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Summary

Organ transplantation is the curative technique for end-stage organ failure. However, the success of
this technique is opposed by the immunological rejection of the transplanted tissue. Traditionally
strategies to combat allogeneic rejection have been based on life-long immunosuppression, which
leads to high levels of morbidity stemming from opportunistic infections and malignancy. This can
be overcome via the induction of allogeneic tolerance, where bone marrow transplant (BMT)
induced allogeneic mixed chimerism can produce a permanent state of donor-specific tolerance, to

both skin and solid organ grafts, across major histocompatibility complex (MHC) barriers.

The clinical translation of such protocols has been hampered by the toxicities associated with
recipient preconditioning, involving lethal or sub-lethal doses of irradiation and/or chemotherapy
and a concern for the development of graft versus host disease (GvHD). To reduce conditioning-
mediated toxicities, non-myeloablative conditioning regimes have been widely explored. However,
despite the success of these protocols in small animal models and nonhuman primates translation to

clinical trials has been limited.

Age-related thymic involution is often overlooked when trying to induce allogeneic tolerance via
BMT. This could pose a significant barrier, considering previous reports demonstrate that to
maintain stable allogeneic tolerance in mixed chimeras, there is an absolute requirement for donor-
antigen dependent, intrathymic deletion of alloreactive T cells and therefore a functioning thymus.
Thymic involution begins at the onset of puberty/sex steroid production and is characterised by a
marked disorganisation of the microenvironment, the replacement of lymphoid tissue by adipocytes
and a significant decrease in T cell output, leaving the thymus functioning at only 5 % capacity by
10-12 months in the mouse and 40 years in humans. This may be particularly important in a clinical

setting, as the majority of transplant recipients are well into adulthood.

This thesis aimed to investigate the ability to induce allogeneic tolerance, via a low-intensity
conditioning regime in aged mice. This was achieved by (1) investigating the effects of the
chemotherapeutic drug busulfan on the bone marrow (BM), spleen and thymus of both young and
aged mice, (2) assessing the level of engraftment achieved when busulfan-treated mice receive both

low and high-dose HSCT or allogeneic BMT, (3) investigating the role of sex steroid ablation



(SSA) in boosting donor-cell engraftment and hematopoietic chimerism in both young and aged
mice and finally (4) designing a thymus-sparing, low-intensity conditioning protocol that allowed

the induction of allogeneic tolerance via mixed chimerism.

Consistent with previous reports, low-dose busulfan was myeloablative, allowing transplanted cells
to engraft in the BM, but not immunosuppressive, having only mild effects on the thymus and
peripheral lymphoid compartment. Additionally, SSA coupled to chemotherapy increased both
thymic cellularity and the number of donor-derived thymocytes following both high and low-dose

HSCT. Indicating that SSA could be coupled to non-myeloablative HSCT to boost T cell output.

Importantly, low-dose busulfan could be used in conjunction with T cell depleting antibodies and
short-term sirolimus immunosuppression to induce mixed chimerism and allogeneic tolerance
following the transplantation of both whole BM (WBM) or purified progenitor cells. Surprisingly,
the tolerance generated from BMT was not dependent on the presence of a thymus, but instead the

induction of T regulatory cells.

The BM of aged mice was more resistant to chemotherapy than young BM and this lead to a
decrease in donor cell engraftment and chimerism following congeneic HSCT. Sensitivity to
chemotherapy could be restored by activating BM-progenitor cells with granulocyte colony
stimulating factor (G-CSF), however, G-CSF prior to low-dose busulfan and HSCT did not boost
engraftment of congeneic progenitor cells. Because the engraftment of progenitor cells was poor
and allogeneic T cells can promote donor cell engraftment, the ability for WBM to engraft, promote
mixed chimerism and induce allogeneic tolerance in aged mice conditioned with T cell depleting
antibodies, sirolimus immunosuppression and low-dose busulfan was investigated. Utilising this

protocol robust mixed chimerism and allogeneic tolerance could be achieved in aged mice.

To our knowledge, this is the first study to examine mixed chimerism induced allogenic tolerance in
aged mice. In this model age-related thymic involution does not impede the ability to induce donor-
specific tolerance. This is an important finding for the clinical application of protocols designed to
induce tolerance, considering most transplant recipients are aged individuals, who have experienced

significant thymic involution and other signs of immunosenescence.
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Abbreviations

AIRE autoimmune regulator

APC antigen presenting cell

BBB blood brain barrier

BM bone marrow

BMT bone marrow transplant

Bu busulfan

cAMP cyclic adenosine monophosphate
CCL chemokine (C-C motif) ligand

CCR chemokine receptor

CLP common lymphoid progenitors

CMJ cortico-medullary junction

CMP common myeloid progenitors

cTEC cortical thymic epithelial cells
CTLAA4 cytotoxic T lymphocyte antigen 4
DC dendritic cell

DN double negative

DP double positive

ETP earliest intrathymic T-lineage progenitor
FoxP3 forkhead box transcription factor 3
G-CSF granulocyte colony stimulating factor
GITR glucocorticoid-induced TNF receptor
HPSC hematopoietic stem progenitor cell
HSC hematopoietic stem cell

HSCT hematopoietic stem cell transplant
ICAM-1 intracellular adhesion molecule 1
IFN-y interferon gamma

LAGs; lymphocyte-activating gene 3

IL Interleukin

LP lamina propria

LSK lineage negative, Scal”, cKit"
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MHC major histocompatibility complex
MLN mesenteric lymph node

mTEC medullary thymic epithelial cells
PDI programmed cell death 1

PI3K phosphoinositide-3-kinase
PSGL-1 P-selectin glycoprotein ligand-1
PTA peripheral tissue antigens

PTH parathyroid hormone

RA retinoic acid

RAG recombinase activating gene
RALDH retinal aldehyde dehydrogenase
RTE recent thymic emigrant

S1P; sphingosine-1-phosphate receptor-1
SCF stem cell factor

SIP sphingosine-1-phosphate

SP single positive

SSA sex steroid ablation

TBI total body irradiation

TCD T cell depleted

TCR T cell receptor

TEC thymic epithelial cells

TGF soluble transforming growth factor
Th3 T helper 3

TI thymic irradiation

TN triple negative

TNF tumor necrosis factor

Tregs T regulatory cells

16



CHAPTER ONE

Literature Review

17



Manuscript Information

Part of this literature review was adapted for the following manuscript: Morison, J., Heng, T.,
Chidgey, A., Boyd, R. (2013) The immunogenicity of stem cells and thymus-based strategies to
minimize immune rejection. In, Dr. P. Fairchild (ed) Immunological Barriers to Regenerative

Medicine. Springer Verlag, UK, pp 201-223The full manuscript is contained in the appendices.

18



Introduction

Organ transplantation is the curative technique for end stage organ failure. However, the success of
this technique is hindered by the immunological rejection of transplanted tissue. Traditionally,
strategies to combat allogeneic rejection have been based on life-long immunosuppression, which
lead to high levels of morbidity stemming from opportunistic infections and malignancy. This can
be overcome via the induction of allogeneic tolerance, where bone marrow (BM) transplant (BMT)
induced mixed chimerism can produce a permanent state of donor-specific tolerance to transplanted
tissue across major histocompatibility complex (MHC) barriers. Initial studies of tolerance
induction via mixed chimerism involved lethal total body irradiation (TBI) and host reconstitution
with a mixture of both host and donor T cell depleted BM. This induced lifelong hematopoietic
chimerism and led to the development of specific tolerance to BM-donor matched skin grafts. A
limiting factor in these initial studies was the use of lethal doses of irradiation, which caused
significant damage to the host and therefore could not be justified in the absence of malignancy. To
overcome the toxic effects of TBI, low-intensity conditioning protocols that reduced or excluded
the use of irradiation are now the focus of mixed chimerism based research. Upon the establishment
of mixed chimerism, allogeneic tolerance is maintained via the clonal deletion of donor-reactive T
cells through the presence of donor-derived dendritic cells (DC) in the thymus. These protocols are
highly successful in small animal models, but as yet have had limited success clinically. One major
area that has been neglected by previous research is the effect of aging and immunosenescence on
the ability to induce immunological tolerance via mixed chimerism. Ironically, the need for most
organ transplants arises in an ever-aging population. The hallmark of immunosenescence is thymic
atrophy, where functional thymic tissue and T cell output is reduced to less than 5 % following
puberty. Considering that mixed chimerism based protocols for the induction of allogeneic
tolerance requires a functional thymus, ageing may pose a significant barrier to the induction of

tolerance.

Herein, the central and peripheral mechanisms underlying T cell tolerance and how these
mechanisms can be manipulated to induce allogeneic tolerance are reviewed. Particular attention is
paid to immunosenescence and how thymic atrophy may obstruct the induction of allogeneic

tolerance via mixed chimerism and possible strategies that may overcome this hurdle.
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The thymus

The thymus, which is the primary site of T cell development (thymopoiesis), is located in the
pericardial mediastinum, anterior to the heart in the upper thorax. Despite it’s anatomical
prominence, it was not until the discoveries of the Australian scientist Jacques Miller in the early
1960’s that its function was recognised (1). The organ is a bi-lobed structure, attached by a
connective capsule that invaginates to form septa that subdivide the thymus into lobules.
Histologically, each lobule can be broadly composed of an outermost subcapsule, a discrete outer
cortex, and inner medullary region, separated by a cortico-medullary junction (CMJ) boundary,

with each distinct region supporting a specific stage of thymocyte development (2) (Figure 1.1).

Thymic stroma

The thymic stromal microenvironment is comprised of many different cell types, including
mesenchyme-derived fibroblasts and endothelium, macrophages and dendritic cells derived from
the BM, and most prominently, highly specialised thymic epithelial cells (TEC). Together these
cells form a three-dimensional network inside the thymic capsule (2). Unlike most epithelial tissues,
which produce two-dimensional structures overlayed on a basement membrane, TECs form a fine
reticular network, which shape important niches that are required to maintain thymopoiesis. These
microenvironments accommodate for specialised interactions between migrating haematopoietic-
derived T cell progenitors and thymic stromal cells (3). The importance of these interactions has
been exemplified in a number of natural TEC mutant and knockout mouse strains, where
autoimmunity or immunodeficiency results in anomalous TEC development (4). Ultimately,
interaction with TEC drives the differentiation of thymocytes and culminates in the export of

mature self-tolerant T cells into the periphery to establish and maintain T cell immunity (2).

