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Abstract

In utero stem cell transplantation, which promises treat-
ment for a host of genetic disorders early in gestation
before disease effect stems from Ray Owen’s seminal
observation that self-tolerance, is acquired during
gestation. To date, in utero transplantation (IUT) has
proved useful in characterizing the hematopoietic stem
cell. Recent observations support its use as an in vivo
method to further understanding of self-tolerance.
Preclinical development continues for its application as
a treatment for childhood hematolymphoid diseases.
In addition, IUT may offer therapeutic options in the
treatment of diabetes among other diseases. Thus
IUT serves as a technique or system important in both
a basic and applied format. This review summarizes
these findings.

© 2013 Baishideng. All rights reserved.
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INTRODUCTION

A variety of genetic disorders of the hematolymphoid
system have been treated successfully by transplanting
hematopoietic stem cell (HSC) into pediatric and adult
patients. However, this procedure’s applicability is limited
by compatible donor availability, the use of immunosup-
pression/cytoablation and the potential development of
graft-ss-host disease (GVHD). Further, for some pedi-
atric diseases (V.. the glycogen storage diseases, thalas-

semia, ez.) significant disease progression begins during
fetal development such that even at birth the patient is
irreversibly compromised. In these conditions, postnatal
bone marrow transplantation can ameliorate disease pro-
gression but is unable to correct the existing damagem.

Successful allogeneic HSC transplantation is accom-
plished by donor reconstitution of hematopoiesis (usu-
ally after depletion of defective or undesirable host cells)
following the infusion of donor HSC in anticipation of
their homing to appropriate hematopoietic tissues. This
requires overcoming the immune barrier of the host,
limiting the ability of donor immune cells to mediate
GVHD and facilitation of homing and engraftment of
donor HSC where the inductive milieu will promote
regulated reconstitution of hematopoiesis. In the clini-
cal setting many of the complications of postnatal HSC
transplantation are the result of procedures such as ion-
1zing radiation and chemotherapy used to limit host im-
mune rejection or deplete host marrow to allow adequate
donor engraftment/expression.

In theory, intrauterine stem cell transplantation
(IUSCT) presents significant advantages in comparison
to postnatal stem cell (SC) transplantation, which if op-
timized, could present less toxic treatment protocols for
many genetic/developmental diseases. Advances in molec-
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ular biological techniques and improvements in obstetric
procedures such as chorionic villous sampling permit the
collection of fetal material to diagnose these conditions
early enough in gestation to allow the use of IUSCT for
treatment prior to the onset of irreversible organ damage.
This enthusiasm is founded on the concept that establish-
ment of graft tolerance without cytoablation and without
GVHD can be accomplished in a cost effective manner.
Unfortunately, at present, the only clinical applications for
which IUSCT has proven successful are in diseases associ-
ated with host immunodeficiency"™”.

As we reported in our earlier review, intrauterine
transplantation (IUT) as a method emanated from at-
tempts in the first half of the 20" century to understand
self-tolerance and accept the concept of autoimmu-
nity“’M. While these observations ruled out genetic de-
terminism and identified fetal developmental events as
responsible, it became clear in the latter half of the last
century lead by the experiments of Le Douarin in birds,
that how cellular deletion and cellular suppression (the
main mechanisms underlying self-tolerance formation
and maintenance) were formed during development were
and are poorly understood”. Indeed, only recently have
we identified the importance of and probably of more
interest, why gestational timing is crucial to utilizing ITUT
both clinically and experimentally".

Nonetheless, once the concept that introduction of
foreign antigens (z.e., HSCs) could be introduced into
the fetus and persist, clinicians were encouraged that this
breakthrough might offer a path to cure. Supporting evi-
dence that IUSCT could wotk comes from the observa-
tions on naturally occurring chimerism in dizygotic twins
in both large animals and humans. Here, the mixing of
HSC through the placental circulation throughout gesta-
tion may result in enhanced sibling cell expression (>
30%)"". Natural chimerism is common". In some veteri-
nary diseases amelioration of disease phenotype has been
attributed to sibling cell expressionp’m. Experimental
work transplanting a variety of HSC into large and small
animal fetuses was supportivem.

