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ABSTRACT

Autoimmune diseases affect 5-6% of the Caucasian population and represent a major burden on an individual’s life-style and the nation’s
health budget. There have been no cures described with current treatment based on replacement therapy and/or broad immunosuppressive
agents. A challenge for research in this field is to devise strategies aimed at specifically abrogating the immune response to self-antigens
while retaining an immune system that can combat foreign pathogens. The ability of the bone marrow compartment to confer
immunological tolerance to a recipient is well established and the use of allogeneic and autologous haematopoietic stem cell
transplantation (HSCT) to treat autoimmune disease have been reported for a number of autoimmune diseases. Results vary between trials
and diseases. A critical observation is the significant rate of relapses with autologous HSCT in humans with autoimmune disease that
suggest that this may not be a curative strategy. However, the ability to easily harvest autologous haematopoietic stem cells and
genetically manipulate them, opens up avenues that can be evaluated in the quest to enhance HSCT as a curative strategy. The use of gene
therapy to target autoantigen to HSCs in the autoimmune diseases to establish molecular chimeras and antigen-specific tolerance is still in
its infancy. Nonetheless, the few experimental studies that have directly used this approach, coupled with approaches to clear the
periphery of self-reactive T cells indicates that genetically-engineered HSCT may be a feasible and viable option for the curative
treatment of the autoimmune diseases.
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INTRODUCTION readers are directed to the recently published Autoimmune

Collectively, autoimmune diseases represent the pathogenic
consequence of an adaptive immune response that recognise
and destroys self-tissue. They display a range of disorders
affecting many organ systems (Diamond 2005). Autoim-
mune diseases are estimated to affect approximately 5-6%
of the Western population (Davidson ef al. 2001) with
examples including Type 1 diabetes (T1D) (Gianani et al.
2005; Bach 2006), systemic sclerosis (Denton et al. 2006),
systemic lupus erythematomsus (Kang et al. 2006), autoim-
mune gastritis (Toh ez al. 2004, 2007) and multiple sclerosis
(Hafler et al. 2005; McQualter et al. 2006). For a compre-
hensive compilation of reviews on autoimmune diseases,

Diseases (Rose et al. 2006). While genetic (Morahan et al.
2002) and environmental factors have been associated with
autoimmunity, little is known on what actually triggers dis-
ease in humans. Experimentally, autoimmune diseases can
be induced in a number of ways; which may give insight
into possible triggers associated with human disease. One
popular hypothesis termed molecular mimicry, involves a
cross-reactivity or similarity of antigenic epitopes between
microbial agents and self-molecules. As a consequence, ac-
tivation of a microbe-directed immune response will pro-
duce an immune response that will target and destroy the
self-antigen long after the initiating microbe has been
cleared (Oldstone 2005). Evidence for generalised micro-
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bial involvement in autoimmune diseases is sparse but some
strong associations have been reported. These include a link
between rheumatic heart disease and streptococcal antigens
(Guilherme et al. 2006), autoimmune gastritis and Helico-
bacter pylori (Amedei et al. 2003; D’Elios ef al. 2004) and
reactive arthritis which involves cross reactivity between
GroEL from Salmonella typhimurium and HSP60 (Lo ef al.
2000). However this area still remains greatly de-bated and
awaits convincing evidence (Rose et al. 2000; Benoist et al.
2001).

Autoimmune diseases are currently incurable. The abi-
lity to offer a selective treatment that will rid antigen-spe-
cific autoimmune responses without compromising the im-
mune system as a whole remains a holy grail of immuno-
logical research. Traditional treatments for autoimmune
diseases include replacement therapy such as insulin for
T1D and vitamin B12 for pernicious anaemia or broad im-
munosuppressive agents (Rudick et al. 1997; Tuckermann
et al. 2005). As our understanding of the molecular basis of
these diseases develops, refined approaches are being
developed to provide more selective treatments (Feldmann
et al. 2005). A prime example of this is the development of
anti-TNF treatments for patients with rheumatoid arthritis
(Feldmann ef al. 1996, 1997). However, these agents may
not be suitable for all autoimmune situations, with anti-TNF
blockage described for rheumatoid arthritis found to worsen
disease in patients with MS (Feldmann et al. 2005). Thus
the quest for treatments that will provide long-term remis-
sion for autoimmune diseases continues.

THYMIC TOLERANCE, PERIPHERAL ANTIGEN
EXPRESSION AND AUTOIMMUNITY

As a system charged with the task of protecting the host
from foreign pathogens, the immune system has developed
the capacity to respond to any potential threat. In the adap-
tive immune response, this recognition is through specific
antigen receptors associated with T and B cells (Goldrath et
al. 1999; Janeway et al. 2005). Since these antigen recep-
tors are generated through a process involving random re-
combination of defined gene elements and not in response
to pathogen exposure, chances of generating receptors with
self-reactivity are high. In light of this, the immune system
has developed a range of mechanisms designed to reduce
the generation or activation of self-reactive clones. These
can involve the processes of deletion, where self-reactive
cells are induced to die; or regulation, where the activation
of self-reactive cells is controlled through the action of
additional forces such as regulatory cells. A detailed review
of immunological tolerance is beyond the scope of this
review and the reader is directed to recent reviews on this
subject (Walker ez al. 2002; Goodnow et al. 2005; Kyewski
et al. 2006; Zehn et al. 2006). The mechanism of deletion
within the primary lymphoid tissues is commonly referred
to as central tolerance. Within the thymus this process de-
fines the process where developing T cells are screened for
reactivity through the interaction of their T cell receptor
with MHC and peptide complexes presented on thymic epi-
thelia and dendritic cells (Gallegos et al. 2006). Experi-
mentally, it was the study of Kiselow and von Boehmer
who first demonstrated that the presence of a defined anti-
gen in the thymus could induce deletion of antigen specific
clones (Kisielow ef al. 1988). Using transgenic mice that
expressed a TCR specific for the male H-Y antigen, they
observed that in females (lacking H-Y), anti-H-Y T cell de-
velopment was normal whereas in males, these cells were
absent. This has lead to our current understanding that the T
cell repertoire is moulded by exposure of developing T cells
to self-peptides presented by thymic MHC. What governs
whether a cell is deleted is dependent on TCR affinity or
avidity such that thresholds exist above which cells will be
signalled to die (Haribhai et a/. 2003; Palmer 2003; Hog-
quist et al. 2005). Cells that do not reach this threshold are
maintained to develop into the repertoire suitable to combat
foreign antigens and also are selected to develop into regu-
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latory T cells that provide a further means of subsiding the
autoimmune response (Jordan ez al. 2001).

The notion of antigen expression in the thymus and its
role in self-tolerance, in particular to peripheral antigens
was initially developed by the work of Hananan and col-
leagues (Hanahan 1998). They observed under experimental
conditions that the targeted peripheral expression of an
antigen to the pancreas resulted in antigen being detected in
the thymus (Jolicoeur ef al. 1994). This concept of peri-
pheral or tissue specific antigen expression within the thy-
mus is now well established and has recently been cemen-
ted by studies from Derbinski and Kyewski (Derbinski et al.
2001; Kyewski et al. 2004; Derbinski et al. 2005; Kyewski
et al. 2006) who estimate that this process may be respon-
sible for the expression of several thousand genes in the
thymus (Kyewski et al. 2004). As a mechanism of promo-
ting tolerance to peripheral antigens, this complements the
idea that exposure to antigen is a major means of tolerising
autoreactive clones. While much of our understanding sur-
rounding promiscuous gene expression and central tole-
rance has developed from studies involving Aire, it appears
that promiscuous gene expression is likely to be driven by a
number of yet defined transcription factors since the ex-
pression of some peripheral antigens is Aire independent
(Kyewski et al. 2004, 2006).