Development of the thymic epithelium

In early embryogenesis the murine thymic primordium originates from the endodermal layer of the
anterior foregut. A population of epithelial cells derived from the third pharyngeal pouch endoderm
gives rise to the cortical and medullary regions of the thymus (5). At this stage, a number of the
TEC progenitors are bi-potent, with the potential to develop into both cortical (¢cTEC) and
medullary (mTEC) subpopulations (6). Expression of the transcription factor, Forkhead-box N1
(FoxN1), which is restricted to epithelial cells, is initiated at approximately embryonic day (E) 11.5
and is essential for the downstream differentiation into cortical and medullary lineages and

colonisation of the anlage by hematopoietic progenitors (7). Following E11.5, FoxN1 is expressed
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by all epithelial cells in the rudiment (8) and is maintained throughout thymus development,
detectable within the adult TEC subset (9). The function of FoxNI1 in the adult steady-state thymus
is less understood, but is thought to be involved in the maintenance of the epithelium and

homeostasis (10).

The initial stages of TEC formation occurs independently of thymocyte input (11), while the later
stages rely on specific interactions between TEC and thymocytes (12). Studies in mice have
indicated that signals delivered by thymocytes are crucial for the maturation of the ¢cTEC and
mTEC subsets from a common precursor as well as for the support and maintenance of the thymic

architecture (3).

Thymic epithelial progenitor cells

Thymic epithelial progenitor cells (TEPC) have been phenotypically identified as expressing the
plet-1 antigen, recognized by the monoclonal antibody MTS24", as well as being positive for
keratin (K) 5" and K8 (13, 14). These cells are located at the CMJ and are responsible for
producing both cTEC and mTEC subsets (13, 15, 16). As TECs differentiate, modulation of K5 and
K8 antigens ensues with the progressive loss of K5 and retention of K8 in cTECs, whereas mTECs

can be marked by the expression of K5 and the loss of K8 (11).

Thymocyte development

The thymus is responsible for providing T cells throughout adult life. However, despite being the
principal site of T cell production, the thymus contains no self-renewing T lineage progenitor cells.
It instead relies on continual seeding of cells from the circulation, previously released from the bone
marrow (BM) in a process known as mobilisation. There are several progenitors that possess the
ability to seed the thymus, however the precise identity of the thymus-seeding progenitor cell
remains elusive. The classical model of haematopoiesis suggests a strict delineation between
myeloid and lymphoid lineages, proposing that only hematopoietic stem cells (HSC) have true
mulitpotent potential, giving rise to several downstream lineage-committed cells, such as common
myeloid progenitors (CMP -lineage negative, Sca” Fc gamma receptor (FcyR)™¢ CD34™%) and
common lymphoid progenitors (CLP -lineage negative, cKit", inter leukin-7 receptor (IL7R)").
However, more recent studies have shown that within the HSC compartment, there are lineage-

biased precursor cells (17, 18). Furthermore, it is now known that T cell progenitors that gain access
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Figure 1.1: Thymus structure. The thymus is a three-dimensional network of cells broadly
divided into two histologically distinct regions, defined as the cortex and the medulla. T cell
precursors enter the thymus at the cortico-medullary junction (CMJ), where they begin
differentiation, which is directed by thymic stroma. Uncommitted CD4" and CDS§" double negative
(DN) thymocytes migrate from the CMJ to the cortex. Here DN thymocytes interact with cortical
thymic epithelial cells (¢cTECs) and a undergo proliferation and expansion that results in the
expression of the T cell receptor-p chain and both CD4" and CDS8" co-receptors, acquiring the
double positive (DP) phenotype. Self-restricted DP thymocytes migrate back through the cortex and
into the medulla differentiating into either CD4" or CDS8" single positive (SP) thymocytes. Here, SP
thymocytes are rendered self-tolerant by medullary thymic epithelial cells (mTECs) and bone
marrow-derived dendritic cells (DC). Finally, mature self-MHC restricted, self-tolerant SP T cells
egress from the medulla to the periphery.
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to the thymus, maintain myeloid differentiation potential (19, 20). Within the stem cell
compartment, this is dependent upon the expression of FIt3, PU.1 and GATA-1 (21). It is generally
accepted that lymphopoiesis from HSCs involves a transition through a lineage negative Scal’
cKit" (LSK) phenotype via a cell classified as a lymphoid-primed multipotent progenitor (LMPP).
LMPPs are characterised by the upregulation of lymphoid associated factors such as PU.1 and
Ikaros, and the down regulation of GATA-1 and Mpl (22-24). These progenitor cells are released in
waves from the BM into the bloodstream and are periodically imported into the thymus via the CMJ
(25, 26). Once seeded in the thymus these T cell progenitors, termed earliest intrathymic T-lineage
progenitor (ETP), pass through a number of developmentally distinct stages that are mediated by

close interactions with the thymic stromal microenvironment (12).

BM egress

Mobilisation of HSPC cells out of the BM is a multistage process, beginning with the uncoupling of
adhesion molecules followed by their transmigration across specialised BM sinusoidal endothelium
(27). Many specific adhesion interactions are involved in the maintenance/migration of progenitor
cells from the BM niche including very late antigen (VLA)-4/vascular cell adhesion molecule 1
(VCAM)-1, VLA-5/Fibronectin, cKit/mSCF, calcium receptor (CaR)/calcium, and most
importantly, the chemokine receptor CXCR4, expressed on HPSCs, and it’s ligand CXCL12 (SDF-
la), expressed on BM stroma. The CXCR4/CXCL12 interaction plays a crucial role in regulating
the localisation of progenitor cells within the BM niche (27, 28). Disruption of these interactions
with factors such as granulocyte colony stimulating factor (G-CSF) and parathyroid hormone (PTH)
results in rapid mobilisation of progenitor cells into the periphery (29-32). Exploitation of this
phenomenon has been successfully implemented in the clinic, enabling mobilisation of HPSC in
donors for hematopoietic stem cell transplants (HSCT). This allows sufficient numbers of HSPC to
be collected from blood, rather than invasive extraction from the BM. G-CSF has been widely used
to promote mobilisation, releasing HSPC through modulating CXCL12 and CXCR4 expression,
and creating a proteolyic environment whereby neutrophils release of elastase and cathespin G lead

to the cleavage and degradation of CXCL12 as well as other adhesion molecules such as c-kit (33).

Thymic entry
The expression of chemokine receptors 7 and 9 (CCR7 and CCRY), and P-selectin glycoprotein
ligand-1 (PSGL-1) by circulating progenitor cells and their respective ligands/receptors on thymic

stromal cells is crucial for entry of progenitors into the thymus (34-36). The entry of progenitors
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into the thymus is absolutely dependent on CCR9 expression by progenitor cells, which in turn is
dependent on FIt3 signalling in the BM (37). FIt3 expression is also associated with lymphoid
priming, suggesting an intrinsic link between lymphoid commitment and thymic entry (37). Thymic
entry occurs in multiple steps, initiated by a chemokine gradient formed with chemokine (C-C
motif) ligand 25 (CCL-25), followed by the interaction between P-selectin, expressed by the thymic
endothelium and PSGL-1, expressed by progenitor cells (34, 38). From this stage, progenitor cells
can interact with both intracellular adhesion molecule 1 (ICAM-1) and VCAM-1 expressed by
endothelial cells, firmly attaching the progenitors to the thymic endothelium (38).

Occupancy within intrathymic microenvironmental niches negatively regulates the importation of
progenitors into the thymus, via the opening and closing of so-called thymic microvascular gates
(39). This process is thought to occur in coordination with the wave-like periodic release of
progenitors from the BM, suggesting that a feedback loop exists between the BM and the thymus
(26, 40). This feedback loop is under the control of the early response gene 1 transcription factor
and the levels of circulating sphingosine-1-phosphate (SIP), which controls the egress of naive T
cells from the thymus, the expression of P-selectin on thymic stroma and the chemokine CCL-25

(41, 42).

Intrathymic T cell development

Once in the thymus, ETPs form an intimate interaction with the supporting stromal
microenvironment, passing through several well-defined stages of development, which result in the
production of naive, self-tolerant, MHC-restricted T cells. Once in the thymus, Notch signalling
quickly leads to the commitment of ETPs to the T cell lineage (43). ETPs fall within a subset of
thymocytes that are classified by the triple negative (TN) phenotype, lacking the expression of the
CD3, CD4 and CDS co-receptors. TN cells themselves can be divided into 4 subtypes, based on the
expression of CD25 and CD44. ETPs remain in the TN1 stage for around 10 days in the thymus,
surrounded by cTECs, which express the highest level of Delta-like-ligand 1. This is required for
initiation of Notch signalling and the provision of other signals such as stem cell factor (SCF),
Hedgehog, and low levels of IL-7 to the developing thymocytes (44-47). Within the T cell lineage,
TN cells remain uncommitted and retain the potential to develop into either y0 or o T cell receptor

(TCR) expressing T cells (48).
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Definitive T cell commitment occurs at the onset of TCR expression. Upregulation of CD25 (IL-
2Ra) promotes expression of the pre-TCR signalling complex, which can be directly regulated by
Notch signalling (49, 50). af-TCR gene rearrangement occurs at the TN3 stage, where the pre-T a
chain couples to the TCRf chain and CD3/C, forming the pre-TCR complex. This requires
recombination activating genes (RAG) 1 and 2, which allow DNA rearrangements of the TCRf
chain (51, 52). Functionality and signalling ability of the pre-TCR complex is tested at this point, in
a process known as f-selection. If deemed non-functional, maturation of thymocytes will be
arrested here. Thymocytes that survive B-selection undergo a proliferative burst and progress to the
double negative (DN) stage (CD3" CD4 CDS"), where rearrangement of the TCRo. chain leads to
the formation of a mature TCR. This correlates with the upregulation of both CD4 and CDS co-
receptors and entry into the double positive (DP) phenotype classification (51-54). At this stage of

development DP thymocytes enter the process known as central tolerance.