Clinical experience has been disappointing. In part
this may be due to inadequate understanding of immune
ontogeny and the importance of time in rendering toler-
ance. As often, procedures were performed after our pro-
posed gestational tolerance window (approximately weeks
12-16 gestation) closes. However there are well-docu-
mented examples of proper timing and administration of
an adequate SC dosage to treat a disease that theoretically
should benefit for which there is no engraftment or if
engrafted no clinically meaningful expression is seen'™>".
What we hope to show is given recent experimental ob-
servations; a successful protocol for treatment of even
non-immunodeficiency diseases is within our grasp.

In this report, we would like to expand both experi-
mentalists” and clinicians’ appreciation of the power of
this procedure (ramifications). Our observations on im-
mune ontogeny reveal IUT’ utility in unlocking events
fundamental to understanding self-tolerance. Also, we
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believe it possible that this fetal tolerance phase in a
large animal may allow 7z vivo investigation of biologic
systems that may permit the development of alternative
solutions to a number of clinical problems. Herein, we
review its experimental background, propose the antigen
exposure model to explain developmental acquisition of
self-tolerance, examine impediments and promising areas
for optimizing the procedure for treatment of childhood
diseases and finally speculate regarding this technique’s
utility as 7z vivo platform for therapeutics.

BACKGROUND

The discovery of common placental circulation between

dizygotic twins as the explanation for the freemartin cou-
pled with the development of erythrocyte antigen profil-
ing in cattle allowed Ray Owen to determine that dizygot-
ic twins were chimeric with their sibling’s blood cells after
birth. Thus, he concluded that self-tolerance is acquired
during fetal development and not innate”". Subsequent
experiments in mice, sheep and cattle confirm that im-
printing (Rapid time-dependent irreversible behavioral
learning that occurs during development originally de-
scribed by Karl Lorenz in young geese.) during fetal de-
velopment is responsible for immune tolerance in adult
life"™ ", In direct experiments, fetal transplantation with
allogeneic HSC, xenogeneic HSC or RTV (Gene expres-
sion following retroviral vector transfer in utero follows
similar kinetics to that observed after cellular transplanta-
tion. We believe this is due to the establishment of recipi-
ent transplantation tolerance to the gene product hence
we use transplantation rather than transfer.) in sheep re-
veals a gestational window of receptivity to engraftment
mirroring the acquisition of self-tolerance™®. The SC
xenografts are highly expandable and are associated with
extensive differentiation. Indeed, besides normal hema-
topoietic lineages, differentiated cardiac, gastrointestinal,
liver and pancreatic islet cell activity can be demonstrated
years after transplantationm’zo]. This window occurs in
mice later in gestation but successful long-term engraft-
ment and expression of both allogeneic and xenogeneic
HSC has been realized”" . For example, in Figure 1 we
note bi-lineage human chimerism in a mouse following
IUT at the proper gestational age; significant expression
required graft stimulation with human growth factors (see
below). In summary, self non-self discrimination is rela-
tive and time dependent.

We have found performing allogeneic and xenogeneic
IUT in sheep (a large animal) useful in the study of the
HSCP*, Formal study using timed gestational sheep
identified the developmental event permissive for long-
term engraftment receptivity as the period immediately
following thymic demarcation (The timing of thymic
demarcation into cortex and medulla varies with the
size of the animal. In mice demarcation occurs at 66%,
sheep 35% and humans 31% expiration of gestation. It
is thought that the medulla is primarily responsible for
deletional and cellular tolerance.). This phase is finite last-
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Figure 1 Transplantation of human hematopoietic stem cell (CD34+) during the murine engraftment window results in bi-lineage expression and relevant
cell migration of the differentiated human progeny 6 mo after transplantation. Human CD45 cells exhibit different side scatter characteristics (low side scatter:

lymphocytes; high side scatter: granulocytes) dependent on organ tested (A, C: Control mouse; B, D: Experimental mouse

