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Previous clinical attempts to correct genetic deficiencies such as
hemophilia or Gaucher disease by transplantation of allogeneic
spleen were associated with aggressive graft versus host disease,
mediated by mature T cells derived from the donor spleen. We
show that a fetal pig spleen harvested at the embryonic day 42
stage, before the appearance of T cells, exhibited optimal growth
potential upon transplantation into SCID mice, and the growing
tissue expressed factor VIII. Transplantation of embryonic day 42
spleen tissue into hemophilic SCID mice led to complete alleviation
of hemophilia within 2–3 months after transplant, as demonstrated
by tail bleeding and by assays for factor VIII blood levels. These
results provide a proof of principle to the concept that transplan-
tation of a fetal spleen, obtained from a developmental stage
before the appearance of T cells, could provide a novel treatment
modality for genetic deficiencies of an enzyme or a factor that can
be replaced by the growing spleen tissue.

embryonic � factor VIII

Genetic disorders represent natural targets for gene therapy;
nevertheless, considerable difficulties arise in targeting gene

delivery to specific cell types in vivo, regulating the expression of
recombinant genes, and controlling vector immunogenicity (1).

Hemophilia A is thought to be a particularly promising gene
therapy target because the deficient protein (factor VIII) circulates
systemically and can be synthesized, in theory, by various cell types.
Indeed, preliminary trials have demonstrated expression of human
factor VIII in animals and in patients after gene transfer (2–4). In
parallel, progress in tissue transplantation over the past decade
encouraged the consideration of cell or organ transplantation as a
potential treatment for genetic diseases, such as hemophilia A.

The liver is considered to be the primary source of factor VIII
protein. Hepatocytes and liver sinusoidal endothelial cells, but not
Kupffer cells, produce factor VIII in the mouse liver (5). The role
of the liver in factor VIII synthesis has been supported by liver
transplantation studies in both hemophilic animals and humans,
after which increasing factor VIII levels were detected (6–10). Early
transplantation studies in the canine model (11, 12) led, in the early
1960s, to the first human spleen transplants in four patients with
malignancies and one with agammaglobulinemia (13).

The feasibility of spleen transplantation in the treatment of
hemophilia A in humans was first documented in 1969 by Hathaway
et al. (14), who transplanted a spleen from a father to his son (14).
The recipient displayed a marked rise in factor VIII shortly after the
transplant, but the spleen graft had to be removed 4 days later
because it ruptured and bled. Further animal studies in hemophilic
animals have confirmed that organs such as the spleen and lung can
contribute to the presence of circulating factor VIII (15, 16).
Subsequently, a number of spleen transplants (living donor or
cadaver) in hemophilic patients were reported. At least one resulted
in sustained, normalized levels of factor VIII with stable factor VIII
production for 5 months after operation (17, 18). Little data are

available regarding spleen transplantation in the treatment of other
genetic diseases, but there are several case reports in the literature
suggesting the potential of spleen transplantation as a treatment for
Gaucher disease (19, 20).

A major obstacle in spleen transplantation is associated with
graft versus host disease (GVHD) mediated by donor T cells
present in the spleen graft (18). In principle, this potentially lethal
complication may be prevented if it were possible to use embryonic
precursor spleen tissue obtained before the appearance of mature
T cells in the spleen.

Considering the recent interest in fetal tissue as a source for
transplantation, it is surprising that the role of embryonic spleen
tissue as a source for secreted proteins has never been studied.
Clearly, if early embryonic spleen tissue were to prove effective, it
could be of particular value because this precursor tissue is devoid
of T cells, which are known to mediate GVHD typical of adult
spleen transplantation.

In the present study we examined, for the first time, the potential
of pig embryonic spleen tissue as a novel tissue source for trans-
plantation, with emphasis on relatively early gestational time points
at which mature T cells are not present in the implant. Thus, we
initially defined embryonic day (E) 42 as the optimal gestational
time point that could provide tissue for transplantation based on
growth potential and immunogenicity. Furthermore, the reduced
immunogenicity associated with E42 embryonic pig spleen tissue
has enabled achievement of engraftment in fully immune, compe-
tent recipients under a tolerable immune suppression protocol used
in allogenic transplantation. Finally, the proof of concept, namely
the ability to correct hemophilia using early embryonic spleen
tissue, is demonstrated in factor VIII-KO SCID mice.