Perhaps the most compelling evidence that natural
expression of genes within the thymus can have profound
effects on the T cell repertoire and autoimmunity come
from recent studies involving the putative transcription
factor AIRE (Autolmmune Regulator Element). For a com-
prehensive summary on the molecular and biochemical
features of Aire, readers are referred to the recent review by
Anderson and colleagues (Cheng et al. 2007). In humans,
mutations in the AIRE gene result in Autoimmune poly-
endocrinopathy syndrome type 1 (APS-1), or APECED
(Autoimmune polyendocrinopathy-candidiasis-ectodermal
dystrophy), characterised by autoimmune pathologies in
multiple organs such as the pancreas, stomach and thyroid
(Bjorses et al. 1998; Peterson et al. 1998). Analysis of
various human and mouse tissues indicates the Aire gene is
predominantly expressed in thymic medullary epithelial
cells at the cortico-medullary junction and in a small pro-
portion of dendritic cells (Heino et al. 1999; Zuklys et al.
2000; Derbinski et al. 2001; Kogawa et al. 2002; Klamp et
al. 2006). In the mouse, targeted deletion of the Aire gene
largely reproduces the human findings with mice deve-
loping autoimmune disorders affecting pancreas, retina,
ovary, salivary glands and thyroid (Anderson et al. 2002).
In this study, Anderson and colleagues estimate that Aire
could be associated with the expression of up to 1200 genes
indicating that a number of transcription factors are likely to
be responsible for all TSA expression. This is supported by
recent findings which show express expression of certain
peripheral antigens such as GAD67 and C-reactive protein
are not influenced by Aire expression (Anderson et al.
2002). In studies that have specifically addressed the role of
Aire in tolerance, Liston ef al., demonstrated that tolerance
to a neoantigen driven by the insulin promoter was directly
associated with expression of Aire such that mice deficient
in Aire failed to delete antigen specific thymocytes in the
thymus (Liston ez al. 2003). Furthermore, the dosage of
Aire resulted in a differential release of autoreactive cells in
which heterozygous mice induced less thymic deletion and
increased progression to autoimmunity (Liston et al. 2004).
Within the thymic epithelial cell population, it seems that
Aire expression is restricted to cells expressing the tight
junction associated molecules claudin-3 and -4 which may
shed clues to the origin of these cells during thymic deve-
lopment (Hamazaki et al. 2007).

The underlying principle supported by these studies is
that the level of antigen expression within the thymus can
influence the tolerance process. Altering antigen expression
could influence antigen expression and presentation and the
threshold required to induce deletion. In Aire-deficient mice,
absence of antigen would thus raise the threshold required
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for T cells to be deleted such that fewer potential antigen
specific cells would be deleted, ultimately being released
into the periphery. A similar picture is also emerging in
humans. In a recent study by the Kyewski group, it was
found that the expression level of tissue-restricted self-anti-
gens correlated with the level of Aire expression in medul-
lary epithelial cells (Taubert ez al. 2007).

The converse of the Aire studies described above would
be the consequence of adding antigen to the system and
what effect this would have on tolerance. Using this as a
working hypothesis we demonstrated in a transgenic model
of autoimmune gastritis (EAG) that ectopic expression of a
major autoantigen (H/K ATPase B-subunit) in MHC class 11
positive cells rendered mice resistant to disease induction
(Alderuccio et al. 1993). The induction of tolerance and
disease resistance has also been shown in other models
including the NOD model of T1D in which ectopic expres-
sion of proinsulin II renders mice resistant to developing
T1D (French et al. 1997; Jaeckel et al. 2004). Similarly,
ectopic expression of experimental autoimmune uveitis
associated autoantigen; interphotoreceptor retinoid-binding
protein (IRBP) completely protected mice from disease in-
duction (Xu et al. 2000).

While transgenic expression of these autoantigens can
promote tolerance, presumably through clonal deletion,
examination of expression patterns within the normal thy-
mus indicates that expression is not totally absent. Messen-
ger RNA expression of the gastric H/K ATPase and insulin
are found in the mouse thymus (Kyewski et al. 2002, 2004),
but the fact that disease can be induced in normal mice
suggests that natural expression levels are insufficient to
induce complete tolerance. Parameters that may influence
the degree of tolerance may include the level of expression,
source of antigen expression and even the stability of anti-
gens expressed. At closer examination, it can be seen that
within the thymus, expression of tissue specific antignes is
not equal amongst all cells of the thymic stroma. While
medullary thymic epithelial cells seem to express all genes,
this is not the case for other cells that make up the thymic
stroma including cortical thymic epithelial cells, macro-
phages and dendritic cells (Derbinski et al. 2001; Kyewski
et al. 2002). The pattern of gene expression in these cells is
more restricted and the significance of this to tolerance has
not been fully elucidated.

HAEMATOPOIETIC STEM CELL BASED
THERAPIES FOR AUTOIMMUNE DISEASE

This review will focus principally on the use of haemato-
poietic stem cells and their manipulation as a way of treat-
ing autoimmunity. However, other studies that utilise dif-
ferentiated cell populations or other stem cell populations
have been reported and are producing interesting results.
Many studies in experimental autoimmune models have
used in vitro manipulation of differentiated cells such as
dendritic, T and B cells or fibroblasts to deliver immuno-
suppressive or tolerogenic signals (Siatskas er al. 20006).
While these approaches may produce an outcome, the long-
term capacity and feasibility of these treatments in a clinical
setting may be compromised by the limited cellular lifespan
and turnover of these differentiated cells and thus the poten-
tial for repeat treatments. The role of other stem cell popu-
lations such as embryonic and mesenchymal stem cells in
biology and medicine is well recognised (Donovan et al.
2001; Guasch et al. 2005) but their use in immunology is
not without major challenges and considerations such as
rejection of differentiated cells by the host’s immune system
(Rosenthal 2003; Fairchild et al. 2004; Boyd et al. 2005;
Fairchild et al. 2005). In vitro, embryonic stem cells can be
directed to differentiate into HSC progenitors that are
capable of engrafting in host animals and generating lym-
phoid cell lineages of donor origin (Burt et al. 2004). This
finding raises the possibility of ES cells as a renewable and
plentiful source of HSCs for transplantation purposes.
Taking a more direct approach, Fandrich and colleagues
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generated a number of rat embryonic stem cell-like lines
which display embryonic stem cell characteristics such as
morphology and expression of alkaline phosphatase and
SSEA-1. These were injected directly into recipients and
reported to induce haematopoietic chimerism and allograft
acceptance (Fandrich ef al. 2002). This is indeed an inte-
resting finding but has yet to be reproduced.

Mesenchymal stem cells are a rare population of cells
that are predominantly found in the bone marrow and dis-
tinct from the haematopoietic stem cell and have the capa-
city to differentiate into a wide variety of tissues (Pittenger
et al. 1999; Jiang et al. 2002). The major potential uses of
mesenchymal stem cells for autoimmunity may lie in the
fact that they have immunomodulatory properties and thus
can potentially regulate autoimmune responses (El-Badri et
al. 2004; van Laar ef al. 2006; Stagg 2007). They have been
reported to suppress in vitro responses of various immune
cells including T and B cells and dendritic cells (Krampera
et al. 2003; Jiang et al. 2005; Corcione et al. 2006). For a
comprehensive overview of the immune regulatory proper-
ties of mesenchymal stem cells see the recent review by
Stagg (Stagg 2007). The use of mesenchymal stem cells in
autoimmunity is limited to their potential in treating human
disease (El-Badri et al. 2004; van Laar et al. 2006) and
experimental models. In two studies of EAE, the introduc-
tion of mesenchymal stem cells was able to ameliorate
disease severity although disease development was not in-
hibited (Zappia et al. 2005; Zhang et al. 2005). Clearly
further studies need to be performed to examine the full
extend of the benefit of these cells in the treatment of auto-
immunity.