ing no more than 30 d in sheep (term gestation 145 d) or 2
d in mice (term gestation 21 d). The ability to determine
exactly when in gestation engraftment receptivity occurs
permitted parallel experiments on lymphocyte ontogeny
in sheep. These experiments identified the thymus as the
site of immune activity (CD45 differentiation) during the
transplant receptivity window. CD45 isoform differentia-
tion occurring only in the thymus included all identifiable
lineages: T cell, B cell and antigen presenting cell (APC).
Unfortunately, ovine natural killer (NK) cell specific re-
agents were not available to track NK cell development.
Evidence for thymic deletion of T and B cells is seen. It
is important to note that these observations suggest B
cell tolerogenesis does not occur in spleen, bone marrow
or Peyer’s patches™ ™, Studies using retroviral vector
(RTV) transplantation in sheep demonstrate preferential
thymic epithelial cell (TEC) expression of the gene prod-
uct during this period with the development of specific
lymphocyte unresponsiveness to the gene product and
inability to generate viral specific antibody after birth"™"*?,
Thus, B cell deletion (perhaps mediated by the develop-
ing “deletional TEC matrix”) is likely formed in the thy-
mus during the window. Further, expression of the RTV
gene product in the TECs in Hassall’s corpuscles (the
proposed site Treg formation) and our phenotype experi-
ments during this period (JSP, unpublished observations)
suggest that, the onset of Treg formation occurs simul-
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taneous with or near the conclusion of the tolerance
window"". Reports by McCune and colleagues support
this conclusion, as Tregs in humans are a predominant
T cell phenotype after thymic demarcation. They further
propose that fetal HSC may provide additional stimulus
to this thymic differentiation cascade™ ",

RAMIFICATIONS: DISSECTION OF
SELF-TOLERANCE

These observations support a model for fetal tolerance
induction where antigens (either autologous, allogeneic
or xenogeneic) in the extracellular compartment of
the developing thymus during this temporal phase are
processed by the differentiating TEC progenitors and
APC component of the thymic stroma and presented
to developing immunocompetent cells (identifiable by
changes in CD45 isoform expression) to form the toler-
ance repertoire. This two-stage antigen exposure model
is presented in Figure 2. Presentation of sutface antigens
on cells intercalating the developing thymus during this
finite period might also contribute. Endogenous gene
derived presentation (to explain solid organ tolerance)
is not consistent with our observations and unrespon-
siveness in the NK lineage must also be acquired dur-
ing this period[35'42]. The extracellular antigen exposure
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major histocompatibility complex exposure)
to become tolerant to self. All differentiated
lymphocytes (i.e., cells that have undergone
CD45 isoform maturation and are not self-
reactive or are tolerogenic (i.e.,Treg) then
migrate to the spleen or other secondary
lymphoid organs (see 3. Ramifications: Dis-
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Figure 3 Induction of sheep tolerance to human hepatocytes by trans-
plantation of human hematopoietic stem cells during the temporal en-

graftment window (note absence of sheep round cell infiltration). Sheep
liver stained for human specific antibody 11 mo following transplantation™.

model would explain the absence of rejection of both
hematolymphoid and cellular components of solid organ
xenografts and the marked expandability of grafts fol-
lowing transplantation™*¥, Tt suggests that the NK cell
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compartment undergoes thymic imprinting during this
critical phase to explain the absence of NK cell mediated
rejection. Evidence supporting thymic processing and
adaptability of NK cells is reported™* |, Tt seems un-
likely that Treg(s) could account for the complete absence
of NK cell mediated rejection (Figure 3)"**. Thus these
observations demonstrate the value of IUT as a method
to explore mechanisms underlying induction of self non-
self discrimination.

RAMIFICATIONS: TREATMENT OF
CHILDHOOD HEMATOLYMPHOID
DISEASES

Xenotransplantation of human HSC following IUT in
sheep and mice results in human cell engraftment and
differentiation. In sheep this includes cardiac, liver, in-
testinal and pancreatic cells. Differentiated cellular func-
tion manifested by identification of circulating human
proteins in transplanted sheep and mice is presented in
Table 1% The absence of rapid circulatory clearance

April 26,2013 | Volume 5 | Issue?2 |



Table 1 Human proteins detected in circulation of animals

transplanted in utero with human stem cells

Animal transplanted Human protein detected

Sheep IgM!
Sheep Albumin!”*
Sheep Factor VI
Sheep C-peptide**™”
Sheep a-fetoprotein'
Mouse IgM™!

"Unpublished observation by Esmail D Zanjani. [gM: Immunoglobulin M.