Central tolerance

Central tolerance is the process by which developing thymocytes become MHC restricted and self-
tolerant. In a healthy individual, the thymus must produce a T cell repertoire that can respond to a
seemingly infinite number of potential foreign antigens, whilst remaining non-responsive to self-
antigens expressed by various tissues throughout the body. The emigrating T cell pool is therefore
delicately balanced between self-antigen driven tolerance and pathogen driven immunity, with a
shift towards either end of the scale (lack of T cells and immunodeficiency, or excessive T cell
responses and autoimmunity) often resulting in pathophysiological conditions and overt disease.
Central tolerance is a coordinated process, exerted at two levels within the thymus. The first,
positive selection, enriches for cells that can recognise self MHC (55); the second, negative
selection, purges the T cell pool of potentially autoreactive cells (56) (Figure 1.1). Together these
two processes strongly bias the naive T cell repertoire against immunodeficiency and

autoimmunity.

Positive selection

Positive selection occurs in the cortex, where DP thymocytes represent 80-90% of all cells found in
the thymus. During the DP stage, thymocytes rearrange their TCRa-chain and express the mature
TCR on their surface (57). DP thymocytes undergo selection based on their ability to recognise self-
peptides bound to MHC class I and II, which are expressed on cTECs. Recognition of this complex
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transmits a survival signal, allowing continued thymocyte maturation (58). This survival signal is
mediated by Ikaros, which suppresses thymocyte proliferation and induces the expression of anti-
apoptotic proteins, including Bcl2 and Bag3, upon TCR induced positive selection. This is
important to prevent clonal expansion and to maintain a random TCR repertoire during thymocyte
differentiation (59). Failure of the TCR to engage the peptide-MHC complex expressed by cTECs
leads to death by neglect. The majority of thymocytes are lost here, with 90% succumbing to
apoptosis (56). DP thymocytes that have passed positive selection migrate towards the medulla and
downregulate either a CD4 or CD8 coreceptor, maturing into MHC-restricted CD4" or CD8" single
positive (SP) T cells. Recognition of peptide presented by MHC class I molecules selects for CD8"
cytotoxic T cells and recognition of peptide presented by MHC class II molecules selects for CD4"
helper T cells (60). SP T cells, which represent all possible T cells clones, then migrate into the
thymic medulla, where they undergo further developmental checkpoints, which purge the T cell

repertoire of potentially autoreactive thymocytes.

Negative selection

Negative selection is an apoptotic mechanism that ensures the positively selected thymocytes do not
have too strong affinity for their selecting MHC-peptide. This process is guided by two prominent
antigen presenting cell (APC) types: mTEC and BM-derived DCs (61). During negative selection,

developing thymocytes are exposed to extra-thymic self-peptides they may encounter in the

periphery (62).

Medullary TECs are distinct from those found in the cortex, both in terms of both their physical
organisation and gene expression, and play a major role in the induction of self-tolerance via their
unique ability to promiscuously express and transcribe a diverse range of genes usually constrained
to peripheral tissues (63). The expression of these peripheral tissue antigens (PTAs) is under the
control of the transcriptional regulator, autoimmune regulator (AIRE), which theoretically allows
mTECs to present the entire peptide repertoire of an individual (62). Through this mechanism,
diverse tissues can be represented in the mTEC and to date, more than 5000 different self-antigens

have been identified (64).

In addition to mTECs, DCs play an important role in the induction of self-tolerance in the thymus.
DCs in peripheral tissues have been shown to cross-present antigens to T cells (65-69). Cross

presentation is an important mechanism for generating immunity to viruses and tumours, as well as
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for the induction of tolerance to self-antigens (65, 70). Thymic DCs also have the capacity to cross-
present self-antigens, in this case supporting mTEC antigen presentation for stringent control of
central tolerance induction (71). The importance of cross-presentation mediated by intrathymic DCs
is highlighted by low frequency of TRA expressing mTECs (63, 72) and the fact that mMTECs may
be poor APCs (73), suggesting that intrathymic DCs provide a backup mechanism for stringent

tolerance induction.

Negative selection results when the engagement between the TCR and peptide-MHC complex
occurs at a high affinity, generating signals that lead to either the functional inactivation of
thymocytes (anergy) (74), or their apoptotic death (55). Recognition of self-antigens with
inappropriately high avidity induces the intrinsic or mitochondrial death pathway, which is
regulated by the Bcl-2 family of proteins. Of particular importance are Bak and Bax, which disrupt
the mitochondrial membrane, causing the leakage of cyctohrome c into the cytosol, the formation of

the apoptosome, and cell death (75, 76).

Developing thymocytes that have successfully undergone negative selection remain in the medulla
for a further 14 days (77). During this time, SP thymocytes upregulate the expression of
transcription factors that regulate immune responses, and co-stimulatory molecules and cytokine
receptors on the cell surface, leading to functional maturation and immunocompetence (78-80).
Finally, mature, self-tolerant, MHC-restricted, CD4" or CD8" SP T cells migrate through the post-
capillary venules at the cortico-medullary junction, emigrating from the thymus at a rate of 1-2% of

total thymocytes per day (81).

Peripheral tolerance

Although the ideal outcome of central tolerance is a pool of mature T cells, with a vast TCR
repertoire that can successfully bind MHC molecules while remaining unresponsive to autoantigens
and even though negative selection is a highly efficient process by virtue of the plasticity inherent
in the TCR repertoire, it is never complete. Thus, potentially autoreactive T cells can escape the
thymus and enter the periphery. Typically, these cells have a low affinity for self-peptide, as
evidence suggests that negative selection is most efficient at deleting thymocytes expressing TCRs
with a high avidity for self peptide-MHC complexes presented by mTECs and DCs (82). In the
periphery, autoreactive T cells pose a significant risk to the development of autoimmune diseases

throughout life. However, while circulating autoreactive T cells can be found in all individuals, the
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prevalence of autoimmune disorders affects only a small proportion of the population, suggesting
mechanisms of peripheral tolerance operate to silence potentially pathogenic T cells. There are
currently four recognised mechanisms of peripheral tolerance: ignorance, anergy, deletion and

suppression (83) (Figure 1.2).

Ignorance

Immunological ignorance refers to the inability of T cells to interact with antigen. Several
mechanisms can induce immunologic ignorance, these include: lack of an activation signal,
whereby the level of antigen required to induce the activation or deletion of autoreactive T cells
may be below the required threshold to induce a response (84); a deficiency in co-stimulation
(discussed in detail below), which prevents T cell maturation and proliferation following antigen
presentation (85); the absence of help from CD4" T cells, whereby CD8" T cells cannot be activated
(86); and finally, lack of contact with antigen or physical separation of antigen from T cells (for
example blood-brain barrier (BBB) and the eye) (87). Although it has now been shown that sites
originally thought to be immune privileged are subject to circulating lymphocytes (88), immune
responses that occur in such sites are still decreased and distinct when contrasted against traditional
immune responses in other peripheral sites. This can be attributed to a number of factors, which
include: limited penetration of the BBB by antibodies, cytokines and lymphocytes from systemic
circulation; a lack of lymphatic vessels to drain sites of immune privilege of APCs and antigens to
peripheral lymph nodes and thereby initiate an immune response; inability of cells within sites of
immune privilege to initiate and sustain immune responses; and low level expression of MHC
molecules by immune privileged tissue (89). Thus, T cells will not become pathogenic if they are

ignorant of self-antigens.

Anergy

Anergy is defined as a state of long-lasting unresponsiveness of a T cell following incomplete
activation (90). T cell activation requires two responses, TCR signalling, induced by recognition of
cognate antigen-MHC complexes presented on APCs, and a secondary co-stimulatory signal,
provided by receptors on each of the communicating cells at the immunological synapse. In the
absence of a co-stimulatory signal, T cells cannot undergo maturation or proliferation and become
unresponsive to antigen. The co-stimulatory signal is provided by CD28, which is constitutively
expressed on the surface of both CD4" and CD8" T cells. CD28 binds to the co-stimulatory
receptors, B7-1 (CD80) and B7-2 (CD86), on the surface of APCs and ligation of these molecules
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Figure 1.2: Mechanisms of peripheral tolerance. Anatomical barriers can prevent T cell
activation, thereby preventing unwanted T cell responses via immunological ignorance. The
absence of co-stimulation (ligation of CD28 and CD80) or the induction of inhibitory signals
(ligation of CTLA4 and CD80) following TCR signalling leads to T cell anergy, rendering T cells
unresponsive to TCR stimulation. High affinity interactions between T cells and APCs can lead to
the activation induced cell death pathway. This is mediated by ligation of Fas/FasL and induces T
cell apoptosis. Tregs, derived from the thymus or the periphery suppress unwanted T cell responses
via the secretion of cytokines (TGF-f, IL-10), cytolysis of target cells, metabolic destruction of

target cells, sequestration of available APCs or competitive consumption of IL-2.
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provides the second signal required for T cell activation (85, 91). Following T cell activation, the
cytotoxic T lymphocyte antigen 4 (CTLA4) is expressed by mature T cells; CTLA4 binds to B7-2
with a higher affinity than CD28 and delivers an inhibitory signal to T cells, inducing down
regulation of CD28 molecules on the surface of activated T cells, thereby suppressing T cell

proliferation (91-93).

Deletion

Deletion is another mechanism of peripheral tolerance, functioning to control aberrant T cell
responses by inducing the apoptotic cell death pathway. Deletion usually occurs when T cells
encounter high antigen concentrations or high affinity interactions with APCs. The process is
termed activation induced cell death (AICD) and involves the ligation of Fas (CD95) and Fas ligand
(FasL or CD95L) (94, 95). T cells that receive high avidity stimulation express both Fas and FasL
on their surface. The ligation of these two molecules leads to the activation of caspase cascades,
which inturn induces cells death (96). The importance of this mechanism is highlighted by the
severe lymphoproliferative disease experienced by patients who are defective in Fas (97, 98).
Additionally, some sites of immune privilege, such as the eye, constitutively express Fas L.
Consequently, when Fas™ T cells enter these sites, they undergo apoptosis without damaging the

tissue (99).