The paramount example of the adult stem cell is the
haematopoietic stem cell (HSC), which is the source of all
cells of the lymphoid and myeloid lineages including lym-
phocytes, dendritic cells, macrophages and granulocytes as
well as red blood cells and platelets. By far the most study
on the use of stem cells to treat autoimmune disease is
HSCT. This is illustrated in numerous animal studies such
as EAE, SLE, collagen-induced arthritis and myasthenia
gravis in which disease severity, or relapse rates are reduced
following HSCT (Burt et al. 1998; Karussis et al. 1995; van
Bekkum 2000; van Bekkum 2003; Pestronk er al. 1983).
While HSCT is widely used to treat patients with severe
malignancies (Shizuru et al. 2005) its potential in the treat-
ment of human autoimmune disease stemmed from the ob-
servation of benefit seen in patients who happened to also
have a concurrent autoimmune disease (Cooley et al. 1997,
Snowden et al. 1997; Jindra et al. 1999). Autologous HSCT
is currently being pursued in many worldwide studies tar-
geting a range of autoimmune diseases (Popat ef al. 2004;
Hough et al. 2005; Tyndall et al. 2005; van Laar et al.
2006). The rationale of using HSCT to treat autoimmunity
is based on the premise that the existing autoimmune res-
ponse is ablated by the preconditioning regime and that the
transfer of HSCs will engraft and regenerate the immune
system without reactivation of the autoimmune response
(Blanco et al. 2005). However, the outcomes are not
straight forward, with mixed responses observed. While
benefit can be measured in some individuals, it is also clear
that the danger of relapse is real and does occur, often after
many years, in a significant number of patients (Sykes et al.
2005; van Laar et al. 2006). As a process designed to
simply replace the ablated immune system, a number of
assumptions have to be made to believe that relapse will not
occur. Firstly, the reconstituted immune system will not
generate self-reactive clones capable of initiating an
autoimmune response. Since antigen receptors are randomly
generated and subjected to tolerance mechanisms as
discussed above, it is hard to imagine that eventually self-
reactive clones, similar to those involved in the initial deve-
lopment of autoimmunity will not be generated and thus
capable of mounting an immune response. Secondly, the
trigger that initiated the initial disease is no longer present.
This is difficult to address since it is not clear what triggers
disease in humans. Experimentally, autoimmune diseases
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Fig. 1 Critical issues to be addressed in devising curative strategies for

or cure
autoimmune diseases. Induction of antigen specific immunological tole-
rance to prevent the development and activation of new autoreactive
clones; coupled with conditioning regimes and treatments directed at eli-
minating and clearing existing pathogenic clones.

can be initiated by a variety of procedures (von Herrath et
al. 2006) but their extrapolation to human disease must be
kept in perspective. And thirdly, the preconditioning regime
used to prepare the recipient for HSCT has eliminated
existing autoreactive clones or clones that may have been
transferred with the graft. Each of these could individually
result in disease relapse and it is not clear in patients that do
not respond to treatment or relapse following a period of
remission which of these may be responsible. Some under-
standing of these issues may be obtained from animal stu-
dies and this will be expanded on below. Clearly there is
room for improvement and we believe that any successful
curative strategy must address the two main issues of in-
ducing immunological tolerance and clearing of pre-exis-
ting clones (Fig. 1).

GENE THERAPY INDUCED IMMUNOLOGICAL
TOLERANCE

The central role of the thymus in T cell development and
tolerance is outlined above, but the link between bone
marrow and thymus may not yet have been fully appreci-
ated. It has been known since the studies of Medawar and
colleagues that immune tolerance is achieved when animals
share a blood supply during development and this is
achieved through the bone marrow compartment. Non-
identical twin calves that share their circulation display
mixed chimerism and readily accept skin graft from each
other (Billingham ef al. 1952) and the transfer of allogeneic
bone marrow in neonatal mice will result in acceptance of
donor-matched derived grafts (Billingham et al. 1953). In
short, bone marrow derived cells such as dendritic cells are
integral components of the thymic stroma and play a critical
role in the process of thymic tolerance (Brocker et al. 1997,
Palmer 2003; Gallegos et al. 2006). Therefore the question
arises whether genetic manipulation of the system can be
used to promote antigen specific tolerance. As mentioned
above, in transgenic whole animal models the answer is yes.

A major question that arises from these observations is
whether this can be translated to the clinic. The use of gene
therapy to treat haematopoietic diseases is not new and is
currently used in the clinic in a range of haematological dis-
orders (Verma et al. 2005; Herzog et al. 2006). Therefore
much of the technical requirements for this strategy are
already in place. However, the field has had serious issues
to deal with such those associated with the development of
T cell leukemia in 2 boys with X-linked severe combined
immunodeficiency (Hacein-Bey-Abina et al. 2003) treated
using gene therapy to introduce the yc chain and repair
development of T and NK cell compartments (Hacein-Bey-
Abina et al. 2002). While ongoing caution and care is pru-
dent, it may appear this unfortunate event was due to the
oncogenic properties of the introduced transgene and its
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positioning upstream of the LMO2 gene which was acti-
vated to induce the leukemia (Berns 2004). Overall, it
seems there have been little adverse effects associated with
gene therapy (Berns 2004) and we should thus continue to
examine and explore ways in which this powerful tech-
nology can be utilised.

The targeting of HSCs through gene therapy to induce
antigen-specific immunological tolerance is still new and
has not been attempted in the clinic. Even experimental
studies are limited but the studies to date are promising and
indicate that the autoimmune repertoire can be influenced in
this way to enhance immunological tolerance. Studies
which have not focused on defined autoantigens but use
neoantigens or alloantigens have been useful in establishing
the validity of the concept. The first example used a neo-
antigen model of TI1D that involved the transgenic
expression of LCMV glycoprotein (gp) in the pancreas and
gp-specific T cells (gp TCR). Under normal situations
double transgenic mice remained disease-free but following
immunisation with LCMYV, double transgenic mice deve-
loped diabetes (Ally et al. 1995). However, if bone marrow
from these mice was transduced with retrovirus encoding
the LCMV gp gene and used to generate bone marrow
chimeras, deletion of gp-specific T cells occurred within the
thymus, rendering mice deficient in peripheral gp-specific T
cells and resistant to T1D induction (Ally ez al. 1995). Simi-
lar strategies have been used to induce tolerance to MHC
alloantigens. Following transfer of bone marrow cells
transduced with retrovirus encoding the allogeneic MHC
class I gene, H-2K" gene, expression of the alloantigen was
observed in multiple haematopoietic cell lineages, and this
was coupled with reduction of the T cell response to the K
alloantigen and acceptance of K® skin grafts (Sykes et al.
1993; Fraser et al. 1995). This has also been demonstrated
for class II alloantigens (Wong et al. 2003) with prolonged
survival of kidney allografts expressing identical class II
transgene and disparate to recipient MHC (Sonntag et al.
2001). The use of MHC alloantigens has been use to treat
experimental autoimmune diseases. It is known that in the
NOD mouse that disease suscegtlblhty is associated with
the H2¢” MHC haplotype (K4, A¥ E™' D) and that disease
can be inhibited in a dominant manner by the heterozygous
expression of other MHC haplotypes (Prochazka et al.
1989). Furthermore, resistance can be transferred via the
bone marrow compartment (Serreze ef al. 2004) where bone
marrow derived dendritic cells are likely responsible for
promoting clonal deletion (Chen ef al. 2007). The recent
studies by Iacomini and colleagues have introduced a true
gene therapy approach to this concept. In studies using
retroviral transduction and transfer of HSCs, tolerance to
MHC alloantigens can be induced (Bagley et al. 2002)
which can promote alloantigen specific central deletion
(Kang et al. 2002) or even the generation of CD4+CD25+ T
regulatory cells (Forman et al. 2006). A pertinent finding
that has come from these studies that is highly relevant to
any potential clinical translation is the finding that persis-
tence of antigen is required to maintain tolerance (Bonilla e?
al. 2006; Tian et al. 2006). For autoimmunity, we suggest
that this is critical to any strategy aimed at promoting long-
term tolerance and disease remission and argues against
strategies that target differentiated cells and thus limit the
presence of the antigen to the life of the cell. By targeting
stem cells in the first instance, the potential for promoting
life-long expression of antigen in bone marrow derived
cells involved in tolerance induction is built into the stra-
tegy (Alderuccio ef al. 2003, 2004).