—_
(<)}
1

Jury
N
I

Donor marrow cells (%) at one year of age
» [o2]
T T

| | | | | | |
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Donor cells transplanted/kg (10®)

Figure 4 Levels of allogeneic engraftment plateau with transplantation
of log-fold increases in donor cells in sheep. This is most consistent with
a model of saturation kinetics with engraftment limited by available receptive
sites. An identical curve is seen in the xenogeneic human-sheep model®.

speaks to the profound ability of IUT to alter the self
non-self paradigm. IUSCT is thought to provide a num-
ber of therapeutic advantages over postnatal transplanta-
tion besides tolerance including expanding bone mar-
row space (or niche), sterile environment, proliferative
environment and preempting clinical disease. Diseases
thought amenable to IUT include hemoglobinopathies,
immunodeficiency states and inborn errors of metabo-
lism leading to storage diseases (mucopolysaccharidosis
and mucolipidosis) ,

As Figures 4 and 5 reveal maximizing cell dosage and
serial cell administrations can improve donor engraftment
yet, there remain a set of problems in achieving adequate
donor proliferation to ameliorate and/or cure these dis-
cases”. The parameters proposed that may be limiting
successful clinical application include: (1) failure to induce
tolerance and/or an inadequate engraftment frequency
(chimeric incidence); and (2) limited graft expression:
gestational developmental impediments, maternal derived
inhibition, lack of selective advantage (i.e., inadequate do-
nor proliferation).

Tolerance/engraftment following IUT
Both natural and experimentally derived hematopoietic
chimeras demonstrate immune tolerance using skin graft
acceptance and mixed lymphocyte reactions. Deletional
and cellular tolerance has been reportedm’“’%ssl. M
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Figure 5 The effect of dividing cell dose on engraftment in sheep. Trans-
plantation of the same total number of cells as a single injection vs a series of
three injections given 1 wk apart is shown. The engraftment with divided doses
is significantly higher supporting the concept that engraftment is limited at any
particular time by the number of available receptive sites?.
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Figure 6 Allo- or xenogeneic stem cell bone marrow engraftment in sheep
following transplantation during the temporal window when self non-self
discrimination occurs (note parallel kinetics). Engraftment receptivity is ges-
tational age-dependent®.

row engraftment levels 60 d after HSC transplantation
in sheep using xenogeneic or allogeneic HSC reveals a
parallel kinetic profile with a peak level when transplanta-
tion is performed between days 65-70 gestation (Figure
6). This suggests accurate gestational timing may be criti-
cal to accessing the full panoply of immune tolerance
mechanisms (ze., deletion, regulatory cell formation and
anergy among all immune competent lineages) forming
during the window™. Transplantation before the onset
of the window and maternal derived histoincompatibility
may limit engraftment or expression but in general toler-
ance is achieved ™" The short tolerance induction
period in mice may contribute to occasional microchime-
rism and NK cell mediated rejection[21’57’58]. In sheep and
mice, engraftment and/or expression can be augmented
long after birth (ie., further supporting the achievement
of long-term immune tolerance and memory). In Table 2,
groups of 6 sheep were assessed for tolerance to alloge-
neic HSC and then re-transplanted after birth with same
donor HSC resulting in marked improvement in the level
of engraftment. Flake has demonstrated similar findings
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Table 2 Groups of 6 sheep were assessed for tolerance to

allogeneic human stem cells and then re-transplanted after
birth with same donor human stem cells

Allogeneic sheep HSC render recipient sheep' tolerant following in
utero transplantation

Stimulator Responder Stimulation index’
Donor Donor 0
Recipient Recipient 0
Donor Recipient 0-8
Recipient Donor 58 +11
Pooled Donor 69+12
Pooled Recipient 78+12

Postnatal infusion of allogeneic same donor HSC augments engraftment
in tolerant sheep’
% increase®

% donor cells at birth n
6-10 4 86 +29
11-15 5 63 +£22
>15 4 21+11

'Representative sample of 6 chimeric lambs; *Variation of mixed lymphocyte
reaction (MLR) previously reported”; *Tolerance determined via MLRP?;
*Assessed 6 mo after postnatal stem cell infusion (3 x 10° cells/kg) in thirteen
chimeric lambs rendered tolerant. HSC: Human stem cell.

in the allogeneic mouse model™. In a similar vein, mixed
lymphocyte reaction unresponsiveness has been detected
following xenogeneic in utero transplantation (unpub-
lished observations).

