
(FA11), F4/80, sialoadhesin (Sn), mannose
receptor (MR) and complement receptor 3

(CR3) are positive in spleens and in the wound
area between the tibia and the anterior tibialis
muscle of sham operated mice and in the
anterior tibialis muscle whereHBMF cells were
implanted. CD3 and B220 staining was very
weak in the spleen. However, positive staining
of CD3 and B220 could be observed at the site of
HBMF cell implantation and some weaker
staining could also be seen at sham operated
sites.

Elimination of Implanted HBMF Cells

The implanted HBMF cell pellets were
approximately 2 mm3 in size. In cryosections
of harvested samples, implanted HBMF cells
showed green eGFP fluorescence, which could
be easily detected by fluorescence microscopy,
and the area of human cell implantation
measured using Optimas 5.0 software.

The results showed that the areas of eGFP-
labelled HBMF cells declined sharply from day
7–28 after implantation (Fig. 2A).

RT-PCR of eGFP message from isolated total
RNA from the tissue demonstrated the decline
of eGFP expression (Fig. 2B). In parallel with
the decline of eGFP expression, the levels of
expression of two specific markers of osteogenic
differentiation, Cbfa1 and osteocalcin, also fell
dramatically from day 7–14 and were not
detectable by day 28 (Fig. 2B).

After initial osteogenic differentiation fol-
lowed by maintenance in aMEM containing
2%FCS in vitrowith regular passaging for up to
5 months, the HBMF cells exhibited no loss of
eGFP expression (Fig. 3a) and formed bone-like
nodules in vitro (Fig. 3b).

Inflammatory Cell Infiltration into HBMF Cell
Implanted Tissue

One week after sham operation or HBMF cell
implantation, reaction callus formation was
observed on the tibial surface toward the

TABLE II. Primers for RT-PCR

Primers Sequences
Product
size (bp)

GenBank
accession
number

Position of
primer in
sequence

GAPDH sense 50-CGTGGAAGGACTCATGACC-30 446 XM_006959 585/1031
antisense 50-CCAAATTCGTTGTCATACCAG-30

Cbfa1/RunX2 sense 50-GCCCGTGGCCTTCAAGGTG-30 466 NM_001024630 618/1084
antisense 50-GTGCCTGCCTGGGGTCTG-30

Osteocalcin sense 50-GCCCTCACACTCCTCGCC-30 288 NM_000711 24/312
antisense 50-GCCGTAGAAGCGCCGATAGG-30

Enhanced GFP sense 50-GACCCTGAAGTTCATCTGCAC-30 363 AB041904 129/492
antisense 50-GGCCTTGATGCCGTTCTTCTG-30
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Fig. 1. Immunohistochemical detection of myeloid markers in CB17 scid beige mice, including FA11, F4/
80, SN, MR, CR3(5C6), CD3 and B220 in spleens of control mice and tibia 3 weeks after sham operation
(control) and HBMF cell implantation. Bar¼0.1mm. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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wound. InHBMFcell implantedmice, therewas
ectopic bone formation in the anterior tibialis
muscle (Fig. 3c,d).MouseMF and othermyeloid
cells invaded tissue sites after HBMF cell
implantation or sham operation over the 1–4
week time period of the experiment.

TheHBMFcells in this studyweregenetically
labelled with eGFP. Mouse MF and CR3-
positive inflammatory cells were located by F4/
80 and CR3 antibodies respectively using alka-
line phosphatase as a substrate and stained
using Fast Red for fluorescence microscopy
(Fig. 3e,f). It was shown that F4/80 and CR3-
positive cells infiltrated HBMF cell-implanted
tissue and were in close contact with HBMF
cells.

Using peroxidase as substrate, F4/80 and
CR3-positive cells were stained brown (Supple-
mental Figs. 2 and 3). In control mice, MF and
other CR3-positive inflammatory cells invaded
the operation site between the tibia and the
anterior tibialis muscle and formed a thin layer
of inflammation (<0.1 mm). However, in the
implanted mice, HBMF cells and invading
mouse cells formed a broader gap between the

tibia and the anterior tibialis muscle. MF and
CR3-positive cells were widely distributed in
this region. There were more MF and CR3-
positive cells around the ectopic, mineralised
bone and on the surface of the callus than in
non-calcified tissues.