Suppression

The best-characterised population of “suppressor cells” are the FoxP3" CD25" CD4" T regulatory
cells (Tregs) (100, 101). The first evidence of for a T cell mediated regulatory mechanism occurred
in the 1970s, with the discovery of the T suppressor cell (102, 103). However the cellular and
molecular basis of this phenomenon was not clearly established and studies in this area were largely
abandoned in 1980s. In spite of these failures, a number of groups continued to investigate
dominant T cell mediated immunoregulatory networks. In these models, induction of lymphopenia
and/or neonatal thymectomy led not only to impaired immune responses but also, paradoxically, to
autoimmunity (104). Importantly, transfer of normal lymphocytes could prevent disease (105). The
development of monoclonal antibodies allowed the further characterisation of the cell populations
that could mediate suppression, with evidence in T cell transfer experiments that both pathology
and protection from disease were mediated by T cells (106, 107). These suppressor T cells, now

termed Tregs have become a major focus of modern cellular immunological investigations.
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Several types of Tregs have been discovered in both mice and humans (108). The best-described
population of Tregs are the naturally occurring nTregs (109, 110), arising in the thymus from CD4"
T cells expressing the a-chain of the IL-2 receptor (CD25). In addition to nTregs, other types of
Tregs can be induced in the periphery; these cells are known as induced or adaptive Tregs (iTregs).
These regulatory cells are induced outside the thymus by a number of diverse mechanisms during
the course of an immune response (111). There are at least two additional populations of induced
regulatory cells: Th3 cells and Trl cells. Th3 cells were first discovered due to their role in oral
tolerance, through the secretion of soluble transforming growth factor (TGF)-p (112) and have
subsequently been shown to inhibit the outcome of some autoimmune disorders (113-115). Trl
cells are similar to Th3 cells, but secrete large amounts of IL-10 (116, 117) and were characterised
on the basis of their role in preventing autoimmune colitis (118). Other T cell populations with
demonstrable immunosuppressive function such as natural killer (NK) T cells (119, 120) and
CDS8oo.” intraepithelial lymphocytes (IELs) (121-123) have also been implicated in different

models of autoimmune diseases, however this review will focus on nTregs and iTregs.

Naturally occurring FoxP3" CD4" CD25" Tregs

Naturally occurring Tregs were first identified as T cells expressing high levels of CD25 that were
capable of suppressing autoimmune reactions (100). Subsequent identification of additional surface
markers, such as the glucocorticoid-induced tumor necrosis factor (TNF) receptor (GITR), CTLA4
and most notably, the forkhead box transcription factor FoxP3, a T-lineage specific transcription
factor found in mice, allowed further characterisation of nTregs (124-127). nTregs develop in the
thymus (128), however how Tregs gain functional maturity is a somewhat contentious issue. Early
studies that examined double-transgenic mice expressing a monoclonal TCR and cognate
neoautoantigen suggested that within the thymus, there was a skewing of mature CD4" SP
thymocytes towards a CD25" FoxP3" regulatory phenotype (129-131) and selection of these nTregs
occurred following high-affinity T cell interactions between TCR and MHC/self-peptide complexes
during thymic development (130-132).

nTreg development occurs as a two-step process within the thymus, characterised by differential
dependence TCR signals (133). In the first stage of development, thymocytes undergo a TCR and
co-receptor dependent selection that gives rise to a CD4" CD25" GITRhi FoxP3™ precursor cell
(134, 135). This FoxP3" precursor population is enriched for the nTreg specific TCR and undergoes

the second, TCR-independent, step of nTreg selection. This step is mediated by common-y chain
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specific cytokines (predominantly IL-2 and, to a lesser degree, IL-7 and IL-15) and results in
mature FoxP3 expressing nTregs (133, 134).

CD28 co-stimulation is also important to the development of nTregs, synergising with the TCR and
promoting cell survival (136). However, although the role of CD28-mediated signalling the
homeostasis and survival of peripheral Tregs is well characterised (137-139), the precise
mechanism by which the CD28 co-stimulatory signals regulate Treg development within the
thymus remains poorly characterised. The interaction between B7, expressed on APCs within the
thymus, and CD28 on thymocytes is thought to strengthen the contact between the APC and the
developing thymocyte, thereby promoting thymocyte survival via the production of IL-2 and the
upregulation of the anti-apoptotic protein Belxy (140-142). The importance of co-stimulation in the
selection of nTregs is highlighted by the loss of nTregs in CD28 and B7 knockout mice (136-138,
143).

Beyond TCR signalling and CD28 co-stimulation, a number of experimental conditions drive the
expression of FoxP3 and by consequence induce Treg production. These include constitutive NF-
kB signalling, loss of maintenance DNA methyltransferase activity, deficiency in mammalian target
of rapamycin (mTOR) or sphingosine-1-phosphate receptor-1 (S1P;), and a reduction in
phosphoinositide-3-kinase (PI3K) signalling (144-149). Together supporting the notion that not
only TCR signalling, but also the appropriate coordination of other cell intrinsic and extrinsic

factors induce Treg differentiation.

The loss of FoxP3 expression, demonstrated in Scurfy mice (which have a naturally occurring
FoxP3 deletion), also results in a loss of nTregs and leads to a severe T cell dependent
autoimmunity and inflammatory disease (150, 151). This phenomenon can also be observed in
humans, with a mutation in the FoxP3 gene resulting in a spontaneous inflammatory disease called
immune dysregulation polyendocrinopthy enteropathy X linked syndrome (IPEX)(152-154). FoxP3
expression plays an indispensible role in nTreg development, indicated by the inability of FoxP3
BM cells to give rise to nTregs in disease free, lethally irradiated recipient mice (128). Supporting
these observations, the ectopic expression of FoxP3 in mice can phenotypically and functionally
convert non-regulatory T cells into Tregs (155), with the level of FoxP3 protein directly
proportional to the suppressive activity of the Treg (156). Furthermore, sustained FoxP3 expression
in mature Treg cells is required for the maintenance of the Treg phenotype and suppressor function,

with conditional deletion of FoxP3 corresponding to a loss of suppressive function, Treg phenotype
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and the gain of T effector properties, including the production of immune-response promoting
cytokines IL-2, IL-4, IL-7 and interferon-y (IFN-y) (157). In mice FoxP3 is a good phenotypic
marker that allows the identification of Treg cells (158, 159); in humans however, FoxP3 does not
allow unambiguous discrimination between conventional T cells and Tregs as its expression is

induced upon TCR stimulation (much the same way as CD25) in human CD4" T cells (160-162).

Peripherally induced FoxP3" CD4" CD25" Tregs

In addition to the development of nTregs in the thymus, T cells with a regulatory function can
develop from the adult T cell pool in the periphery, in response to antigenic challenges and the local
microenvironment. Such induced regulatory T cells include the FoxP3" (iTregs) and FoxP3™ (Th3,

Trl, iTr35 and CD8" CD28") populations of cells (163).

The development of iTregs is thought to occur following the recruitment of naive CD4" T helper
cells following the detection of infection and/or tissue injury. Here, naive CD4" T cells are induced
to commit to a particular T cell lineage, based on the mode of antigen presentation, antigenic
concentration, co-stimulation and cytokine milieu at the immunological synapse (164). Each lineage
is then characterised by the expression of it’s own cytokine profile: Th1-IFN-y, Th2-IL-4, Th17-IL-
17 and Treg-IL-10/TGF-f3 and chemokine receptors: Th1-CXCRs/CXCR3, Th2-CRTH,/CCR4 and
Th17-CCR(165-168). Each of the individual CD4" T cell lineage committed cells are specialised
to perform specific biological roles, including immunity against intracellular pathogens (Thl),
humoral immunity (Th2), clearance of extracellular infections (Th17) and regulation of immune
system activation (Tregs) (169, 170), with the local microenvironment functioning as a deciding

factor in the differentiation of the appropriate CD4" T cell lineage.

Conditions favouring the differentiation of Tregs in the periphery include sub-optimal activation
and antigen presentation by DCs, sub-immunogenic doses of agonist peptide, mucosal
administration of peptide, and/or T cell activation in the presence of the correct cytokine milieu,
notably TGF-f and IL-2 (171-176). Importantly, iTregs can be generated in TCR-transgenic mouse
models that are completely devoid of a thymus, indicating that the production of iTreg cells from

CD4" T cells can occur independently of nTregs (177).

DCs within the gut have been shown to play a crucial role in the induction of iTregs and the

maintenance of oral tolerance. Although the exact mechanism is not yet fully understood, it has
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been hypothesised that dietary antigens are carried from the gut mucosa to the draining mesenteric
lymph nodes (MLN) by DCs in a chemokine receptor (C-C motif) receptor-7 (CCR7) dependent
process (351). Here the antigens are presented to naive T cells in a manner that leads to the
expression of FoxP3 and their conversion to iTregs (352). These tolerising DCs originate in the gut
lamina propria (LP), express the oE intigrin CD103 and have a high capacity to metabolise Vitamin
A to retinoic acid (RA) via the retinal aldehyde dehydrogenase (RALDH) enzyme (353, 354). Once
settled in the MLN, the CD103" DCs cooperate with MLN stromal cells to shape a micro-
environmental niche that supports Treg induction (355). CD103" DCs can induce the expression of
FoxP3 in naive T cells, both in vivo and in vitro via the production of TGF-f and RA (353). Upon
induction in vivo, FoxP3" iTregs home back to the LP, undergo expansion and induce oral tolerance
via the production of IL-10 (352). Loss of APC and iTreg homing between the LP and MLN

abrogates oral tolerance and can lead to the development of inflammation (356).

In a similar process iTregs can be induced by alveolar macrophages in the lung. These
macrophages, like CD103" DCs, express RALDH and induce FoxP3 expression in naive T cells via
the production of both TGF-f and RA functioning to prevent asthmatic lung inflammation and

airway hypersensitivity (357).

TCR specificity also plays a crucial role in the generation of iTregs, first demonstrated by the
transfer of FoxP3" CD4" T cells into lymphopenic mice. The resultant FoxP3" cells had a distinct
TCR repertoire from the FoxP3™ cells, suggesting that the generation of FoxP3" cells was not an
automatic process arising from of CD4" FoxP3™ cells that could give rise to both FoxP3" and FoxP3"
clones (178). Strengthening these observations, more recent data has identified colonic iTreg cells
which feature distinct TCRs from those displayed by Tregs in other tissues, recognising antigens
expressed by commensal microbiota (179). Together this data implies that some adult T cells with
certain TCR specificities are more suited to differentiate into Tregs than other T cells and this
phenomenon may be due to a higher than average avidity for self-MHC/peptide complexes (163).
However, unlike the differentiation of nTregs within the thymus, which occurs in response to
increased affinity interactions with self-peptide-MHC complexes, differentiation of peripheral
iTregs occurs in response to non-self antigens, such as allergens, food, commensal microbiota and

non-self transplanted tissue (129, 130, 179-182).
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Mechanism of action

Tregs suppress immune responses via a number of mechanisms. These include, cell-cell contact-
dependent inhibition (183-185), secretion of inhibitory cytokines (186-190), cytolysis of target cells
(191, 192), metabolic disruption (193), modulation of APC function (194, 195), and competition for
environmental IL-2 (196). The mechanism by which Treg cells “choose” to suppress immune
responses is context dependent and thought to be dictated by the degree and mode of inflammation.
Importantly, Tregs are not limited to a single mechanism. For example, Tregs can simultaneously
deliver suppressive factors such as cyclic adenosine monophosphate (cAMP) via gap junctions
(197), modulate APC function via membrane-bound suppressive TGF-f (198), and induce
suppressive signalling via CTLA4 (199) and lymphocyte-activating gene 3 (LAG3;) (200).