Results
Transplantation of Pig Embryonic Spleen Tissue into SCID Mice. Optimal
growth before T cell appearance in the embryonic spleen is attained at E42.
We previously established the gestational time window enabling
the harvest of human and pig embryonic kidney precursor tissue
for growing functional small kidneys in SCID mice (21). More
recently, we defined similar ‘‘windows’’ for the pig embryonic
pancreas, liver, and lung (22). In the present study, spleen
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embryonic tissue was harvested at different gestational time
points and stained for CD3-positive cells to determine the
precise time period in pig ontogeny at which mature T cells are
first present in these tissues. As can be seen in Fig. 1A, T cells
were initially detectable in the tissue obtained at the E56
gestational age. To define the earliest gestational time point at
which the maximal growth potential of transplanted tissue is
exhibited, pig embryonic spleen tissues obtained at different
stages, ranging from E28 to E100, were implanted into NOD-
SCID mice. Six weeks after implantation, the implants’ sizes, as
well as differentiations, were evaluated by computerized mor-
phometric analysis. Consecutive sections were cut at 40-�m
intervals and stained for vimentin using a mouse monoclonal
antibody, previously shown by Bohn et al. (23) to bind vimentin
of all mammalian species except for the mouse. Thus, this
antibody can selectively distinguish between porcine and mouse
vimentin. This selectivity is clearly illustrated in Fig. 1Cii, in
which the mouse kidney area can be clearly distinguished from
the porcine embryonic spleen transplant grafted under the
kidney capsule. Using the Image Pro program, the total mesen-
chymal area in the graft was determined. As can be seen in Fig.
1B, which summarizes the results of the morphometric analysis,
the largest vimentin-positive implant volume was found after
transplantation of tissue obtained at E42. Tissue growth was
significantly accelerated compared with implants obtained at
earlier (E28) or later (E56, E80, and E100) gestational time
points, suggesting unique growth potential of spleen precursors
at particular time points during gestation. Thus, to avoid GVHD
and maximize growth, we chose to harvest pig spleen tissue for
further transplantation studies at E42.

A macroscopic image of the implant growing 6 weeks after
transplantation of E42 pig spleen tissue is shown in Fig. 1Ci. The pig

origin of the stromal component was demonstrated by vimentin
immunolabeling (Fig. 1Cii). These stromal cells are supported by
pig blood vessels stained by anti-CD31 (Fig. 1Ciii) (non-cross-
reactive with mouse CD31) and are highly proliferative, as dem-
onstrated by high levels of Ki67 labeling (Fig. 1Civ).
Growth and development of E42 pig spleen tissue at different time points
after transplant. To evaluate the formation of host hematopoietic
elements in the growing spleen transplant, specific antibodies
directed against mouse myeloid (anti-Mac1) or erythroid (anti-
TER-119) cells were used at different time points after transplant
(because of the SCID mutation of the recipients, host T and B
lymphocytes were not present in the transplant). This analysis
revealed that hematopoietic nests, separated by connective tissue
septa, appear only around the third month after transplant (Fig. 2)
and fully develop at 5 months (data not shown). In these nests,
hematopoietic cells were observed adjacent to loosely distributed
mesenchymal stromal elements. Thus, the E42 spleen tissue grad-
ually assumes its hematopoietic character without any signs of
aberrant differentiation typical of tumors and, in particular, of
teratomas.
E42 pig spleens exhibit reduced immunogenicity compared with tissue
harvested at E56. While xenotransplantation generally requires rel-
atively intensive and toxic immune suppression compared with that
used in allogeneic organ transplantation, engraftment of embryonic
xenografts, which have been shown to be less immunogenic, might
be attained under less aggressive protocols. To evaluate whether the
E42 pig spleen tissue is less immunogenic compared with tissue
harvested at a later gestational age, we tested the potential of the
implanted tissue to induce rejection by human lymphocytes infused
i.p., in parallel to the transplantation of the spleen tissue in
NOD-SCID mice. In this model, rejection of foreign tissues or cells
can be induced by infusion of 80 � 106 human peripheral blood