Image analysis software, Optimas 5.2, was
used to capture the area of brown colouration of
the stained cells by using a threshold setting
and the areas over this threshold quantified.
The average area of F4/80 and CR3-positive cell
regions over background of non-calcified tissue
(mm2/mm2), is shown in Figure 4A,B. The
average area of F4/80 positive cells in HBMF
cell implanted samples was 0.080 mm2/mm2

at 1 week, 0.078 mm2/mm2 at 2 weeks and
declined to 0.035 mm2/mm2 at 4 weeks. By
contrast, in sham-operatedmice, the areaswere
0.024 mm2/mm2, 0.010 mm2/mm2 and 0.0003
mm2/mm2, which represents 29.75%, 12.42%
and 9.83%atweeks 1, 2 and 4 respectively of the
values seen in the HBMF cells implanted
samples (P< 0.01) (Fig. 4A).

The average areas of CR3 positive cells in
the sham and HBMF cell implanted mice
showed the same trend aswith F4/80. However,
the areas in the sham-operated samples were
30.97%, 23.02% and 25.62% of those observed in
the groups implantedwithHBMFcells atweeks
1, 2 and 4 respectively, and these values were
statistically significant (P< 0.01) (Fig. 4B). This
demonstrates that even in the absence of T- and
B-cells, xenografts of HBMF cells still induced
strong inflammatory responses in immunocom-
promised mice. The areas of F4/80 and CR3
positive cells within HBMF cell-implanted
samples were also compared and showed that
F4/80 was only 73.89% and 66.61% of CR3 at 1
and 2 weeks respectively. However, this was
reversed at 4 weeks, as F4/80 staining was
17.63% greater than CR3-staining at this time
point.

Remodelling of Mineralised Tissue by
Macrophage-Lineage Cells

Multinuclear giant cells (MNGCs) appeared
on the surface of calcified tissue at the surgical
site as early as 5 days after operation. In the
control group, there was very little ectopic
calcification and the MNGCs existed mainly on
the surface of the bone and reactive callus. The
positive staining of tartrate-resistant acid phos-
phatase (TRAP) (Fig. 5a) and cell morphology
demonstrated that they resembled activated
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Fig. 2. Elimination of eGFP-labelled HBMF cells after implan-
tation in CB17 scid beige mice. A: Histomorphometry of GFP
fluorescent area in mouse anterior tibialis at 7, 14 and 28 days
after HBMF cell implantation (**compared with day 7 P< 0.01);
B: RT-PCR of GFP, Cbfa1 and osteocalcin (OC) at 7, 14 and 28
days after HBMF cell implantation.
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osteoclasts involved in callus resorption and
bone remodelling. These cells were also CR3-
positive and negative for F4/80 (Fig. 5c,e).
The implanted HBMF cells formed miner-

alised tissue, which either integrated into the
reactive callus that formed close to the tibia or
ossified as ectopic bone near the tibialis muscle.
In the callus, MNGCs reacted similarly to those
seen in the control group. However, in the
ectopic bone tissue, mineralised tissue was
almost fully covered by MNGCs. These cells
were TRAP-positive indicating that they were
potentially bone-resorbing cells (Fig. 5b). How-

ever, both F4/80 and CR3-positive staining
marked their monocyte-macrophage origin
(Fig. 5d,f).

It was observed that the callus that formed in
both the sham-operated controls and HBMF
cell-implanted mice was remodelled and that
the ectopic bone formed in the HBMF cell-
implanted mice was completely eliminated by
4 weeks.

DISCUSSION

Natural host defence against foreign chal-
lenge is mediated by the phylogenetically older

Fig. 3. Micrographs of EGFP-labelled HBMF in vitro and after
implantation in vivo in CB17 sb mice after implantation. a: GFP-
labelled HBMF cells after extended (5 months) culture with
multiple passages in vitro by fluorescence microscopy 28 days
after plating.b: The samefield as (a) by lightmicroscopy showing
bone-like nodules formed by GFP-labelled HBMF cells. c:
Ectopic bone formation by implanted HBMF cells. EB, ectopic
bone-like matrix formation. HBMF, location of site of HBMF
implantation between muscle and tibia. d: High power

magnification of ectopic bone formation. EB, ectopic bone-like
matrix. HBMFs were stained as red by a mouse-anti-human
vimentin antibody. These cells are not only on the surface but
also embedded inmineralised bone-likematrix. e: F4/80 staining
formacrophages;GFP, eGFP-labelledHBMFcells; F4/80, F4/80-
stained cells, (f), CR3(5C6) staining of inflammatory cells; GFP,
eGFP-labelled HBMF cells; CR3, CR3-stained cells. Bar¼
0.1 mm. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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innate immune system [Hoffmann et al., 1999;
Kimbrell and Beutler, 2001] whereas the adap-
tive immune system, dominated by B- and T-
lymphocytes has arisen only relatively recently
[Kimbrell and Beutler, 2001].