Cell surface molecules have been proposed as a means by which Tregs suppress conventional T
cells. CD25, a subunit of the IL-2 receptor (IL-2R), is upregulated on effector T cells and
constitutively expressed on Treg cells. This high level of IL-2R expression on Treg cells may starve
effector T cells of IL-2, thereby inhibiting proliferation and expansion of activated T cells (201). In
a similar mechanism, the cell surface marker CTLA4 is highly expressed in Treg cells. CTLA4
binds to co-stimulatory molecules and delivers an inhibitory signal, via B7 (CD80 and CD86), to
both conventional T cells (202, 203) and antigen presenting cells (204). The importance of CTLA4
to Treg-mediated suppression is highlighted by the loss of suppressive function when CTLA4
expression is selectively inhibited in Tregs (205) or blocked by anti-CTLA4 monoclonal antibodies
(206). In addition to cell surface molecule expression, a number of secreted cytokines have been
implicated in Treg mediated suppression. These include IL-10, IL-35, granzyme B, IL-9 and TGF-
B (207).

Cytolytic activity has also been suggested as a possible mechanism by which Tregs suppress
aberrant immune responses. Activated FoxP3-expressing T cells can secrete granzyme A when
stimulated with CD3 and CD46 monoclonal antibodies. This results in porforin-dependent killing of
activated CD4 " and CDS8" effector T cells and B cells. However, it is not known if antigen mediated

activation can stimulate the same responses in vivo (208).
To this point, no distinct differences have been demonstrated between nTreg and iTreg function,

suggesting that the mechanism of suppression is dictated by the context of the immune response,

rather than the mode by which the Treg cells have been induced. Indeed, both nTreg and iTreg cells
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are equally as effective at preventing DC-mediated antigen presentation to autoreactive T cells
(194). Despite this, it is generally accepted that nTregs function to prevent the development of
autoimmune diseases and that iTregs limit inflammation to neo-antigens and commensal microflora

(163).

Other T cells with a suppressive regulatory function

In addition to Tregs, a number of other T cells with inducible suppressive properties have been
described. These include members of both the CD4" (Th3, Trl, iTr35), CD8" (CD8'CD28") and
CD4 CD8 double negative Treg lineages. Of these T cells, the most controversial is the T helper 3
(Th3) subset. Th3 cells were first described as a Th2-like regulatory subset, which secrets TGF-£,
derived from orally tolerised animals, induced by mucosal stimulation with antigen (112). It was
then demonstrated that Th3 cells could be induced via cognate stimulation of CD4" T cells by APCs
together with B7 co-stimulation in the presence of TGF-f and IL-4 and, unlike FoxP3" Tregs,
further growth and division of Th3 cells is dependent on IL-4, not TGF-f and IL-2 (114, 209, 210).
Th3 cell suppression is mediated by the secretion of TGF-b following ligation of the CTLA4
antigen (211).

Type 1 regulatory T cells (Trl) are FoxP3™ T cells that are induced in the periphery in a TCR-
dependent and antigen-specific manner. The Trl cell phenotype and effector function are induced
following repeated stimulation with antigen or following antigen presentation by immature DCs
(212, 213) or IL-10, with or without IFN-a (214). Thus, in humans, Trl cells are produced
following antigen presentation by IL-10 producing, tolerogenic DCs (215). Additionally, IL-10
producing Tr1 cells can be induced following engagement of the complement receptor CD46 (216).
Following the induction of the Tr1 phenotype, the CD4" T cells become anergic, respond poorly to
antigen and produce little IL-2 and IL-4, exerting their suppressive function via the production of
TGF-B and IL-10. Distinct from other suppressive T cell phenotypes, Thl cells also secrete IFN-y
and IL-5 (118). Although Trl cells do not constitutively express FoxP3, they do share a number of
suppressive mechanisms with traditional Tregs. These include engagement of CTLA4 and
programmed cell death 1 (PD1) (217, 218), metabolic disruption via CD39 and CD73 (219), and
cytolysis of APCs through granzyme B and perforin (220).

IL-35 is a cytokine member of the IL-12 family, originally described as a suppressive cytokine

produced by FoxP3" Tregs. Secretion of IL-35 can induce the development of CD4" FoxP3™ T cells
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that secrete 1L-35, but not TGF-f or IL-10. These suppressive T cells are hyporesponsive to re-
stimulation, can be induced in both mice and humans, and are known as iTr35 cells (190). Although
the role of iTr35 cells in immune physiology is currently unknown, ectopic expression of IL-35 on

pancreatic -cells can protect against the development of experimental autoimmune diabetes (221).

T cells with regulatory functions are not restricted to the CD4" lineage, but also include some CD8"
and CD4” CD8 TCR" cell populations. CD8" regulatory T cells are induced following stimulation
of naive CD8" T cells by CD40L-activated plasmacytoid DCs in an IL-10 dependent manner (222).
These cells produce high levels of the suppressive cytokine IL-10 and low levels of IFN-g, but not
IL-4, IL-5 or TGF-B and can suppress CD8" T cell alloresponses via the production of IL-10 (222).
Additionally, repeated stimulation of CD8" T cells with antigen can induce CD8" CD28 T cells that
have a similar molecular profile (FoxP3, GITR, CTLA4 and CD25) to CD4" FoxP3" Tregs (223,
224). The loss of CD28 by CD8" T cells is a well-documented phenomenon that occurs naturally
with ageing and corresponds to a decrease in the ability of CD8" T cells to carry our effector
function (225, 226). However, the exact mechanism by which CD8" suppressive T cells modulate
immune responses is unknown, but is thought to involve inhibition of co-stimulation between T

cells and DCs (227, 228).

T cells that are afTCR" CD4", CD8 NK1.1" (DN Tregs) can also act as regulatory T cells (229).
These, FoxP3" DN Tregs were first characterised in TCR transgenic mice and have now also been
identified in mice and humans. DN Tregs are antigen-specific regulatory cells that can exert control
over autoimmune responses (230), graft versus host disease (GVHD) (229), and both allogenic and
xenogenic rejection responses (231-234). The origin of DN Tregs is controversial, with a number of
studies suggesting that peripheral DN Tregs are thymus-derived (235, 236), while other studies
hypothesise that peripheral DN Tregs represent a primitive aff T cell subset that bypasses the
thymus completely (237, 238) or alternatively, escaped further differentiation into CD4" or CDS" T
cells, traversing alternative developmental pathways (235, 239). DN Tregs employ multiple
mechanisms to control immune responses. These include the acquisition of antigen-specific surface
molecules (trogocytosis) from APCs, followed by binding and killing CD8" T cells with the same
antigen specificity (240); the secretion of IFN-y (231) and IL-10 (241); inhibition of Signal 2 via
interactions with DCs that lead to a decrease in the expression of the co-stimulatory molecules

CD80 and CD86 via CTLA4 engagement (242, 243); apoptosis of APCs via the induction of the
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Figure 1.3: Schematic of mechanisms of action by immunosuppressive drugs. T cell
proliferation results from activation after presentation of donor antigen by APCS in conjunction
with MHC and co-stimulation. This mechanism results in the activation of calcineurin, which leads
to the production of IL-2. Autocrine stimulation by IL-2 results in cell proliferation, mediated by a
pathway that involves the target of rapamycin (mTOR) and cyclin/cyclin dependent kinase.
Immunosuppressive agents (shown in red) exert their effects on a number of different targets to
prevent T cell proliferation. G1 (first growth phase), S (synthesis of DNA), G2 (second growth
phase) and M (cell division) represent the phases of cell cycle.
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Fas pathway (242); and finally, perforin and granzyme-mediated killing of B cells and NK cells
(232, 244).

Manipulation of tolerance for the induction of transplantation tolerance

The induction of tolerance, for the purpose of organ transplantation has been a long-time goal of
both basic and clinical immunology research. Currently, organ transplantation is feasible due to the
implementation of life-long immunosuppressive regimes (Figure 1.3). However, continual
immunosuppression is associated with a number of clinical morbidities, these include diabetes
mellitus, nephrotoxicity, neurotoxicity, osteonecrosis, leukopenia, hypertension, hyperlipidemia,
cardiovascular events, opportunistic bacterial and viral infections, organ fibrosis, and graft loss
(245-249). Strikingly, 50% of all renal transplant recipients will lose their graft to one of the
aforementioned complications (250). The induction of immunological tolerance is a means by
which long-term immunosuppressive regimes can be overcome, eliminating negative side effects,
whilst still preventing both acute and chronic rejection. This can be achieved through the induction
of deletional tolerance via the establishment of mixed hematopoietic chimerism (251). Considering
that T cell output from the thymus relies on continual seeding by BM precursors (25), it is possible
to supply donor-derived hematopoietic precursors to induce a state of mixed chimerism; the co-
existence of donor and host haematopoietic cells in the same tissue. If the haematopoietic cells are
matched to donor tissue, the thymus provides all of the necessary attributes to “teach” the body to
accept the donor graft, essentially re-programming the immune system for the life of the recipient

(Figure 1.4)

Mixed chimerism

Mixed chimerism has been used successfully in many rodent models for the specific induction of
allogeneic (tissue derived from genetically disparate MHC molecules) tolerance. Owen first
demonstrated this process over 60 years ago, showing that a mixture of two genetically distinct
erythrocytes can be found long after the birth in fraternal bovine twins, which had shared a common
maternal circulation (252). Shortly after, Medawar and colleagues demonstrated that skin grafts
between these bovine chimeric twins were accepted indefinitely, indicating that each had acquired
tolerance to the others tissue (253). Following on from this discovery, Billingham and colleagues
showed that this form of tolerance could be actively induced between MHC-disparate mice,
provided the skin graft recipient had been exposed to donor antigen in the neonatal stages of

development (254).
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In the context of a bone marrow graft, the establishment of mixed chimerism has been relatively
simple to achieve in adult mouse models, with the proviso that successful engraftment of HSCs can
be achieved and the existence of an active thymus. Recipients are given a bone marrow transplant
(BMT) or hematopoietic stem cell transplant (HSCT) from an allogeneic donor that is MHC-
matched to the tissue (such as skin) to be transplanted. These cells engraft in the BM and
differentiate to lymphoid and myeloid progenitors. T cells and DC precursors from both host and
donor migrate to the thymus whereby the process of negative selection purges the emerging T cell
pool of host-reactive, as well as donor-reactive, T cells (251, 255). When the appropriate
immunosuppressive regimes are applied to eliminate pre-existing mature alloreactive T cells in the
periphery, tolerance to fully MHC-mismatched skin grafts can be consistently achieved (256)
(Figure 1.4). This phenomenon has also been achieved in the clinical setting, where patients who
have received BMT to treat haematological malignancies subsequently became tolerant to skin
(257) and kidney (258) transplants originating from the same donor, with the additional

contribution of newly produced thymus derived-donor specific Tregs (259).