Fig. 1. Histological markers of pig embryonic spleen before and after implantation. (A) Immunohistological staining of pig CD3 T cells in embryonic spleen tissue
harvested at E42, E56, E80, E100, and adult spleen. (B) Morphometric analysis of implant growth. Different gestational ages were evaluated for total volume
(white bars) and for vimentin volume-positive tissue (black bars) 6 weeks after transplantation (n � 5). (C) Development of E42 pig spleen graft under the kidney
capsule of NOD-SCID mice. (Ci) Macroscopic view of E42 graft 6 weeks after transplant. (Cii) Pig mesenchymal components stained by anti-vimentin (V9). (Ciii)
Porcine blood vessels stained by anti-pig CD31. (Civ) Proliferative status of the growing implant demonstrated by ki67 staining.
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mononuclear cells (PBMC) into the peritoneum of host SCID mice
(Hu-SCID), as originally described by Mosier et al. (24) and
subsequently used to evaluate the immunogenicity of pig or human
embryonic tissues harvested at different gestational time points
(25–27).

Considering that adoptively transferred human lymphocytes tend
to die of apoptosis by the second month after transplant and, in
accordance with previous studies that showed that optimal rejection
is attained between 2 and 4 weeks after infusion of PBMC (28), we
compared the growth of E42 and E56 pig spleen tissue in the
presence of human PBMC at 4 weeks after transplant. As can be
seen in Fig. 3A, while implants of E56 embryonic spleen tissue in
the presence of human PBMC were completely rejected by 4 weeks
after transplant, and massive focal infiltration by human CD45 cells
was clearly documented, E42 spleen tissue was not rejected, exhib-
iting only minor diffused infiltration of CD45 cells in some of the
grafts. Thus, the E42 embryonic spleen tissue is more resistant to
rejection compared with E56 tissue.

Similar results were described recently in this model for human
and pig embryonic kidney (21) and for pig pancreatic precursor
tissues (25).

Engraftment of E42 Pig Spleen Tissue in Immune-Competent Mice.
Although the E42 pig spleen tissue clearly exhibits reduced immu-
nogenicity in the graft rejection model described above, this assay,
because of the very low levels of human APC in the adoptively
transferred PBMC, is largely biased toward detection of the direct

immune rejection mechanism; however, rejection may also take
place through the alternate indirect mechanism in which donor
antigens are presented by host APCs to host T cells (cross-priming).
Therefore, although the E42 implant is less immunogenic and is
relatively less susceptible to direct recognition compared with E56
tissue, it could still be rejected via the indirect pathway in other
murine models. Indeed, when transplanted in fully competent mice,
embryonic pig spleen tissues of all gestational ages were promptly
rejected (Fig. 3B).

To address this obstacle, we used an immune suppression pro-
tocol previously used in a mouse model of allogeneic skin trans-
plantation. This protocol is based on a costimulatory blockade,
inhibiting both CD28–B7 and CD40–CD40 ligand interactions, in
conjunction with rapamycin, which is synergistic with these co-
stimulatory agents (29).

As can be seen in Fig. 3B, engraftment and growth of E42 pig
spleen precursor tissue were exhibited in recipient mice treated by
this immune suppression protocol. In anticipation of problems that
might be encountered with the implementation of daily rapamycin
injections to hemophilic mice, we also attempted administration of
rapamycin twice weekly, but this was associated with delayed
rejection, observed by the fifth week after transplant (Fig. 3B).

Fig. 2. Development of hematopoietic nests and fibrous septae in pig E42
spleen implants. At 2 months, a sponge-like fibrous reticular network outlined
by anti-laminin antibody (A) with diffusely entrapped mouse erythroid cells
stained by anti-mouse TER-119 (C) is seen. In contrast, at 3 months after
transplant, dense laminin-positive connective tissue septa is evident (B) sur-
rounding nests of mouse hematopoietic tissue, including TER-119-positive
erythropoietic areas, regions with megakaryocytes and myelopoiesis (D). Host
myeloid cells, demonstrated by mouse Mac-1 immunostaining, are diffusely
distributed in spleen transplants at 2 months (E) but become numerous within
hematopoietic nests at 3 months after transplant (F).