The host defence to xenografts is poorly
understood; in particular after xenotransplan-
tation in immunodeficient mice where adaptive
immune responses arenot functional.Depletion
and/or genetic manipulation studies have
shown that B-cells, IL-4, IL-5 and eosinophils,
IFN-g, Fc receptors,NKcells andperforin are by
themselves not essential for xenograft rejection
[Fox et al., 2001]. Macrophages are the domi-
nant infiltrating cells in xenografts undergoing
rejection; however, T-cells are required for
macrophages to act as direct effectors of xeno-
graft rejection [Fox et al., 2001]. In the absence
of T-cells, as in SCID mice, macrophages and
other innate immune cells do not have immedi-
ate effects on xenografts; however, their long-
term effects are largely unknown. Our study
reveals that xenografts of HBMF cells into
CB17 sb mice are slowly eliminated. The
majority of implanted HBMF cells are elimi-
nated within 4 weeks, although in some pre-
vious experiments in our laboratory we have

observed some cell survival up to 10 weeks after
implantation [Xia et al., 2004]. Part of this
elimination is likely to be because of natural
bone remodelling and dependent on lack of
mechanical requirement for the bone formed. In
any event, components of the innate immune
system are clearly demonstrated to be inti-
mately involved in elimination of the developed
tissues.

To understand the nature of the immune
system in CB17 sb mice, we studied the impact
of their deficiencies on the numbers of innate
immune cells, such as monocytes (Mo), macro-
phages (MF), neutrophils (Neu), eosinophils
(Eos) and NK cells in tissues and peripheral
blood, using novel and established myeloid
markers, including Dectin-1, CD11b, F4/80
and Gr-1 (Table I), as previously described
[Taylor et al., 2003]. In addition to flow-
cytometric analysis, various antibodies recog-
nising murine myeloid antigens, in particular
those used to detect macrophages such as FA11
[Rabinowitz and Gordon, 1991], Sn [Crocker
et al., 1991] and MR [Linehan et al., 1999;
Martinez-Pomares et al., 2003], were also
employed to identify the cellular distribution
in tissue by immunohistochemistry.

As expected CB17 sbmice lack B- and T-cells,
however, compared to wild type mice we
observed increases in somemyeloid cell popula-
tions, such as Mo and MF in spleen and Neu in
blood. The overrepresentation of Mo, MF and
Neu is most likely a consequence of the defi-
ciency in the adaptive immune system. Even
though there is a functional NK cell deficiency
in beige background mice, no significant differ-
ence in NK cell numbers was observed between
the CB17 sb and wild-type Balb/C.

Significant immunostaining for CR3
(CD11b/CD18) and F4/80 after HBMF cell
implantation into CB17 sb mice demonstrated
substantial infiltration of innate immune cells.
CD11b is highly expressed on many myeloid
cells, such as Mo, Neu, Eos, subsets of MF, NK
cells [Rosen and Gordon, 1987], some dendritic
cells (DC) [Shortman and Liu, 2002] and
subsets of lymphocytes. F4/80 is one of the
best-characterised MF markers present on
most tissue MF [Hume et al., 1984], but also
expressed by Eos and some DC. The immuno-
histochemical staining of CR3 and F4/80 high-
lights the presence of myeloid cells, in
particular macrophages, that are recruited to
the site of HBMF cell implantation.