As noted above, if performed during the proper
phase in gestation, the SC engraftment incidence is high
in both large and small animal models. Mouse models
are hampered by the short induction period and multiple
small fetuses to inject resulting in a diminished engraft-
ment frequency. In large animals, the engraftment fre-
quency is considerably higher. For example, less than
exhaustive examination of the pancreas in sheep revealed
a chimeric incidence of 79%"".

Limited graft expression following IUT

Gestational developmental impediments: The course
of hematopoietic ontogeny is associated with an ordetly
and predictable switch in primary sites of hematopoi-
esis. Mammalian hematopoietic sites are gestational age
dependent starting in the yolk sac migrating to liver and
spleen then finally lodging in the bone marrow. Yet, the
marrow contributes little to circulating peripheral blood
until just prior to birth. The mechanisms undetlying this
migration to marrow reflect bone and marrow ontogeny
including formation of the osteoblastic niche. With re-
gard to transplanted HSC, we reported a similar engraft-
ment gradient dependent on bone and marrow maturity
with little peripheral blood expression' *Y. This osteo-
blastic niche (site of primitive HSC engraftment) matures
by day 65 and may in part influence the peak in marrow
engraftment seen following transplantation (Figures 6
and 7). But again, the liver/spleen remains the main site
of hematopoiesis until just prior to birth. These repre-
sent serious homing and maturational impediments to
achieving therapeutic levels of donor cell expression to
treat diseases that are clinically evident during gestation.
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Figure 7 Maximal donor cell engraftment in sheep occurs during the mid-
to-later stages of the tolerance induction period. This period follows thymic
demarcation and formation of the osteoblastic niche. Further, engraftment is
durable as the engraftment kinetics are similar to that noted at 60 d post trans-
plant supporting our contention that the graft is viewed by the recipient as self
(see Figure 6)”.

Maternal-derived inhibition: Maternal derived inhibi-
tion either through histoincompatible maternal lympho-
cyte microchimerism or maternal alloantibodies may limit
engraftment/expression. To address this issue, we ob-
served that maternal histocompatible donor grafts from
matched cord blood improved peripheral blood donor
expression (2.75% ws 0.93%) in comparison to relatively
mismatched graftslﬁz].

Inadequate competitive advantage to promote donor
expression: Allogeneic SCs can repair genetic hemato-
logic defects due allograft responsiveness to endogenous
growth factors®> Donor-species-specific growth
factors improve graft expression in xenografts confirm-
ing establishment of tolerance and importance of donor
stimulation in either an allogeneic or xenogeneic environ-
ment following o™, A promising approach that needs
further examination is the use of autologous stroma. In
our hands, co-transplantation improved graft expression
(donor hemoglobin) during gestation suggesting this may
be a useful tack to treat diseases overtly manifest during
gestation (Figure 8)°",

The end of the tolerance induction phase in large ani-
mals is followed by exponential growth[é]. Thus, augmen-
tation of donor engraftment/expression with transplanta-
tion of high dose donor SC and/or autologous stroma
during this exponential growth phase to compete with
endogenous/recipient SC differentiation and expansion
should prove fruitful. Late retransplantation would mimic
the mixing of hematopoietic cells in natural chimera that
occurs through the placental circulation during and after
closure of the gestational tolerance window and can result
in the enhanced expression of sibling cells. The sheep is
the maternal/fetal system most stable to test this hypoth-
esis®. Studies in mice support this notion as endogenous
marrow ablation after birth with retransplantation of do-
nor HSC can essentially replace recipient cells'®,
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Figure 8 Co-transplantation with autologous adult sheep stromal cells
improves allogeneic donor hematopoietic stem cell expression. Donor
expression (circulating hemoglobin) persists more that 30 mo after transplanta-
tion. Donor hemoglobin levels in the peripheral blood of sheep co-transplanted
with autologous adult bone marrow stroma (n = 4) are significantly higher (P <
0.01) than those transplanted with adult T-depleted bone marrow mononuclear
cells alone (n = 3)*". HSC: Human stem cell.