Fig. 3. Engraftment of pig E42 embryonic spleen in Hu-SCID and C57BL/6
immunocompetent mice. (A) Rejection pattern of pig embryonic spleen me-
diated by Hu-PBMCs, 4 weeks after transplantation. Anti-human CD45 stain-
ing demonstrates reduced infiltration into grafts originating from E42 com-
pared with E56 pig spleen. (B) Engraftment of E42 spleen under different
immune suppression protocols. Engraftment pattern 7 weeks after transplan-
tation in mice treated with rapamycin combined with costimulation blockade
with anti-CD40L and CTLA4 is shown in C and E. Typically, the developing
spleen tissue consists of periarteriolar lymphoid sheath with mouse T cells
(CD3, blue) and a mouse B cell zone (CD45R, green). The pig stroma is denoted
in red by staining with anti-vimentin. A few mouse macrophages (green) are
shown on the periphery of the follicle of chimeric spleen (E, long arrow). In
contrast, the rejection pattern at 2 weeks after transplantation, shown in D
and F (in the absence of immune suppression), shows no evidence of follicle
structures. Thus, mouse T cells (blue) and B cells (green, shown by short arrow)
are diffusely spread on residual pig stroma (D), and numerous mouse macro-
phages (F4/80, green) (F) are detected in the implant.
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Considering that, upon growth in SCID mice, pig embryonic
spleen tissue was found to afford an adequate stroma for homing
and expansion of mouse erythroid or myeloid cells, it was interest-
ing to examine the presence of mouse lymphoid elements in
growing pig spleens, when tested in fully immune-competent re-
cipients, as opposed to SCID mice that lack T and B cells. To
distinguish normal interaction and organization of mouse lymphoid
follicles from potentially rejecting mouse T and B cells, the latter
cell types were identified in proximity to the porcine stroma of the
graft (vimentin 9) using triple staining for mouse T and B cells and
for pig vimentin 9-positive cells. Indeed, similar to the architecture
of adult spleen, in which the white pulp is organized as lymphoid
sheaths, with T and B cell compartments around the branching
arterial vessels, the pig E42 spleen tissue implanted under the
optimal immune suppression protocol exhibited similar morphol-
ogy and compartmentalization (Fig. 3C). In contrast, E42 spleen
implants in C57BL/6 mice untreated by immune suppression
showed spreading T cell patterns before complete rejection, and
follicle structures were absent. (Fig. 3D). Likewise, staining of the
host-type activated macrophages known to be mediating xenograft
rejection revealed a distinctly different pattern in treated and
untreated recipients (Fig. 3 E and F, respectively). Thus, in C57BL/6
mice treated with immune suppression, host macrophages did not
invade the implants and could only be localized near T cell follicles,
whereas in untreated mice both host macrophages and host T cells
were diffusely distributed in the rejected graft.

Taken together, these results suggest that E42 pig precursor
spleen tissues can grow and differentiate in fully immune-
competent but immunosuppressed recipients and eventually de-
velop a spleen-like structure.

Correction of Hemophilia by E42 Pig Spleen Tissue. Based on several
indications in the literature that factor VIII is produced in the
spleen of adult tissue (14, 17, 18), we attempted to measure by
RT-PCR the expression of pig factor VIII in the implants growing
from embryonic spleen tissue obtained at different time points.

As can be seen in Fig. 4A, 6 weeks after transplantation of E42
spleen tissue, the grafts exhibited marked levels of porcine factor
VIII mRNA expression, whereas pancreatic tissue growing out of
embryonic pancreas precursor tissue did not exhibit an appreciable
expression of factor VIII mRNA.

Interestingly, staining of pig factor VIII by specific polyclonal

antibodies (30) revealed that it is predominantly expressed in the
E42 spleen implant by endothelial cells of pig origin. This conclu-
sion is supported by double staining with anti-pig factor VIII and
anti-pig CD31. Thus, as can be seen in Fig. 4B, the staining of factor
VIII and CD31 is colocalized in blood vessels associated with the
growing implant. These results are in line with similar indications
that endothelial cells can serve as an important source of factor VIII
(5, 31–33).

To ascertain the functionality of the transplanted tissue (i.e.,
factor VIII production), we initially attempted to treat factor
VIII-KO mice (B6-129 background) by transplanting E42 pig
spleen tissue using the immune suppression protocol of choice as
previously described. However, although in humans oral delivery of
rapamycin is straightforward and can be easily applied even to
hemophilic patients, we found that in hemophilic mice the daily s.c.
injection of any immune-suppressive agent is not practical because
of bleeding complications.