A 

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

day 7 day 14 day 28

A
re

a 
(m

m
2 /m

m
2 )

**
**

**

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

day 7 day 14 day 28

A
re

a 
(m

m
2 /m

m
2 )

**
**

**

B 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

day7 day 14 day 28

A
re

a
(m

m
2 /m

m
2 )

** **

**

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

day7 day 14 day 28

A
re

a
(m

m
2 /m

m
2 )

** **

**

Fig. 4. Histomorphometry of F4/80 and CR3 positive cell areas
observedat the site ofHBMF implantation.A:Histomorphometry
of F4/80 positive cell area, **P<0.01; B: Histomorphometry of
CR3(5C6) positive cell area, **P< 0.01.
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In experimental models of transplantation,
there is no evidence of pathogenic infection
suggesting that innate immune activation can
be triggered by non-infectious stimuli [He et al.,
2003]. Stress proteins such as heat shock
protein 60 and fibronectin have been identified
asnon-infectious stimuli of innate signalling via
Toll-like receptor [Aderem and Ulevitch, 2000]
or other pathways [Bouchon et al., 2001].
Antigen-independent stimuli including ischae-
mia, reperfusion, surgical injury or systemic
stress may also contribute to the initiation of an
inflammatory response [He et al., 2003]. There
is no direct evidence for a mechanism of
activation of macrophages and other innate

immune cells in the current study.However, the
elimination of implanted HBMF cells implies
that without functional B- and T-cells, the
remaining innate immune system in immuno-
compromisedmice can still react againsthuman
cell xenotransplantation. As a secreting cell the
activated macrophage produces a wide spec-
trum of cytokines that may promote an unfa-
vourable environment for human cell survival,
differentiation and function.

An interesting phenomenon in this study is
the clearance of the mineralised matrix by the
host. The osteoclast is a tissue specific macro-
phage-like polykaryon created by the differen-
tiation of monocyte/macrophage precursor cells

Fig. 5. Resorption of callus and ectopic mineralised bone
matrix (BM) by osteoclasts (OC) and multinuclear giant cells
(MNGC). a: TRAP staining ofOC in tibia callus resorption, sham-
operated control group; b: TRAP staining of MNGC in ectopic
BM in HBMF cell implanted group; c: CR3-positive OC in callus
resorption, control group;d: CR3-positiveMNGCs in ectopicBM

resorption in HBMF cell implanted group; e: F4/80-negative OC
in callus resorption, control group; f: F4/80-positive MNGC in
ectopic BM resorption inHBMF cells implanted group. Bar¼ 0.1
mm. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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at or near the bone surface [Boyle et al., 2003]
and it is believed to be the only cell specialised in
bone resorption [Athanasou, 1996]. However, it
has proved difficult to distinguish osteoclasts
from other cells, particularly multinucleated
giant cells resulting from macrophage fusion
[Athanasou, 1996]. Not only can monocytes/
macrophages resorb bone matrix, but also
monocyte andmacrophage populations, derived
from many sources and at various stages of
maturation, can be induced to differentiate into
osteoclasts [Teitelbaum, 2000]. In our study, the
multinuclear cells on the surface of bone and
callus resorption in control and HBMF cell
implanted mice were tartrate-resistant acid
phosphatase (TRAP) positive, but F4/80 nega-
tive. This suggests that they are osteoclasts as
osteoclasts lack F4/80 expression [Hume et al.,
1984]. The cells eroding mineralised bone
matrix formed by implanted HBMF cells were
also multinuclear and TRAP positive; however,
these cells expressed bothCR3andF4/80. In the
current study, we do not have sufficient evi-
dence to identify these cells as fused macro-
phages, and they may represent osteoclasts at
early stages of differentiation.

The criteria to distinguish if these cells are
macrophages or osteoclasts, such as ruffled
borders, clear zones, the ability to form resorp-
tion lacunae on a bone substrate and to respond
to calcitonin in vitro [Athanasou, 1996], have
not been used in the current study. Never-
theless, these cells effectively erode the ectopic
mineralised matrix and also remove the
embedded osteogenic cells, which differentiated
from implanted HBMF cells.

We conclude that CB17 sb mice retain func-
tional components of the innate immune sys-
tem, which effectively responds to HBMF
xenotransplantation. Even though this
response does not result in direct killing of
implanted HBMF cells, the elicited inflamma-
tory cells may lead to slow elimination of
implanted HBMF cells and the matrix formed
by differentiated human cells. This study high-
lights the importance of innate immune cells in
the anti-xenograft response and suggests that
strategies to block the activities of these cells
may ameliorate the progressive long-term elim-
ination of xenotransplants. Also the value of
porous cell carriers, such as calcium phosphate
ceramics or collagen sponges that are known to
be suitable for conductive or inductive bone
formation with extended cell survival, may

reside partly in generation of a protective
environment during the generation of the
tissue.
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