Our own study in this area uses a number of experi-
mental disease models including autoimmune gastritis, type
1 diabetes and EAE. The overall strategy is similar across
models and is outlined in Fig. 2. Following the isolation of
bone marrow from 5-flurouricil treated mice, the HSCs are
cultured with IL-6 and SCF and transduced with MMLV
based retrovirus (Kitamura et al. 2003) encoding autoanti-
gen of interest and eGFP to allow easy enrichment of trans-
duced cells prior to transfer and also tracking and enumera-
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Fig. 2 Experimental gene therapy strategy used to induce immunolo-
gical tolerance to defined autoantigens. Harvested haematopoietic stem
cells are transduced with retrovirus encoding autoatantigen of interest and
EGFP for enrichment and in vivo tracking. Transduced HSCs are trans-
ferred to irradiated recipients and allowed to generate stable molecular
chimeras. The development of autoimmune disease or immunological fea-
tures are examined in spontaneous models or following disease induction.
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tion of cell populations in vivo. Using this we have demons-
trated the specific production and predominant secretion of
proinsulin in cells transduced with retrovirus encoding
proinsulin2 (Chan et al. 2006) and the expression of MOG
following transduction with retrovirus encoding MOG (Fig.
3). Recipient mice are preconditioned with total body irradi-
ation prior to transfer and given a 3-week course of anti-
CD4 T cell depleting antibody following transfer. We have
found the ability to purify EGFP've cells prior to transfer
enhances the chimerism achieved from transduced cells
(Fig. 3G) and have obtained high levels of molecular chi-
merism with as few as 3000 cells. As an extension of previ-
ous studies that demonstrated that bone marrow from trans-
genic mice expressing proinsulin2 prevented the develop-
ment of TID in NOD mice (French et al. 1997; Steptoe et
al. 2003), we generated chimeric mice in which HSCs were
transduced with retrovirus encoding proinsulin 2. Chime-
rism was generated in a range of lymphoid and myeloid cell
populations such as CD4 and CD8 T cells, B cells and
CDI11c+MHCII+ dendritic cells (Chan er al. 2006) (Fig.
3G). Of importance to our hypothesis that bone marrow
derived dendritic cells are involved, immunohistochemical
analysis of thymus confirmed the presence of GFP expres-
sing dendritic cells located predominantly in the cortico-
medullary junction (Chan ef al. 2006). This initial study
focused on the effect of this procedure on the level of insu-
litis associated with the early stages of T1D in the NOD
model. We found that both the incidence and degree of insu-
litis was reduced in mice that received HSCs transduced
with proinsulin2 compared to mice that received HSCs
transduced with control autoantigen (gastric H/K ATPase -
subunit) or normal bone marrow. This initial finding sup-
ports the concept that immunological tolerance to key auto-

Fig. 3 Retroviral induced autoantigen expression
and in vivo molecular chimerism. An MMLYV based
retrovirus encoding autoantigen and EGFP can be
used to transduce in vitro culture cells lines (A-F) or
promote in vivo chimerism following transfer of
transduced haematopoietic stem cells (G). Mouse
3T3 cells transduced with retrovirus encoding myelin
oligodendrocyte (MOG) (A, B, D, E) or proinsulin2
(C, F). Transduced cells are identified by coexpres-
sion of EGFP (A-C). Specific expression of MOG is
detected by indirect immunofluorescence staining
with MOG specific mAb (E), with negative reacti-
vity seen with control secondary antibody (D) or
staining of irrelevant antigen (F). Images were cap-
tured with x20 objective. Chimerism is achieved in
cells of myeloid (CD11c+MHCII+ dendritic cells)
and lymphoid (CD4 and CD8 T lymphocytes) origin
in thymus and lymph node following transfer with
transduced HSCs (G). Recipient mice preconditioned
with total body irradiation are transferred with HSCs
and analysed 8-10 weeks later. Elevated chimerisms
levels are obtained in mice that received transduced
(sorted for EGFP expression) HSCs (n=4) prior to
transfer compared to mice which received non-sorted
cells (n=3). Chimerism levels were analysis by
Mann-Whitney unpaired test and is data presented as
mean + standard error of the mean.

o
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immune disease associated autoantigens can influence the
development of disease. We are currently extending these
studies to assess the development of diabetes in transferred
mice.

An earlier study by Peters and colleagues used a retro-
viral system to direct expression of myelin basic protein
(MBP) under control of the proximal /ck promoter and
found this treatment did not reduce the incidence of EAE
following MPB challenge (Peters et al. 2000). Unfortu-
nately it is difficult to interpret these data since little infor-
mation was presented on chimerism levels or even evidence
of antigen expression in vivo. By targeting thymocytes with
the proximal /ck promoter, it may also be indicating that
simple expression of antigen in the thymus may not be
sufficient to induce tolerance and that antigen must be pre-
sented by the appropriate cell population such as dendritic
cells (Brocker et al. 1997; Palmer 2003). More recently
however, Scott and colleagues have shown in the SJL model
of EAE that HSCs transduced with retrovirus encoding
phospholipid protein (PLP) and transferred to irradiated
hosts are resistant to EAE induction following challenge
with PLP39.151 peptide (Xu ef al. 2006). In a more pre-
clinical setting which treated mice 12 days after PLP39.15;
immunisation, a beneficial but not absolute effect was also
observed. We have observed a similar effect in the C57BL/6
model of primary progressive EAE that is induced by im-
munisation with MOGs;s_s5s peptide (Mendel et al. 1995).
Chimeric mice transferred with HSCs transduced with
retrovirus encoding MOG are completely resistant to

MOG;s.55 induced EAE (J. Chan, manuscript in preparation).

Taken together, these findings support the underlying basis
that immunological tolerance to a targeted autoantigen can
be achieved through genetically manipulated HSCT and can
prevent the development of disease. While existing data
supports central deletion as the main mechanism, it is not

clear whether this strategy can also generate regulatory cells.

With this in mind, it still remains to be determined whether
the induction of tolerance to one antigen will also lead to
promote tolerance to other associated autoantigens. The
major challenge of course is in treating and remitting estab-
lished disease. Experimentally can we treat animals with
established autoimmunity to reverse disease and promote
long-term remission without the need for long-term im-
munosuppression?

The issue of chimerism levels required to achieve tole-
rance is an important consideration. The general consensus
across a number of these studies is that only relatively low
levels of chimerism are required to achieve tolerance. Le-
vels of 10-15% are suggested for transplantation tolerance
(Wekerle ef al. 2001) and recently microchimerism levels as
low as 1% were reported to be sufficient to induce tolerance
of CD8 T cells in an allogenic setting (Bonilla ez al. 2006).
In another study that involved skin allograft survival across
an MHC class II barrier, Tian and colleagues reported that
chimerism levels of approximately 1%, generated by retro-
viral transduction of HSCs were sufficient to promote graft
survival (Tian et al. 2006). In our own studies, chimerism
levels varied widely between cell populations and ranged
between 2-50% (Chan et al. 2006), while Steptoe and col-
leagues generating levels of 5% chimerism following HSCT
could prevent the development of T1D in the NOD mouse
(Steptoe et al. 2003). The level of chimerism required to
induce self-tolerance will ultimately have a major impact on
strategies used to establish chimerism since the degree of
toxicity associated with conditioning regimes must be
weighted up against the potential benefit. We are very
interested in this and aspects of our current studies using
experimental models are geared at assessing the relationship
between low toxic regimes, level of chimerism and toler-
ance.

A FURTHER CONSIDERATION: DEALING WITH
THE EXISTING AUTOREACTIVITY

An absolute requirement associated with any curative stra-
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tegy for autoimmune disease is that it must also deal with
the existing disease. Not only will immunological tolerance
to culprit autoantigen(s) be required, but existing autoreac-
tive clones must also be eliminated (Fig. 1). Failure to
achieve this may not lead to a successful treatment. We
have observed evidence of this in our study of experimental
autoimmune gastritis (EAG) but there has been very little
research published in this area. In this study we utilised two
transgenic mouse lines; PC-GMCSF tg mice which sponta-
neously develop EAG (PC-GMCSF tg) due to expression of
the proinflammatory cytokine GM-CSF in stomach parietal
cells (Biondo ef al. 2001), and IE-H/Kp tg mice which ex-
press the target autoantigen (H/K ATPase -subunit) under
the control of the MHC class II promoter and are resistant
to disease development (Alderuccio et al. 1993). When
crossed, double transgenic mice do not develop autoim-
munity, confirming the dominant nature of tolerance asso-
ciated with IE-H/KP tg mice (Murphy et al. 2003). How-
ever in experiments in which bone marrow from IE-H/Kp tg
mice is transferred to irradiated diseased PC-GMCSF mice,
we observed a lack of T cell reactivity in peripheral lym-
phocytes but within the gastric tissue, inflammatory infil-
trate and pathology was still evident (Murphy et al. 2003).
From this we concluded that the ability to induce T cell
tolerance in an established disease setting may not be suf-
ficient to promote disease remission.