Therefore, to circumvent the need for continuous s.c. injection of
immune-suppressive agents, we developed a new strain of factor
VIII-KO mice on a background of SCID mice, as previously
described (34). We derived a colony of factor VIII-KO SCID mice,
which were used to further analyze the potential of E42 spleen
tissue to correct hemophilia. Indeed, transplantation in these mice,
performed under short-term treatment with soluble factor VIII to
enable the animals to tolerate the surgical procedure, was not
associated with high mortality, and the mice were able to withstand
repeated testing for factor VIII activity.

Traditionally, a clotting assay measuring partial thromboplastin
time (PTT) is used for testing factor VIII activity. In addition, the
indirect Coatest chromogenic assay offers a more sensitive deter-
mination of the presence of factor VIII by measuring its activity on
cleavage of factor X. As can be seen in Fig. 5A, recipients of E42
spleen tissue exhibited normalized PTT levels by 2–3 months after
transplant. Thus, while untreated factor VIII-KO SCID mice or
those at 2 weeks after transplant exhibited PTT levels of 43.06 �
1.07 sec and 39.63 � 5.12 sec, respectively, the mice implanted with
E42 spleen exhibited markedly reduced PTT values at 12 weeks
after transplantation (23.4 � 3.1 sec, P � 0.05), comparable with the
levels found in control untreated, nonhemophilic SCID mice
(21.23 � 1.64 sec, P � 0.05).

Likewise, factor VIII blood level determined by the Coatest assay
(Fig. 5B) revealed significantly elevated levels in the blood of

Fig. 4. Expression of factor VIII in
the growing E42 pig spleen im-
plants. (A) Relative amounts of pig
factor VIII mRNA in different trans-
planted tissues were evaluated by
real-time PCR using pig factor VIII-
specific primers. The results were
normalized to the expression of the
housekeeping gene, transferrin re-
ceptor. Pig factor VIII levels in E42
grafts are shown in gray. Total
mRNA purified from adult pig
spleen (white) and E28 pancreas
graft (lines) served as positive and
negative controls. Total mRNA pu-
rified from mouse kidney (black)
was used to confirm factor VIII pig
primer specificity. Data represent
an average of three independent
samples. (B) Immunolocalization of
factor VIII. (BI) Expression of factor
VIII in E42 spleen before transplan-
tation reveals few positive cells
(factor VIII is shown by green; vimentin is outlined in red), while preincubation of anti-factor VIII with factor VIII antigen (neutralization test) inhibits the staining
(BII). Examination of the presence of factor VIII 3 months after implantation of E42 pig spleen into a factor VIII-KO SCID mouse is shown in BIII (green). Staining
(red) of the same field with anti-pig CD31 (BIV) shows the presence of pig endothelial cells, and staining (BV) with both anti-factor VIII (green) and anti-pig CD31
(red) suggests colocalization in blood vessels (yellow).
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transplanted mice at 8 weeks after transplantation (28.6 � 6. 8%)
compared with the levels found in factor VIII-KO SCID mice (zero
values) and in nonhemophilic SCID mice (93 � 23.6%). Consid-
ering that severe, moderate, and mild hemophilic states, defined by
a percentage of factor VIII, are below 1, 4, and 6%, respectively, it
is significant that the levels in the entire group of transplanted mice
range above these amounts (between 7% and 100% of factor VIII
activity).

Finally, when exposed to tail clipping, 21 of 21 implanted mice
survived, whereas almost all of the nonimplanted control mice died
of bleeding within 24 h (Fig. 5C).

Taken together, our results show the feasibility of using embry-
onic spleen tissue, before the appearance of T cells in the tissue, for
the correction of a genetic deficiency.

Discussion
Previous clinical attempts to correct monogenic diseases such as
hemophilia A and Gaucher by allogeneic spleen transplantation
were hampered by severe GVHD mediated by donor T cells present
in the implanted spleen (35). Our current results suggest that
transplantation of embryonic pig spleen precursor tissue, harvested
before the appearance of GVHD-producing T cells in the spleen,
namely at E42, leads to marked growth and differentiation afford-
ing a substantial source of tissue for correction of monogenic
diseases.