Host-derived donor-specific Tregs are also involved in the induction and maintenance of allogeneic
tolerance via their ability to promote donor cell engraftment (260) and prevent both allogeneic graft
rejection (261) and GvHD (262, 263), indicating that they play an important role in the long-term
survival of the graft by providing a natural, more specific means of immunosuppression (264).
Furthermore, donor-derived Tregs have been implicated in promoting donor cell engraftment and
chimerism following BMT. Tregs are induced from donor-derived CD4" T cells by plasmacytoid
DC precursors known as facilitating cells, which are carried over from the BMT, inducing donor

specific tolerance in the absence of GVHD (180, 265-267).

To allow donor BM cells or HSCs to engraft within the recipient, existing mature alloreactive T
cells must be eliminated and “space” must be created within the recipient BM. This process is
referred to as conditioning. To induce a permanent state of immunological tolerance, cells that have
engrafted in the BM must have lifelong multi-lineage repopulating ability in order to provide the
thymus with a constant source of donor antigens. The simplest and most reliable method for
creating “space” in the BM is lethal total body irradiation (TBI) prior to transplantation of T cell
depleted BM. The dose of TBI is both myeloablative, allowing space for donor BM to engraft, and
immunosuppressive, eliminating T cells that respond to donor antigens and initiate host versus graft
disease (HvGD). This approach successfully induces tolerance to fully MHC-mismatched

allogeneic and xenogeneic donor antigens (251). Although highly successful in both small and large
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Figure 1.4: Tolerance to an allogenic graft can be induced by generating hematopoietic
chimerism. Host cells are shown in blue and donor cells are shown in pink. Following appropriate
BM conditioning, transplanted donor HSCs will engraft in the host bone marrow (BM), producing
T cell and DC precursors, which migrate to the thymus. In the thymus precursors differentiate into
T cells, Tregs and DCs. Reactive cells are deleted upon encounter with their cognate self-antigen
presented by thymic epithelial cells (TEC) as well as host and donor-derived DCs, a process known
as negative selection. T cell output is significantly hindered in the atrophied thymus, which occurs
through ageing, chemotherapy and BM conditioning. Thymic atrophy can be reversed through the
ablation of sex steroids and/or the provision of growth factors. Educated T cells along with both
host and donor-derived Tregs migrate to the periphery, where tolorogenic host and donor-derived
Tregs induce anergy in any reactive T cells that have escaped negative selection, promoting

tolerance and graft acceptance.
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animal models, the clinical translation of such protocols has been hampered by toxicities associated
with recipient preconditioning, which involves lethal/sub-lethal doses of irradiation and/or

chemotherapy and a concern for the development of graft versus host disease (GvHD).

Low-intensity conditioning

While initial studies of tolerance induction provided a proof-of-principal that mixed chimerism
could induce donor-specific tolerance, the TBI used to condition the BM to receive HSCT induced
toxic side effects in the transplant recipients (251). Although the use of lethal doses irradiation and
chemotherapy are acceptable for the treatment of malignant disease, their use cannot be justified in
patients requiring only an organ transplant. Therefore, considerable effort has been devoted to the

development of non-lethal low-intensity conditioning regimes (268, 269).

In initial studies, Cobbold and colleagues showed that non-lethal TBI (at least 6 Gy) in combination
with T cell depletion in vivo was sufficient to allow MHC-mismatched allogeneic BM to engraft in
recipients and induce donor-specific tolerance (270). Sharabi and colleagues further improved this
protocol by showing that T cell-depleting antibodies removed peripheral T cells, but not thymic T
cells and the addition of 7 Gy thymic irradiation (TI) allowed the dose of TBI to be reduced to 3 Gy
(268). Early studies also showed that mixed chimerism based tolerance requires continual education
of T cells by the thymus and that established tolerance could be abrogated when donor-derived cells
were depleted with donor-MHC specific depleting antibodies (271). In these studies, tolerance was
established in euthymic mice and then broken by depleting cells that expressed donor-MHC,
therefore removing the source of donor antigen required by the thymus to produce tolerant T cells.
A loss of tolerance corresponded with the emergence recent thymic emigrants (RTE) in the
periphery that expressed donor-reactive TCRs. Thymectomising mice prior to the depletion of
donor cells preserved tolerance, because no new donor-reactive RTEs could be produced (271).

These protocols have had success in both nonhuman primate models and clinical trials (272-276).

Other studies into low-intensity conditioning regimes attempted to replace thymic irradiation and T
cell depletion via the implementation of co-stimulation blockade following cytoreductive
conditioning. This strategy, instead of depleting T cells, rendered them anergic and therefore non-
responsive when encountering donor-derived antigens (277). Clinically, these regimes were
attractive because T cell recovery from the thymus following conditioning may be slow, and further

exacerbated by ageing (discussed in detail below). Co-stimulation blockade was achieved via
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CD40L monoclonal antibodies and CTLA4-immunoglobulin (278-283). Additionally, Co-
stimulation blockade in the absence of cytoreductive conditioning could achieve BM engraftment,
chimerism and tolerance, when supraphysiological doses (an approximate 12-fold increase) of BM
were administered (284, 285). The feasibility of BMT and co-stimulation blockade was further
increased when a short course of a conventional immunosuppressive drug, such as busulfan, was
added to the protocol (279). However, despite the success of these protocols in small animal
models, translation to nonhuman primates and clinical trials have been hampered by the feasibility
of high-dose BMT and thromboembolic complications associated with CD40L blockade (286). The
current clinical practice for reduced intensity conditioning regimes includes chemotheraputic drugs,
such as fludarabine, busulfan or cyclophosphamide and/or a low-dose of total body irradiation
(TBI) and some protocols include the use of T cell depletion with anti-thymocyte globulin (ATG)
or anti-CD52 (Campath) (287).

Immunosenescence

A problem that is frequently overlooked with the above approach is that the thymus, the principal
organ responsible for generating a pool of T cells tolerant to both donor and host tissue, undergoes
severe atrophy with age. Thymic function is most active during the foetal stages of development,
with a decline in function evident from as early as the first year of human life. Thymic degeneration
is progressive and most apparent at puberty, with approximately 95 % of thymus function lost by 50

years of age (288).

Thymic atrophy

This age related thymic involution is characterised by gradual changes in the thymic
microenvironment, including a loss of distinction between cortical and medullary regions, extensive
vacuolisation of epithelial cells and the replacement of thymopoietic tissue with perivascular spaces
and adipose deposits (288). Detailed analysis of thymic stromal subsets has revealed an increase in
the proportion of non-TECs such as fibroblasts and a decrease in TEC number and proportion, in
particular the mTEC subset (289). In addition to thymic stromal changes, there is a decline in early

T cell progenitors, which also display a reduced capacity for differentiation (290).

Together these processes result in a decreased production and export of naive T cells from the
thymus, leaving homeostatic proliferation in the periphery to compensate for this loss. As T cell

maintenance in the elderly relies on the expansion of mature T cell subsets rather than the
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production of naive RTEs, the diversity of the T cell pool undergoes a bias towards antigens that
have already been encountered by the immune system. Within this constricted TCR repertoire, the
likelihood of matching the appropriate TCR to novel antigenic epitopes decreases, ultimately
limiting the immune system’s ability to recognise and respond to unfamiliar challenges and

predisposing the individual to the development of autoimmunity (291).

The mechanisms behind thymic atrophy are unclear and several factors have been implicated. In
humans, a reduction of thymic mass starts at one year of age and becomes most evident at puberty
(292, 293, 294, 287, 295). In mice, a diminished capacity to promote proliferation has been noted as
early as 2 weeks after birth and a reduction in thymic size is visible approximately 6 weeks after
birth (292, 296). These findings have lead to the hypothesis that thymic involution begins at
puberty, where increased circulation of sex steroid hormones marks the beginning of a significant
steady degradation of thymic tissue (288, 297). Additionally, the thymus undergoes a transient
involution in response to stress of pregnancy, induced by an increase in glucocorticoids or sex
steroids respectively (298, 299). Thymic recovery after stress and post partum is rapid, unlike age-

related involution, which is chronic (300, 301).

Physical castration performed on mice demonstrates a profound thymic hypertrophy that is
reversible upon testosterone injection, confirming the observational link between the onset of
puberty and thymic atrophy (297, 302, 303). Further studies have revealed that the thymus is
influenced by positive and negative feedback loops operating between the hypothalamus, pituitary

gland, gonads, thymus and bone marrow (304) (Figure 1.5).