We have started to address this issue of existing patho-
logy in autoimmune disease. Many autoimmune diseases
are treated with broad immunosuppressants such as the cor-
ticosteroid prednisolone. In patients with pernicious anae-
mia (the clinical endpoint of autoimmune gastritis), it was
reported in the 1960s that treatment with prednisolone re-
sulted in disease remission and recovery of gastric function
(Jeffries et al. 1966; Wall et al. 1968). However this was
not a curative treatment with disease symptoms relapsing
following prednisolone withdrawal. We have recently repro-
duced this study in the EAG mouse model by treating EAG
mice with prednisolone (Biondo et al. 2006). We observed
that not only did prednisolone treatment clear the inflam-
matory infiltrate within the gastric mucosa, but that the
gastric mucosa recovered to a normal morphology (Fig. 4).
Upon withdrawal of prednisolone we also observed discase
relapse in mice with an intact thymus; however in mice in
which EAG was induced by neonatal thymectomy (Alde-
ruccio et al. 2002) and thus lacked a thymus, we noted that
over 40% did not relapse (Biondo ef al. 2006). This finding

Fig. 4 Autoimmune disease remission induced by prednisolone. Gross
morphology (A-C) and heamatoxylin and eosin staining (D-E) of sto-
machs from normal mice (A, D), mice with established autoimmune gas-
tritis (B, E) and mice with EAG and treated with prednisolone (C, F).
Areas of cellular destruction and inflammatory infiltrate in panel E are
indicated by arrows. Gross morphology images (panels A-C) shown at
same magnification. (bar = 2 mm) Histology images (panels D-E) were
captured with x10 objective.
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implies that in a situation where existing pathogenic clones
are cleared and development of new autoreactive T cells is
prevented, long-term remission may be possible (Biondo et
al. 2006). We now wish to extend this observation to other
experimental autoimmune models such as EAE. Ultimately
we wish to determine whether diseased mice treated with
prednisolone together with transfer of genetically manipu-
lated HSCs can result in a state of long-term remission or
cure without the need to ongoing immunosuppression.

CONCLUSION

While progress is being achieved to suggest that gene the-
rapy involving HSCT can be utilised to address the treat-
ment of the autoimmune diseases, there are still many ques-
tions to be answered. Data from neoantigen and alloantigen
studies suggest that clonal deletion is the main form of
tolerance induction but whether this is the case for auto-
antigens introduced through HSC transduction and transfer
or whether the generation of regulatory cells is the mecha-
nism is not known. One can envisage that both mechanisms
may be employed with the defining factor varying from one
TCR to another.

The ability to specifically dampen an autoimmune res-
ponse while maintaining a functioning immune system
poses a major challenge for basic and clinical research. Our
current position on treatments involving generalised or
semi-targeted suppression of immune related features still
leave the patients with side effects and increased suscep-
tibility to infections. Clearly, there is a pressing need for in-
novative strategies to improve the current status. The use of
autologous HSCT is being trailed in a number of autoim-
mune diseases as a means of “resetting” the immune system
to a pre-autoimmune state. The potential for relapse with
this strategy is realised and indicates that alone, this is not a
curative process. Gene therapy is a powerful tool to mani-
pulate the genetic signature of targeted cells. It is commonly
thought of as a strategy used to introduce a missing function
to cells associated with various diseases such as those that
affect the haematopoietic system. However it could also be
used to introduce or increase the expression of molecules in
other settings that may be beneficial. We suggest that gene
therapy associated with HSCT is a viable strategy to pro-
mote antigen specific tolerance in the autoimmune diseases.
While many issues still need to be addressed before clinical
implementation, there is mounting and strong experimental
data to support continued pursuance of this strategy.

ACKNOWLEDGEMENTS

This work is supported by funding from the Australian National
Health and Medical Research Council.

REFERENCES

Alderuccio F, Murphy K, Toh BH (2003) Stem cells engineered to express
self-antigen to treat autoimmunity. Trends in Immunology 24, 176-180

Alderuccio F, Sentry JW, Marshall AC, Biondo M, Toh BH (2002) Animal
models of human disease: experimental autoimmune gastritis — a model for
autoimmune gastritis and pernicious anemia. Clinical Immunology 102, 48-
58

Alderuccio F, Toh BH (2004) Induction of tolerance to self-antigens using
genetically modified bone marrow cells. Expert Opinion in Biological The-
rapy 4, 1007-1014

Alderuccio F, Toh BH, Tan SS, Gleeson PA, van Driel IR (1993) An auto-
immune disease with multiple molecular targets abrogated by the transgenic
expression of a single autoantigen in the thymus. Journal of Experimental
Medicine 178, 419-426

Ally BA, Hawley TS, McKall-Faienza KJ, Kundig TM, Oehen SU, Pircher
H, Hawley RG, Ohashi PS (1995) Prevention of autoimmune disease by
retroviral-mediated gene therapy. Journal of Immunology 155, 5404-5408

Amedei A, Bergman MP, Appelmelk BJ, Azzurri A, Benagiano M, Tambu-
rini C, van der Zee R, Telford JL, Vandenbroucke-Grauls CM, D’Elios
MM, del Prete G (2003) Molecular mimicry between Helicobacter pylori
antigens and H', K'~adenosine triphosphataase in human gastric autoim-
munity. Journal of Experimental Medicine 198, 1147-1156

Anderson M S, Venanzi ES, Klein L, Chen Z, Berzins SP, Turley SJ, von

147

Boehmer H, Bronson R, Dierich A, Benoist C, Mathis D (2002) Projection
of an immunological self shadow within the thymus by the aire protein.
Science 298, 1395-1401

Bach J-F (2006) Type 1 diabetes. In: Rose NR, Mackay IR (Eds) The Autoim-
mune Diseases, Elsevier Academic Press, San Diego, California, pp 483-500

Bagley J, Tian C, Sachs DH, Iacomini J (2002) Induction of T-cell tolerance
to an MHC class I alloantigen by gene therapy. Blood 99, 4394-4399

Benoist C, Mathis D (2001) Autoimmunity provoked by infection: how good is
the case for T cell epitope mimicry? Nature Immunology 2, 797-801

Berns A (2004) Good news for gene therapy. New England Journal of Medicine
350, 1679-1680

Billingham RE, Brent L, Medawar PB (1953) Activity acquired tolerance of
foreign cells. Nature 172, 603-606

Billingham RE, Lampkin GH, Medawar PB, Williams HLL (1952) Toler-
ance to homografts, twin diagnosis, and the freemartin condition in cattle.
Heredity 6,201-211

Biondo M, Field J, Toh BH, Alderuccio F (2006) Prednisolone promotes re-
mission and gastric mucosal regeneration in experimental autoimmune gastri-
tis Journal of Pathology 209, 384-391

Biondo M, Nasa Z, Marshall A, Toh BH, Alderuccio F (2001) Local trans-
genic expression of granulocyte macrophage-colony stimulating factor initi-
ates autoimmunity. Journal of Immunology 166, 2090-2099

Bjorses P, Aaltonen J, Horelli-Kuitunen N, Yaspo ML, Peltonen L (1998)
Gene defect behind APECED: a new clue to autoimmunity. Human Molecu-
lar Genetics 7, 1547-1553

Blanco Y, Saiz A, Carreras E, Graus F (2005) Autologous haematopoietic-
stem-cell transplantation for multiple sclerosis. Lancet Neurology 4, 54-63

Bonilla WV, Geuking MB, Aichele P, Ludewig B, Hengartner H, Zinker-
nagel, RM (2006) Microchimerism maintains deletion of the donor cell-spe-
cific CD8+ T cell repertoire. Journal of Clinical Investigation 116, 156-162

Boyd AS, Higashi Y, Wood KJ (2005) Transplanting stem cells: potential tar-
gets for immune attack. Modulating the immune response against embryonic
stem cell transplantation. Advanced Drug Delivery Reviews 57, 1944-1969