The optimal growth of E42 pig spleen precursor tissue compared
with earlier or later gestational time points was demonstrated by a
quantitative morphometric analysis of tissue growth. In addition,
the growing spleen tissue exhibited reduced immunogenicity com-
pared with tissue growing from E56 or later time points. Interest-
ingly, the stroma of the growing spleen tissue was found to
accommodate hematopoietic host elements as well as the devel-
opment of host B and T cell follicles resembling typical lymphoid
structures in the normal adult spleen. Furthermore, RT-PCR and
immunohistological staining show that factor VIII is predominantly
expressed in endothelial cells in the growing spleen tissue. These
data further support the early transplantation studies that sug-
gested, indirectly, that the reticuloendothelial system seems to be
the principle source of factor VIII (8, 15), and more recent data

showing the role of liver sinusoidal endothelial cells (LSEC) in
factor VIII secretion (5, 32).

Most relevant to our study is the demonstration of the ability of
E42 pig spleen tissue to correct hemophilia A in factor VIII-KO
SCID mice, providing a proof of principle for the potential of
embryonic spleen tissue to afford a GVHD-free source for the
correction of monogenic diseases.

Preliminary RT-PCR results suggest that the growing E42 spleen
tissue does, in fact, exhibit significant expression not only of factor
VIII but also of other relevant genes involved in Gaucher and other
monogenic diseases.

An important issue that must be clarified in large animal models
is the question of tissue dose, namely, whether more than one
implant might be required to effectively correct hemophilia in large
animals. Recent studies with pig embryonic pancreatic precursor
tissue suggest that several tissues from different embryos can be
pooled so as to provide a more effective therapy of diabetes
(S.E.-F., E.S., and G. Heacht, unpublished work).

Another major obstacle to the implementation of embryonic
allotransplantation or xenotransplantation in patients is related to
its potential immunogenicity.

Considering that allogeneic or xenogenic embryonic spleen
transplants will require some form of immune suppression,
which is associated with some risks, it is envisioned that this
approach will be most suitable in diseases for which no therapy
is currently available. Thus, although we demonstrated the proof
of principle in hemophilic mice, the clinical evaluation of this
approach might initially be more justified in other diseases, for
which replacement therapy with an exogenous enzyme or factor
is not available.

Another major issue that must be addressed in further studies is
related to the choice of fetal tissue. As a proof of principle, we chose
to evaluate the potential of pig embryonic tissue. Several safety
concerns, in particular the potential hazards associated with porcine
endogenous retroviruses (PERV), have presented major obstacles
for this application (40–42). However, it is important to note that
previous pig-to-human xenotransplantations have failed to reveal
even a single instance of PERV transmission to a human subject
(43). Moreover, a recent study has suggested that PERV could be
eradicated from pig herds bred for xenotransplantation (44). Thus,
as suggested recently by Ogata and Platt (45), although the potential
danger of PERV to public health cannot be entirely dismissed, it
should be approached with careful attention to the xenograft
recipients, rather than necessitating that xenotransplantation stud-
ies be abandoned. Indeed, National Institutes of Health and Food
and Drug Administration guidelines for xenogenic transplants are
in line with this view. However, pig embryonic tissue, while cir-
cumventing ethical issues associated with human embryonic stem
cells or tissues, might be more prone to rejection compared with
human fetal spleen tissue.

Therefore, the use of human fetal spleen tissue from early
abortions, if deemed ethically acceptable, might represent a poten-
tially superior tissue source.

Our results showing that the growing spleen stroma can support
hematopoiesis and afford a potentially new lymphoid site with host
T and B cell follicles indicate that embryonic allogeneic spleen
tissue could also be used to enhance hematopoietic or immune
reconstitution in different pathological situations. Optimal gesta-
tional time for harvesting human spleen tissue is currently under
investigation in SCID mice.

In conclusion, regardless of the immune suppression modalities
that will be required and must be defined in large animal models,
our data provide a proof of principle for the curative potential of
T cell-free, embryonic spleen tissue as a novel source for trans-
plantation in patients with genetic deficiencies. This approach could
be especially valuable in the treatment of diseases for which no
therapy is currently available.