Sex steroid production begins in the hypothalamus, which releases lutenising hormone-releasing
hormone (LHRH, also known as gonadotrophin-releasing hormone GnRH). LHRH is detected by
LHRH-receptors in the anterior pituitary gland, leading to the subsequent production of luteinising
hormone (LH) and follicle stimulating hormone (FSH). LH and FSH then stimulate the gonads to
produce testosterone and estrogen (305). The sex steroids then feedback to the hypothalamus and
directly regulate the production of LHRH, LH and FSH (Figure 1.5). Sex steroids and LHRH have
an opposing effect on the immune system; sex steroids dampen thymic activity, thymopoeisis and B
cell production, while LHRH imposes a directly stimulatory effect on lymphocytes (306, 307). As
such, castration has a positive effect on the immune system by both removing sex steroids from the

feedback loop and potentiating the effect of LHRH on lymphocyte function.
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Tregs and ageing

Despite decreases in thymic output with age, the proportion and number of CD4" FoxP3" Treg cells
increases with age in both mice and humans (308, 309). This is primarily due to the increased
resistance of aged Tregs to apoptosis (310). Additionally, the level of both in vitro and in vivo
suppression achieved by these aged Tregs is equal to, if not better, than their young counterparts
(308, 311-313). Increases in Treg populations with ageing leads to an increase in Treg mediated

suppression, increasing the susceptibility of the elderly to infectious diseases and cancer (308, 314).

Impacts of ageing on the establishment of chimerism

One of the fundamental requirements for the induction of tolerance via mixed chimerism is a
functional thymus (271, 315). Age-related thymic atrophy may therefore present a significant
challenge for the development of chimerism-based approaches for the induction of allogeneic

tolerance.

Contributing further difficulties to the induction of transplantation tolerance via mixed chimerism in
the aged immune system is the poor prognosis of patients undergoing BMT. Allogeneic BMT is
relatively safe and more effective in younger patients (316, 317). However, with increasing age
(patients >55-60 years of age), allogeneic BMT is associated with a poorer prognosis and an
increase in complications including poor stem cell engraftment, the development of GVHD,
increased incidence of infections and prolonged immune deficiency (316, 318-320). Differences in
the aged host environment including the atrophic thymus and poorer humoral and cell-mediated
immunity may underlie the limitations of immune recovery in adults (321, 322). It is therefore
logical to couple strategies that manipulate thymic selection mechanisms to induce allogeneic
tolerance to strategies that can restore thymic function. Several pre-clinical and clinical models to
target thymic regeneration have been proposed. These include hormone blocking therapies
(described in detail below); administration of growth factors such as keratinocyte growth factor
(KGF) (323-326), growth hormone (327-329), IL-7 (330-333) and FMS-like tyrosine kinase 3
ligand (F1t3L) (334, 335); the de novo generation of thymic tissue via a thymic epithelial progenitor
cell (13, 336); or more recently, by the use of embryonic stem cells (337).

Thymic regeneration via sex steroid ablation
Evidence for residual thymic function, albeit very limited, in aged individuals gives credence to the

possibility of inducing thymus regeneration in vivo via the removal of inhibitory factors. Of the
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Figure 1.5: The neuroimmunoendocrine axis. The thymus is negatively influenced by sex
steroids and glucocorticoids and positively influenced by LHRH and GH. LH and FSH may also be
immunostimulatory. LHRH release from the hypothalamus is pulsative, due to negative feedback

from the gonads.
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former, sex steroids have been strongly linked to thymic atrophy, since they have considerable
effects on both lymphoid development and immune function (288). Sex steroids exert direct effects
on thymic stromal cells, which express sex steroid receptors on their surface (338). Consequently,
the removal of sex steroids through castration (chemical or surgical) is associated with marked
rejuvenation of the thymic microenvironment in aged mice following chemically induced thymic
damage (339). This is evident in both thymic architecture (289) and thymic cellularity (339, 340).
Specifically, regeneration is demonstrated by the restoration of both cortical and medullary regions,
TEC to fibroblast ratios, as well as TEC and thymocyte numbers. Importantly, sex steroid ablation
(SSA) increases thymic export of functional naive T cells, resulting in enhanced viral clearance and
cytolytic activity upon infection (341), and a decrease in the number of inducible tumours observed

in aged SSA mice (342).

Additionally, these improvements correlate with an increase in BM lymphopoeisis. In particular, an
increase in the number of IL-7 responsive progenitor cells, an increase in B cell export, as well as
enhanced B cell function (338), therefore contributing to an overall improvement in immune
competence (343, 344). The clinical relevance of SSA is further demonstrated by the accelerated
recovery from chemotherapy and irradiation induced damage (340, 341, 345, 346). Of particular
relevance to donor-derived tolerance induction, the removal of sex steroids has also shown to

improve engraftment in the BM, and peripheral reconstitution following allogeneic BMT (347).

SSA can be achieved in a reversible manner with the use of a LHRH agonist (LHRH-A). These
analogues cause a flare in SSA production, resulting in a sensitisation and down regulation of sex
steroid receptors in the hypothalamus and a shutdown of sex steroid production (304). This process
is reversed upon cessation of the treatment. Clinical application of SSA in the context of immune
regeneration has been demonstrated by improved thymic and immune recovery of LHRH-A-treated
patients who received autologous or allogeneic HSCT for the treatment of haematological
malignancies (341). Most importantly, in the allogeneic setting, SSA increased the rate of BM
engraftment with no evidence of GVHD (347). Collectively, these studies suggest that transient
SSA could be used as a prophylactic therapy to enhance post-transplant immune reconstitution in
allogeneic HSCT/BMT, as it is known that the successful implementation of mixed chimerism

induced tolerance requires a functional thymus (271, 315, 348).

Although these studies were focused on enhancing HSCT recovery in fully allogeneic chimeras

following myeloablative conditioning, there is great potential for SSA to be used in the induction of
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mixed allogeneic chimeras following non-myeloablative conditioning for transplantation tolerance.
Following an alternative strategy, Zhao and colleagues have shown that the ability to induce
allogeneic tolerance with CD45RB monoclonal antibody treatment is lost in aged mice (349).
Although this protocol does not induce allogeneic tolerance via BMT, significantly, CD45RB
monoclonal antibody mediated allogeneic tolerance induction is reliant on a functional thymus to
produce antigen-specific Tregs (350). Formal proof of this concept was demonstrated in
experiments where thymic regeneration was instituted by surgical or chemical castration, which
subsequently restored the ability of recipient aged mice to be tolerized with CD45RB monoclonal
antibody (349). If SSA can increase thymic seeding by donor progenitor cells and thymic output of
donor-tolerant naive T cells, this strategy could complement BMT protocols for the generation of
hematopoietic chimerism for tolerance and may play a pivotal role in the development of more
clinically applicable regimes for the induction of mixed chimerism and transplantation tolerance in

aged individuals (Figure 1.4).

Conclusion

The concept of re-educating the immune system and establishing transplant tolerance through
mixed chimerism is highly appealing, as it allows permanent survival of a transplant without the
need for chronic immunosuppression. Current methods used to prevent organ rejection focus on
long-term immunosuppression, are associated with adverse side effects and, in some instances, can
ultimately lead to graft rejection (250). The induction of donor-specific tolerance via mixed
haematopoietic chimerism removes the need for chronic immunosuppression and has demonstrated
preclinical success and clinical promise for replacing immunosuppressive drugs. However,
strategies for inducing mixed chimerism and allogeneic tolerance have rarely been tested in aged
recipients, who comprise the largest proportion of transplant recipients. This is an important issue
as thymic atrophy and immunosenescence may pose a major barrier to tolerance induction.
Furthermore, recipient preconditioning required for bone marrow transplantation is associated with
severe toxicities that have precluded the clinical translation of such protocols in non-malignant
conditions. With these restrictions in mind, this thesis aimed to develop a low-intensity
conditioning regime, to induce mixed chimerism and allogeneic tolerance, and examine the ability

to apply such protocols to the aged immune system.
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CHAPTER TWO

Reduced-intensity conditioning coupled to sex steroid ablation positively impacts lymphocyte

output following autologous hematopoietic stem cell transplantation
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Abstract

This study aimed to assess if sex steroid ablation (SSA) coupled to busulfan-mediated conditioning
could enhance the bone marrow (BM) to receive hematopoietic stem cell (HSC) transplants. Sex
steroid ablation (SSA) has been shown to enhance immune reconstitution following autologous and
allogeneic HSC transplantation (HSCT) following myeloablative BM conditioning regimes. Here
we hypothesised that SSA would boost donor hematopoietic cell engraftment allowing the dose of
busulfan to be decreased. Busulfan was found to deplete progenitor cells in the BM as well as the
thymus, in the absence of any diminishing effects on lymphocytes and monocytes in the periphery.
Importantly, SSA did not abrogate the depletion of BM precursors following chemotherapy, but did
protect thymocytes from chemotherapy-mediated damage. A linear correlation between donor cell
chimerism and transplant cell dose was observed in SSA and sham-treated groups indicating that
SSA did not enhance the recipient BM microenvironment or confer a selective growth advantage on
incoming donor cells. However SSA did induce a significant increase in thymic cellularity, which
correlated with an expansion in the number of donor-derived T cells, indicating that SSA could be

coupled to low-dose busulfan to boost T cell output following congenic HSCT.

Key words: busulfan, HSCT, sex steroids, non-myeloablative
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Introduction

Haematopoietic stem cell transplantation (HSCT) has become a standard therapy for many inherited
and acquired disorders of the immune system. Both autologous and allogeneic HSCT have been
utilised in the treatment of haematological malignancies and autoimmune diseases. Furthermore
allogeneic HSCT has been widely investigated as means to induce tolerance in immunosuppression-
free solid organ transplants. However recipient pre-conditioning for HSCT is a complex procedure,
involving lethal or sub-lethal doses of irradiation and/or chemotherapy, leading to a number of
treatment-associated morbidities. These include opportunistic bacterial, viral and fungal infections,
resulting from sever immuno-depletion, gastro-intestinal toxicity, such as mucositis and in the case
of allogeneic HSCT, the development graft versus host disease (GvHD), which can be lethal. These
resultant, conditioning-associated states have hindered further development of HSCT for the
treatment of autoimmune disorders, immunodeficiency and the induction of allogeneic tolerance; as
such side effects cannot be justified in the absence of malignant disease (1-3). For these reasons,

low-intensity conditioning regimes have been the subject of intense research.

Despite clinically applicable conditioning regimes varying in intensity, they all result in some form
of post-transplant immunosuppression. A delay in immune reconstitution can not-only lead to
opportunistic infections, but may also result in reactivation of latent infections, relapse of original
disease or development of new, secondary malignancies (4, 5). Therefore a reduction in treatment-
associated morbidities can be achieved through swift reconstitution of the recipient’s immune
system; demonstrating strategies should focus on improving conditioning-related immune-

deficiency to enhance patient outcomes (6).