Brocker T, Riedinger M, Karjalainen K (1997) Targeted expression of major
histocompatibility complex (MHC) class II molecules demonstrates that den-
dritic cells can induce negative but not positive selection of thymocytes in
vivo. Journal of Experimental Medicine 185, 541-550

Burt RK, Padilla J, Begolka WS, Canto MC, Miller SD (1998) Effect of dis-
ease stage on clinical outcome after syngeneic bone marrow transplantation
for relapsing experimental autoimmune encephalomyelitis. Blood 91, 2609-
2616

Burt RK, Verda L, Kim DA, Oyama Y, Luo K, Link C (2004) Embryonic
stem cells as an alternate marrow donor source: engraftment without graft-
versus-host disease. Journal of Experimental Medicine 199, 895-904

Chan J, Clements W, Field J, Nasa Z, Lock P, Yap F, Toh, BH, Alderuccio F
(2006) Transplantation of bone marrow genetically engineered to express
proinsulin II protects against autoimmune insulitis in NOD mice. Journal of
Gene Medicine 8, 1281-1290

Chen Y-G; Silvera PA, Osborne MA, Chapman HD, Serreze DV (2007) Cel-
lular expression requirements for inhibition of type 1 diabetes by a domi-
nantly protective major histocompatibility complex haplotype. Diabetes 56,
424-430

Cheng MH, Shum AK, Anderson MS (2007) What’s new in the Aire? Trends
in Immunology 28, 321-327

Cooley HM, Snowden JA, Grigg AP, Wicks IP (1997) Outcome of rheuma-
toid arthritis and psoriasis following autologous stem cell transplantation for
hematologic malignancy. Arthritis Rheumatism 40, 1712-1715

Corcione A, Benvenuto F, Ferretti E, Giunti D, Cappiello V, Cazzanti F,
Risso M, Gualandi F, Mancardi GL, Pistoia V, Uccelli A (2006) Human
mesenchymal stem cells modulate B-cell functions. Blood 107, 367-372

D'Elios MM, Appelmelk BJ, Amedei A, Bergman MP, Del Prete G (2004)
Gastric autoimmunity: the role of Helicobacter pylori and molecular mimicry.
Trends in Molecular Medicine 10, 316-323

Davidson A, Diamond B (2001) Autoimmune diseases. New England Journal
of Medicine 345, 340-350

Denton C, Black C (2006) Systemic sclerosis, scleroderma. In: Rose N,
Mackay IR (Eds) The Autoimmune Diseases (4™ Edn) Elsevier, San Diego,
pp 369-379

Derbinski J, Gabler J, Brors B, Tierling S, Jonnakuty S, Hergenhahn M,
Peltonen L, Walter J, Kyewski B (2005) Promiscuous gene expression in
thymic epithelial cells is regulated at multiple levels. Journal of Experimental
Medicine 202, 33-45

Derbinski J, Schulte A, Kyewski B, Klein L (2001) Promiscuous gene expres-
sion in medullary thymic epithelial cells mirrors the peripheral self. Nature
Immunology 2, 1032-1039

Diamond B (2005) Autoimmunity. /mmunological Reviews 204, 5-8

Donovan PJ, Gearhart J (2001) The end of the beginning for pluripotent stem
cells. Nature 414, 92-97

El-Badri NS, Maheshwari A, Sanberg PR (2004) Mesenchymal stem cells in
autoimmune disease. Stem Cells and Development 13, 463-472

Fairchild PJ, Cartland S, Nolan KF, Waldmann H (2004) Embryonic stem
cells and the challenge of transplantation tolerance. Trends in Immunology 25,
465-470



Advances in Gene, Molecular and Cell Therapy 1(2), 141-149 ©2007 Global Science Books

Fairchild PJ, Robertson NJ, Cartland S, Nolan KF, Waldmann H (2005)
Cell replacement therapy and the evasion of destructive immunity. Stem Cell
Reviews 1, 159-167

Fandrich F, Lin X, Chai GX, Schulze M, Ganten D, Bader M, Holle J,
Huang DS, Parwaresch R, Zavazava N, Binas B (2002) Preimplantation-
stage stem cells induce long-term allogeneic graft acceptance without sup-
plementary host conditioning. Nature Medicine 8, 171-178

Feldmann M, Brennan FM, Maini RN (1996) Role of cytokines in theuma-
toid arthritis. Annual Review of Immunology 14, 397-440

Feldmann M, Elliot MJ, Woody JN, Maini RN (1997) Anti-tumor necrosis
factor-a therapy of rheumatoid arthritis. Advances in Immunology 64, 283-
350

Feldmann M, Steinman L (2005) Design of effective immunotherapy for
human autoimmunity. Nature 435, 612-619

Forman D, Kang ES, Tian C, Paez-Cortez J, Iacomini J (2006) Induction of
alloreactive CD4 T cell tolerance in molecular chimeras: a possible role for
regulatory T cells. Journal of Immunology 176, 3410-3416

Fraser CC, Sykes M, Lee RS, Sachs DH, le Guern C (1995) Specific unres-
ponsiveness to a retrovirally-transferred class I antigen is controlled through
the helper pathway. Journal of Immunology 154, 1587-1595

French MB, Allison J, Cram DS, Thomas HE, Dempsey-Collier M, Silva A,
Georgiou HM, Kay TW, Harrison LC, Lew AM (1997) Transgenic expres-
sion of mouse proinsulin II prevents diabetes in nonobese diabetic mice
[published erratum appears in Diabetes 1997 46, 924]. Diabetes 46, 34-39

Gallegos AM, Bevan MJ (2006) Central tolerance: good but imperfect. Im-
munological Reviews 209, 290-296

Gianani R, Eisenbarth GS (2005) The stages of type 1A diabetes: 2005. Im-
munological Reviews 204, 232-249

Goldrath AW, Bevan MJ (1999) Selecting and maintaining a diverse T-cell
repertoire. Nature 402, 255-262

Goodnow CC, Sprent J, de St. Groth BF, Vinuesa CG (2005) Cellular and
genetic mechanisms of self tolerance and autoimmunity. Nature 435, 590-597

Guasch G, Fuchs E (2005) Mice in the world of stem cell biology. Nature
Genetics 37, 1201-1206

Guilherme L, Kalil JE (2006). Rheumatic heart disease. In: Rose N, Mackay
IR (Eds) The Autoimmune Diseases (4th Edn) Elsevier, San Diego, pp 863-
373

Hacein-Bey-Abina S, le Deist F, Carlier F, Bouneaud C, Hue C, de Villartay
JP, Thrasher AJ, Wulffraat N, Sorensen R, Dupuis-Girod S, Fischer A,
Davies EG, Kuis W, Leiva L, Cavazzana-Calvo M (2002) Sustained cor-
rection of X-linked severe combined immunodeficiency by ex vivo gene ther-
apy. New England Journal of Medicine 346, 1185-1193

Hacein-Bey-Abina S, von Kalle C, Schmidt M, le Deist F, Wulffraat N,
Mclntyre E, Radford I, Villeval JL, Fraser, CC, Cavazzana-Calvo M,
Fischer A (2003) A serious adverse event after successful gene therapy for
X-linked severe combined immunodeficiency. New England Journal of
Medicine 348, 255-256

Hafler DA, Slavik JM, Anderson DE, O’Connor KC, de Jager P, Baecher-
Allan C (2005) Multiple sclerosis. Immunological Reviews 204, 208-231

Hamazaki Y, Fujita H, Kobayashi Y, Choi Y, Scott HS, Matsumoto M,
Minato N (2007) Medullary thymic epithelial cells expressing Aire represent
a unique lineage derived from cells expressing claudin. Nature Immunology 8,
304-311

Hanahan D (1998) Peripheral-antigen-expressing cells in thymic medulla: fac-
tors in self tolerance and autoimmunity. Current Opinions in Immunology 10,
656-662

Haribhai D, Engle D, Meyer M, Donermeyer D, White JM, Williams CB
(2003) A threshold for central T cell tolerance to an inducible serum protein.
Journal of Immunology 170, 3007-3014