Fig. 5. Correction of hemophilia by implantation of pig E42 spleen tissue. (A)
PTT values of wild-type NOD-SCID control mice (n � 10), factor VIII-KO SCID
control mice (n � 10), and factor VIII-KO SCID mice (n � 37) transplanted with
E42 pig spleen at different time intervals after transplantation. Data contain
seven independent experiments. (B) Chromogenic determination of factor VIII
activity in plasma of transplanted mice (n � 21). Comparison of factor VIII-KO
SCID control mice (gray), wild-type NOD-SCID control mice (black), and factor
VIII-KO SCID mice transplanted with E42 pig spleen at different time intervals
after transplantation. (C) Survival after tail clipping of NOD-SCID control
(black) and factor VIII-KO SCID (white) mice with and without E42 spleen
transplantation. The data represent averages of three independent experi-
ments (n � 5 in each experiment).
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Materials and Methods
Animals. Animals were maintained under conditions approved by
the Institutional Animal Care and Use Committee of the Weiz-
mann Institute. A breeding pair of factor VIII-KO mice was
purchased from The Jackson Laboratory (strain name B6;129S4-
F8tm1Kaz/J; stock no. 004424).

To obtain immunodeficient hemophilic mice (designated as
factor VIII-KO SCID), factor VIII-deficient mice were crossed with
SCID mice. Genotyping and phenotypic characterization of the
factor VIII-KO and factor VIII-KO SCID offspring were per-
formed, confirming that all factor VIII-deficient mice used in this
study are factor VIII-KO SCID mice.

C57BL/6, immune-deficient NOD-SCID, or factor VIII-KO
SCID mice (The Weizmann Institute Animal Breeding Center)
were used as hosts for the transplantation studies at the age of 8–10
weeks. All mice were kept in small cages (up to five animals in each
cage) and fed sterile food and acid water containing ciprofloxacin
(20 mg/ml).

Pig embryos were obtained from the Lahav Institute of Animal
Research (Kibbutz Lahav, Israel). Pregnant sows were operated on
at specific stages of the pregnancy (E24, E28, E42, E56, E80, and
E100) under general anesthesia. Warm ischemia time was �10 min,
and the embryos were transferred to cold PBS. Spleen precursors
for transplantation were extracted under a light microscope and
were kept in sterile conditions at 4°C in RPMI medium 1640
(Biological Industries) before transplantation. Cold ischemia time
until transplantation was �2 h. The study protocol was approved
by the ethics committees at Kibbutz Lahav and the Weizmann
Institute.

Transplantation Procedure. Transplantations of the embryonic pre-
cursors were performed under general anesthesia (2.5% 2,2,2-
tribromoethanol, 97% in PBS, 10 ml/kg, i.p.). Host kidney was
exposed through a left lateral incision. A 1.5-mm incision was made
at the caudal end of the kidney capsule, and donor precursors were
grafted under the kidney capsule in fragments 1–2 mm in diameter.

Isolation and Transfer of Human PBMC. Human PBMC were gen-
erated from two portions of buffy coats obtained from the Israeli
Blood Bank (Chaim Sheba Medical Center, Tel Hashomer,
Israel). Cells were fractionated on Ficoll (Amersham Bio-
sciences). Human cells (80 � 106) were injected once i.p. into
SCID mice, 1–3 days after the pig spleen precursor’s transplan-
tation. Control mice did not receive human PBMC. For analysis
of human lymphocyte engraftment, we measured human IgG in
the mouse serum by standard ELISA procedure, and positive
mice were further analyzed.

Plasma Factor VIII Assays. Factor VIII activity was assayed in citrated
plasma collected from recipients. PTT was determined with a
coagulometer Sysmex CA-6000. (Assays were performed in the
clinical hematology laboratory of Kaplan Medical Center, Reho-
vot.) The chromogenic activity assay, which measures the factor
VIII-dependent cleavage of factor Xa from factor X (COATEST
FVIII; Chromogenix) was performed.

Tail Clipping. Tail clipping (�1.5 cm from the tip) was performed
without subsequent cauterization to measure bleeding propensity.
After the procedure, mice were checked every 4 h. The proportion
of surviving mice at 24 h after the procedure was recorded.

Statistical Analysis. Comparisons between groups were evaluated by
using Student’s t test. Data were expressed as mean � SD and were
considered statistically significant at P � 0.05.

Supporting Information. For further details regarding morpho-
metric analysis, immunohistochemistry, and read-time PCR, see
Supporting Materials and Methods, which is published as sup-
porting information on the PNAS web site.
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