Clinical experience and roadmap for implementation

Therapeutic success following IUT in fetuses diagnosed
with a variety of genetic diseases has been disappoint-
ing, In repair of the severe combined immune deficiency
(SCID) defect, the transplanted cells have a competitive
advantage and a pootly populated functional organ in
Pl Yet, there are well-doc-
umented examples of proper timing and administration

which differentiation may occur

of an adequate SC dosage to treat a disease that theoreti-
cally should benefit for which limited graft expression is
seen ", Moving forward will require a more coordinated
approach, a clinical trial in an ideal candidate disease.
This coordinated approach should identify a can-
didate disease that will provide “proof principle” that
our theories are correct in a clinical setting. While at
first glance one might conjecture that transplantation
in X-linked SCID was successful because the fetus is
immunodeficient, an alternative and more likely expla-
nation is that an under populated developing thymus
provided important stimulus for expansion and expres-
sion of the donor graft (a proliferative stimulus similar
to Mintz’s demonstration in anemic mice)”. For this
reason thalasemia is a poor disease with which to test
the feasibility of IUT. Here there is often marked over
growth of endogenous marrow cells limiting donor cell
engraftment during developmentm. In a similar fashion,
failure to observe enhanced expression in mismatched
allogeneic grafts in sheep suggest that either maternal
derived inhibition limits donor expression or autologous
stromal factors are required to augment graft expression.
Likely mechanisms would be through either stromal ma-
jor histocompatability complex matching to preferential-
ly nurture the developing autologous SC or autocrine or
paracrine factors which specifically stimulate autologous
SC. Thus histocompatability is an important factor not
due to potential recipient immune inhibition (.e., failure
of tolerance induction) but by providing a graft that is

(4 9
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not prone to maternal immune inhibition or providing
(as yet undefined) autologous factors supporting graft
expression (evidenced by our report demonstrating im-
proved peripheral blood expression during development
in allogeneic grafts co-transplanted with autologous
stroma, Figure 8)"".,

In summary, IUT recapitulates normal acquisition of
self-tolerance. Experimentally, tolerance and engraftment
are readily achieved. The problem remains identifying a
disease that will promote graft expansion, limit maternal
interference or selectively promote the graft through
autologous stimulation. This likely requires retransplanta-
tion either late in gestation or shortly after birth (during
exponential growth) to provide a dosing advantage to
allow adequate numbers of donor HSC to compete with
recipient HSC to ameliorate disease in this tolerant en-
vironment. Risks such as procedural, the possible need
for multiple IUT procedures, infection and GVHD likely
are not prohibitivem. Since the majority of the genetic
disorders correctible with HSCT can be diagnosed early
in gestation to allow for IUHSCT, it is important that at-
tempts be made to correct these deficiencies before birth.
Use of compatible donors, determining the optimal
gestational age and co-transplantation of donor-derived
stroma/mesenchymal SCs may help achieve this end.

Ramifications: In vivo platform for therapeutics

The formation of differentiated human cells/organs
(without evidence for donot/recipient cell fusion) and
functional human proteins following transplantation al-
lows speculation as to the feasibility of IUT in applied
therapeutics in an autologous or allogeneic setting. This
would necessitate resolving problems such as cell/protein
separation and isolation, as well as contamination with
and transmission of infectious agents. Yet, development
of effective methods to mitigate these impediments could
unlock uncharted therapeutic possibilities. The finding
of differentiated human functional proteins and evidence
that engraftment/expression can be expanded before or
after birth offers the possibility that IUT in a large animal
could provide a source of autologous human proteins. In
a similar fashion, effective cell isolation (hematopoietic
cells seem the most feasible) might offer the possibility
of autologous cell transfusion for clinical support.

While the above possible applications of IUT may be
better served using ex »ivo bioreactors or systems, i vivo
use of sheep or an alternative animal of similar size to
humans may be useful with regard to development of or-
gans for transplantation. Our laboratory has been inves-
tigating this with regard to the liver and endocrine pan-
creas™™. Our studies involving the endocrine pancreas
have demonstrated long-term circulating human insulin
following SC transplantation. The ease with which islets
can be isolated for transplantation makes this an ideal or-
gan to determine feasibility of IUT as a therapeutic mo-
dality for human organ transplantation. For both systems,
the critical determinant will be the role of a single SC (or
as Owen described them embryonal ancestral cells) in or-
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