Heino M, Peterson P, Kudoh J, Nagamine K, Lagerstedt A, Ovod V, Ranki
A, Rantala I, Nieminen M, Tuukkanen J, Scott HS, Antonarakis SE,
Shimizu N, Krohn K (1999) Autoimmune regulator is expressed in the cells
regulating immune tolerance in thymus medulla. Biochemical and Biophysi-
cal Research Communications 257, 821-825

Herzog RW, Cao O, Hagstrom JN, Wang L (2006) Gene therapy for treat-
ment of inherited haematological disorders. Expert Opinion in Biological
Therapy 6, 509-522

Hogquist KA, Baldwin TA, Jameson SC (2005) Central tolerance: learning
self-control in the thymus. Nature Reviews Immunology 5, 772-782

Hough RE, Snowden JA, Wulffraat NM (2005) Haemopoietic stem cell trans-
plantation in autoimmune diseases: a european perspective. British Journal of
Haemotology 128, 432-459

Jaeckel E, Lipes MA, von Boehmer H (2004) Recessive tolerance to prepro-
insulin 2 reduces but does not abolish type 1 diabetes. Nature Immunology 5,
1028-1035

Janeway CA, Travers P, Walport M, Shlomchik M (2005) Immunobiology:
The Immune System in Health and Disease (6™ Edn) Garland Publishing,
New York, 823 pp

Jeffries GH, Todd JE, Sleisenger MH (1966) The effect of prednisolone on
gastric mucosal histology, gastric secretion, and vitamin B 12 absorption in
patients with pernicious anemia. Journal of Clinical Investigation 45, 803-
812

Jiang XX, Zhang Y, Liu B, Zhang SX, Wu Y, Yu XD, Mao N (2005) Human

148

mesenchymal stem cells inhibit differentiation and function of monocyte-
derived dendritic cells. Blood 105, 4120-4126

Jiang Y, Jahagirdar BN, Reinhardt RL, Schwartz RE, Keene CD, Ortiz-
Gonzalez XR, Reyes M, Lenvik T, Lund T, Blackstad M, Du J, Aldrich S,
Lisberg A, Low WC, Largaespada DA, Verfaillie CM (2002) Pluripotency
of mesenchymal stem cells derived from adult marrow. Nature 418, 41-49

Jindra P, Koza V, Fiser J, Vozobulova V, Svojgrova M (1999) Autologous
CD34+ cells transplantation after FAMP treatment in a patient with CLL and
persisting AIHA: complete remission of lymphoma with control of autoim-
mune complications. Bone Marrow Transplantation 24,215-217

Jolicoeur C, Hanahan D, Smith KM (1994) T-cell tolerance toward a trans-
genic B-cell antigen and transcription of endogenous pancreatic genes in thy-
mus. Proceedings of the National Academy Sciences USA 91, 6707-6711

Jordan MS, Boesteanu A, Reed AJ, Petrone AL, Holenbeck AE, Lerman
MA, Naji A, Caton AJ (2001) Thymic selection of CD4+CD25+ regulatory
T cells induced by an agonist self-peptide. Nature Immunology 2, 301-306

Kang ES, Iacomini J (2002) Induction of central deletional T cell tolerance by
gene therapy. Journal of Immunology 169, 1930-1935

Kang I, Craft J (2006) Systemic lupus erythematosus. In: Rose N, Mackay IR
(Eds) The Autoimmune Diseases (4™ Edn) Elsevier, San Diego, pp 357-367

Karussis DM, Vourka-Karussis U, Lehmann D, Abramsky O, Ben-Nun A,
Slavin S (1995) Immunomodulation of autoimmunity in MRL/Ipr mice with
syngeneic bone marrow transplantation (SBMT). Clinical and Experimental
Immunology 100, 111-117

Kisielow P, Bluthmann H, Staerz UD, Steinmetz M, von Boehmer H (1988)
Tolerance in T-cell-receptor transgenic mice involves deletion of nonmature
CD4+8+ thymocytes. Nature 333, 742-746

Kitamura T, Koshino Y, Shibata F, Oki T, Nakajima H, Nosaka T, Kumagai
H (2003) Retrovirus-mediated gene transfer and expression cloning: power-
ful tools in functional genomics. Experimental Hematology 31, 1007-1014

Klamp T, Sahin U, Kyewski B, Schwendemann J, Dhaene K, Tureci O
(2006) Expression profiling of autoimmune regulator AIRE mRNA in a com-
prehensive set of human normal and neoplastic tissues. /mmunology Letters
106, 172-179

Kogawa K, Nagafuchi S, Katsuta H, Kudoh J, Tamiya S, Sakai Y, Shimizu
N, Harada M (2002) Expression of AIRE gene in peripheral monocyte/
dendritic cell lineage. Immunology Letters 80, 195-198

Krampera M, Glennie S, Dyson J, Scott D, Laylor R, Simpson E, Dazzi F
(2003) Bone marrow mesenchymal stem cells inhibit the response of naive
and memory antigen-specific T cells to their cognate peptide. Blood 101,
3722-3729

Kyewski B, Derbinski J (2004) Self-representation in the thymus: an extended
view. Nature Reviews Immunology 4, 688-698

Kyewski B, Derbinski J, Gotter J, Klein L (2002) Promiscuous gene ex-
pression and central T-cell tolerance: more than meets the eye. Trends in Im-
munology 23, 364-371

Kyewski B, Klein L (2006) A central role for central tolerance. Annual Review
of Immunology 24, 571-606

Liston A, Gray DH, Lesage S, Fletcher AL, Wilson J, Webster KE, Scott HS,
Boyd RL, Peltonen L, Goodnow CC (2004) Gene dosage-limiting role of
Aire in thymic expression, clonal deletion, and organ-specific autoimmunity.
Journal of Experimental Medicine 200, 1015-1026

Liston A, Lesage S, Wilson J, Peltonen L, Goodnow CC (2003) Aire regu-
lates negative selection of organ-specific T cells. Nature Immunology 4, 350-
354

Lo WF, Woods AS, de Cloux A, Cotter RJ, Metcalf ES, Soloski MJ (2000)
Molecular mimicry mediated by MHC class Ib molecules after infection with
gram-negative pathogens. Nature Medicine 6, 215-218

McQualter JL, Bernard CC (2006) Multiple Sclerosis: a battle between des-
truction and repair. Journal of Neurochemistry 100, 295-306

Mendel I, Kerlero de Rosbo N, Ben-Nun A (1995) A myelin oligodendrocyte
glycoprotein peptide induces typical chronic experimental autoimmune ence-
phalomyelitis in H-2b mice: fine specificity and T cell receptor V beta ex-
pression of encephalitogenic T cells. European Journal of Immunology 25,
1951-1959

Morahan G, Morel L (2002) Genetics of autoimmune diseases in humans and
in animal models. Current Opinion in Immunology 14, 803-811

Murphy K, Biondo M, Toh BH, Alderuccio F (2003) Tolerance established in
autoimmune disease by mating or bone marrow transplantation that target
autoantigen to thymus. International Immunology 15, 1-9

Oldstone MB (2005) Molecular mimicry, microbial infection, and autoimmune
disease: evolution of the concept. Current Topics in Microbiology and Im-
munology 296, 1-17

Palmer E (2003) Negative selection — clearing out the bad apples from the T-
cell repertoire. Nature Reviews Immunology 3, 383-391

Pestronk A, Drachman DB, Teoh R, Adams RN (1983) Combined short-term
immunotherapy for experimental autoimmune myasthenia gravis. Annals of
Neurology 14, 235-241

Peters TR, Bodine DM, McDonagh KT, Lovett-Racke A, McFarland HF,
McFarlin DE, Nienhuis AW, Racke MK (2000) Retrovirus mediated gene
transfer of the self antigen MBP into the bone marrow of mice alters resis-
tance to experimental autoimmune encephalomyelitis. Journal of Neuroim-
munology 103, 51-62



Gene therapy, HSCT and autoimmunity. Alderuccio et al.

Peterson P, Nagamine K, Scott H, Heino M, Kudoh J, Shimizu N, Anto-
narakis SE, Krohn KJ (1998) APECED: a monogenic autoimmune disease
providing new clues to self-tolerance. Immunology Today 19, 384-386

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD,
Moorman MA, Simonetti DW, Craig S, Marshak DR (1999) Multilineage
potential of adult human mesenchymal stem cells. Science 284, 143-147

Popat U, Krance R (2004) Haematopoietic stem cell transplantation for auto-
immune disorders: the American Perspective. British Journal of Haema-
tology 126, 637-649

Prochazka M, Serreze DV, Worthen SM, Leiter EH (1989) Genetic control
of diabetogenesis in NOD/Lt mice. Development and analysis of congenic
stocks. Diabetes 38, 1446-1455

Rose NR, Mackay IR (2000) Molecular mimicry: a critical look at exemplary
instances in human diseases. Cellular and Molecular Life Sciences 57, 542-
551

Rose NR, Mackay IR (2006) The Autoimmune Diseases (4th Edn) Elsevier,
San Diego, 1134 pp

Rosenthal N (2003) Prometheus's vulture and the stem-cell promise. New
England Journal of Medicine 349, 267-274

Rudick RA, Cohen JA, Weinstock-Guttman B, Kinkel RP, Ransohoff RM
(1997) Management of multiple sclerosis. New England Journal of Medicine
337,1604-1611

Serreze DV, Holl TM, Marron MP, Graser RT, Johnson EA, Choisy-Rossi
C, Slattery RM, Lieberman SM, DiLorenzo TP (2004) MHC class Il
molecules play a role in the selection of autoreactive class I-restricted CD8 T
cells that are essential contributors to type 1 diabetes development in non-
obese diabetic mice. Journal of Immunology 172, 871-879

Shizuru JA, Negrin RS, Weissman IL (2005) Hematopoietic stem and proge-
nitor cells: clinical and preclinical regeneration of the hematolymphoid sys-
tem. Annual Review of Medicine 56, 509-538

Siatskas C, Chan J, Field J, Murphy K, Nasa Z, Toh BH, Alderuccio F
(2006) Gene therapy strategies towards immune tolerance to treat the autoim-
mune diseases. Current Gene Therapy 6, 45-58

Snowden JA, Patton WN, O'Donnell JL, Hannah EE, Hart DN (1997) Pro-
longed remission of longstanding systemic lupus erythematosus after autolo-
gous bone marrow transplant for non-Hodgkin's lymphoma. Bone Marrow
Transplantation 19, 1247-1250

Sonntag KC, Emery DW, Yasumoto A, Haller G, Germana S, Sablinski T,
Shimizu A, Yamada K, Shimada H, Arn S, Sachs, DH, le Guern C (2001)
Tolerance to solid organ transplants through transfer of MHC class 11 genes.
Journal of Clinical Investigation 107, 65-71

Stagg J (2007) Immune regulation by mesenchymal stem cells: two sides to the
coin. Tissue Antigens 69, 1-9

Steptoe RJ, Ritchie JM, Harrison LC (2003) Transfer of hematopoietic stem
cells encoding autoantigen prevents autoimmune diabetes. Journal of Clini-
cal Investigation 111, 1357-1363

Sykes M, Nikolic B (2005) Treatment of severe autoimmune disease by stem-
cell transplantation. Nature 435, 620-627

Sykes M, Sachs DH, Nienhuis AW, Pearson DA, Moulton AD, Bodine DM
(1993) Specific prolongation of skin graft survival following retroviral trans-
duction of bone marrow with an allogeneic major histocompatibility complex
gene. Transplantation 55, 197-202

Taubert R, Schwendemann J, Kyewski B (2007) Highly variable expression
of tissue-restricted self-antigens in human thymus: Implications for self-
tolerance and autoimmunity. European Journal of Immunology 37, 838-848

Tian C, Bagley J, Iacomini J (2006) Persistence of antigen is required to main-
tain transplantation tolerance induced by genetic modification of bone mar-
row stem cells. American Journal of Transplantation 6, 2202-2207

149

Toh BH, Alderuccio F (2004) Pernicious anaemia. Autoimmunity 37, 357-361

Toh BH, Alderuccio F (2007) Parietal cell and intrinsic factor autoantibodies.
In: Shoenfeld Y, Meroni PL, Gershwin ME (Eds) Autoantibodies, Elsevier,
Amsterdam, pp 479-486

Tuckermann JP, Kleiman A, McPherson KG, Reichardt HM (2005) Mole-
cular mechanisms of glucocorticoids in the control of inflammation and lym-
phocyte apoptosis. Critical Reviews in Clinical Laboratory Science 42, 71-
104

Tyndall A, Saccardi R (2005) Haematopoietic stem cell transplantation in
treatment of severe autoimmune disease: results from phase I/II studies, pros-
pective randomized trials and future directions. Clinical and Experimental
Immunology 141, 1-9

van Bekkum DW (2000) Stem cell transplantation in experimental models of
autoimmune disease. Journal of Clinical Immunology 20, 10-16

van Bekkum DW (2003) Autologous hematopoietic stem cell transplantation
for autoimmune diseases: Experimental basis for the treatment of autoim-
mune diseases with autologous hematipoietic stem cell transplantation. Bone
Marrow Transplantation 32, S37-S39

van Laar JM, Tyndall A (2006) Adult stem cells in the treatment of autoim-
mune diseases. Rheumatology 45, 1187-1193

Verma IM, Weitzman MD (2005) Gene therapy: Twenty-first century medi-
cine. Annual Review in Biochemistry 74, 711-738

von Herrath MG, Tsokos GC (2006) Animal models of autoimmune disease.
In: Rose N, Mackay IR (Eds) The Autoimmune Diseases (4" Edn) Elsevier,
San Diego, pp 329-348

Walker LS, Abbas AK (2002) The enemy within: keeping self-reactive T cells
at bay in the periphery. Nature Reviews Immunology 2, 11-19

Wall AJ, Whittingham S, Mackay IR, Ungar B (1968) Prednisolone and gas-
tric atrophy. Clinical and Experimental Immunology 3, 359-366

Wekerle T, Sykes M (2001) Mixed chimerism and transplantation tolerance.
Annual Review of Medicine 52, 353-370

‘Wong W, Billing JS, Stranford SA, Hyde K, Fry J, Morris PJ, Wood KJ
(2003) Retroviral transfer of donor MHC class I or MHC class II genes into
recipient bone marrow cells can induce operational tolerance to alloantigens
in vivo. Human Gene Therapy 14, 577-590

Xu B, Haviernik P, Wolfraim LA, Bunting KD, Scott DW (2006) Bone mar-
row transplantation combined with gene therapy to induce antigen-specific
tolerance and ameliorate EAE. Molecular Therapy 13, 42-48

Xu H, Wawrousek EF, Redmond TM, Nickerson JM, Wiggert B, Chan CC,
Caspi RR (2000) Transgenic expression of an immunologically privileged
retinal antigen extraocularly enhances self tolerance and abrogates suscepti-
bility to autoimmune uveitis. European Journal of Immunology 30, 272-278

Zappia E, Casazza S, Pedemonte E, Benvenuto F, Bonanni I, Gerdoni E,
Giunti D, Ceravolo A, Cazzanti F, Frassoni F, Mancardi G, Uccelli A
(2005) Mesenchymal stem cells ameliorate experimental autoimmune ence-
phalomyelitis inducing T-cell anergy. Blood 106, 1755-1761

Zehn D, Bevan MJ (2006) T cells with low avidity for a tissue-restricted anti-
gen routinely evade central and peripheral tolerance and cause autoimmunity.
Immunity 25, 261-270

Zhang J, Li Y, Chen J, Cui Y, Lu M, Elias SB, Mitchell JB, Hammill L,
Vanguri P, Chopp M (2005) Human bone marrow stromal cell treatment im-
proves neurological functional recovery in EAE mice. Experimental Neuro-
logy 195, 16-26

ZuKlys S, Balciunaite G, Agarwal A, Fasler-Kan E, Palmer E, Hollander
GA (2000) Normal thymic architecture and negative selection are associated
with Aire expression, the gene defective in the autoimmune-polyendocrino-
pathy-candidiasis-ectodermal dystrophy (APECED). Journal of Immunology
165, 1976-1983