An attractive agent to address this problem is busulfan, a bifunctional alkylating agent typically
used in high-dose-chemotherapy conditioning regimes (7), as lymphoid reconstitution following
high-dose busulfan is prompt and not associated with lasting lymphocyte defects (8). The alkyl
groups on busulfan (1,4-di (methanesulfonoxy) butane) binds-to and cross-links DNA, resulting in
significant myelosuppression (9) but not immunosuppression (10). Preclinical and clinical studies
that substitute total body irradiation (TBI) for busulfan in combination with cyclophosphamide-
mediated immunosuppression show efficient engraftment and host reconstitution following both
autologous and allogeneic bone marrow transplants (BMT) (10). Additionally post-transplant
reconstitution by donor lymphocytes, in mice given high-dose busulfan and autologous HSCT

without immunosuppression, is equivalent to that observed following TBI (11). However, doses of
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busulfan lower than 20 mg/kg show slower and incomplete reconstitution (11, 12). Studies
conducted in our laboratory have shown that sex steroid ablation (SSA) enhances recovery of the
hematopoietic system and increases donor cell output following both autologous and allogeneic
HSCT in both mice and humans (13-15). Considering this, it was hypothesised that SSA prior to
conditioning with low-dose busulfan would enhance engraftment of donor cells in the BM, and

boost donor cell output in the thymus and the periphery allowing lower-doses of busulfan to be used
in HSCT.
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Methods

Animals

Male C57BL/6 (H-2°, Ly5.2) and B6.SJL-ptprc (H-2°, Ly5.1) were purchased at 6-8 weeks of age
form Monash Animal Services (Melbourne, Australia), the Walter and Elisa Hall Institute
(Melbourne, Australia) or from the Animal Resources Centre (Perth, Australia). Animals were
housed under specific pathogen-free conditions (SPF) at the Monash University Animal Research
Laboratories. All animal experiments were performed in accordance with the Australia Code of
Practice for the Care and Use of Animals for Scientific Purposes (2004, 7w edition), after approval

by the Monash University School of Biomedical Sciences Animal Ethics Committee.

Conditioning and hematopoietic stem cell transplantation

For chemotherapy experiments, mice received a single intra-peritoneal (IP) injection of busulfan, at
a dose of 10 mg/kg or 20 mg/kg (Bulsulfex, PDL BioPharma, Fremont, CA). For hematopoietic
stem cell transplantion (HSCT) experiments, mice received a single IP dose of 10 mg/kg busulfan 4
days prior to transplantation with either 5 x 10* (high-dose) or 1 x 10* (low-dose) Lineage negative
Scal” cKit" (LSK) progenitor cells, administered via lateral tail vein injection. LSK progenitor cells
were purified from single cell suspensions of BM mononuclear cells flushed from the femurs and
tibiae of C57Bl/6 (congenic) mice and sorted on a BD/Cytopeia Influx II flow cytometer (BD
Bioscience, Franklin Lakes, N.J).

Sex steroid ablation

Male mice were anaesthetized with Isofluorane (2-3% in Oxygen) (Delvet, NSW, Australia) and a
small scrotal incision was made to reveal the testes. The testes were tied-off and removed along
with the surrounding fatty tissue. The wound was closed using sutures. Sham-sex steroid ablated
(SSA) mice followed the same surgical procedure, except for the tying-off and removal of the

testes. SSA was performed 1 day prior to chemotherapy.

Cell preparation
Single cell suspensions of thymocytes or splenocytes were prepared via manual mincing between
frosted glass slides. BM mononuclear cells were flushed from the femurs and tibiae with cold

FACS buffer (phosphate buffered saline (PBS)/1% v/v fetal calf serum (FCS)/ 0.1% w/v sodium-

87



azide) using a 23G needle. Cells were pelleted at 350gmax for Smin at 4°C. Red blood cells (RBC)
were removed by resuspending cell pellets in lysis buffer (0.9 % w/v ammonium chloride/ 10 % v/v
0.IM Tris-hydrochloride/pH 7.5 +0.2) at room temperature for 1 minute. Cells were washed in
FACs buffer and 3 x 10° cells were incubated for 30 minutes at 4°C with primary antibodies, and
then washed twice with FACs buffer.

Cell counts were determined by gating on viable cells based on size using a Z2 Coulter Counter

(Bekman Coulter).

Flow cytometric analysis

LSK progenitor populations in the BM were assessed via staining with a PE-conjugated lineage
cocktail consisting of CD3 (145-2C11), CD4 (RM4-5), CD8 (53-6.7), CD19 (1D3), NKI.1
(PK136), CD11b (M1/70), Gr-1 (RB6-8CS5), TER-119 (TER-119), and CD11c (HL3) in addition to
APC-conjugated CD117 (cKit) (2B8) and PECy7-conjugated Scal (D7). T cell populations were
assessed via PerCP Cy5.5-conjugated CD8 (53-6.7), PeCy7-conjugated CD4 (RM4-5, eBioscience),
and APC-conjugated TCRf (H57-597). Peripheral lymphoid and myeloid cells in the spleen were
assessed via PerCP Cy5.5-conjugated CD45R (B220) (RA3-6B2) and APC-conjugated CDI11b
(M1/70). For all staining an FcR block (2.4G2, laboratory produced) was used. Unless otherwise
stated all antibodies were obtained from BD Biosciences. All flow cytometry experiments were

performed on a BD FACSCanto II (BD Bioscience, Franklin Lakes, N.J).

Statistical analysis
Statistical analysis was performed using an unpaired, two-tailed t test. A p value < 0.05 was

considered to be significant.
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Results

Low-dose Busulfan depletes BM progenitor cells and thymocytes, without depleting
peripheral lymphocyte and monocyte populations.

Conditioning prior to HSCT is required to generate space in the BM for transplanted cells to
engraft. To assess the hematopoietic recovery in response to low or high dose chemotherapy, mice
received a single dose of either 10 or 20 mg/kg busulfan (12). To determine at which point the BM
cell nadir occurred, cell populations within the BM were analysed via flow cytometry 1, 4 and 7
days following chemotherapy. Both 10 mg/kg and 20 mg/kg busulfan depleted BM progenitor cells,
defined as Lineage negative, Scal” cKit" (LSK) (Figure 2.1A and C) without depleting whole BM
(WBM) cell numbers (Figure 2.1B). 80-90% of LSK cells had been depleted from the BM 4-days
following chemotherapy (Figure 2.1F). LSK cells did not immediately return to homeostatic levels,
with progenitor cell proportions and numbers still significantly depleted up-to 7-days following
chemotherapy (Figure 2.1A and C). Both 10 mg/kg and 20 mg/kg busulfan depleted B220" B cells
and CD11b" macrophages in the BM 1-day following chemotherapy, with homeostasis returning
within 4-days (Figure 2.1D and E). Interestingly, in mice treated with 10 mg/kg busulfan, B cells
were significantly increased compared to both the untreated and sham-SSA control mice 7 days

post chemotherapy.

To assess changes in the thymus following low-dose busulfan mediated chemotherapy, thymii from
mice treated with 10 or 20 mg/kg busulfan were harvested 1, 4 and 7 days following chemotherapy
and analysed via flow cytometry. Unlike in the BM (Figure 2.1), a significant differential effect was
observed between the 10 and 20 mg/kg dose. The lower dose of 10 mg/kg had a mild depleting
effect 4-days following chemotherapy (Figure 2.2A and B). This was attributed to a decrease in the
CD4" CD8" (DP) thymocyte subset, with homeostasis returning 7-days following chemotherapy
(Figure 2.2B and C). A dose of 10 mg/kg busulfan did not deplete CD4” CD8™ (DN), CD4" or CD8"
thymocytes subsets (Figures 2.2D-F). The higher dose of 20 mg/kg busulfan significantly depleted
thymocytes immediately following chemotherapy. This was observed across all thymocytes
subsets; with thymocytes remaining significantly depleted 7-days following chemotherapy (Figure

2.2A-F).

To analyse the effects of busulfan on peripheral immune cells, the spleens from mice treated with
10 or 20 mg/kg busulfan were harvested 1, 4 and 7 days following chemotherapy. At the lower dose

of 10 mg/kg, no significant changes were observed in the total number of splenocytes (Figure 2.3A)
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Figure 2.1: Low-dose busulfan depletes progenitor cells in the BM, without depleting WBM
cell numbers. (A) Flow cytometric plots showing the proportion of Lineage negative Scal” cKit"
(LSK) progenitor cells in the BM following administration of busulfan at 10 mg/kg and 20 mg/kg.
As a control BM from an untreated (UT) mouse is shown. Figures above boxes represent the
proportion of LSKs. (B) Quantification of total BM cellularity and absolute number of (C) LSK,
(D) B220" and (E) CD11b" cells following administration of busulfan at 10 mg/kg and 20 mg/kg.
(F) The proportion of LSK progenitor cells depleted from the BM, calculated as a ratio of total LSK
cells in treated mice compared to untreated mice, and expressed as a percentage. White bars
indicate untreated mice, grey bars indicate 10 mg/kg busulfan and black bars indicate 20 mg/kg
busulfan. Data is representative of three individual experiments, expressed as mean = SE and
analysed using an unpaired, two-tailed T-test. * (p< 0.05), ** (p< 0.01) represent significant
differences compared to untreated mice. ~ (p< 0.05), " (p< 0.01), " (p< 0.001) represent

significant differences when comparing sham-SSA and SSA groups.
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Figure 2.2: Low-dose busulfan depletes thymocytes. (A) Flow cytometric plots showing the
proportion of thymocyte subsets, expressing CD4 and CDS8 co-receptors following administration of
busulfan at 10 mg/kg and 20 mg/kg. As a control BM from an untreated (UT) mouse is shown.
Figures in quadrants represent the proportions of CD4'CD8" double positive, CD4 CDS8" double
negative, CD4" and CDS8" single positive thymocyte subsets. (B) Quantification of the total thymic
cellularity and (C) absolute number of CD4 CD8" double positive, (D) CD4 CD8" double negative,
(E) CD4" single positive and (F) CDS8" single positive thymocytes. White bars indicate untreated
mice, grey bars indicate 10 mg/kg busulfan and black bars indicate 20 mg/kg busulfan. Data is
representative of three individual experiments, expressed as mean = SE and analysed using an
unpaired, two-tailed T-test. * (p< 0.05), ** (p< 0.01) represent significant differences compared to
untreated mice. * (p< 0.05), " (p< 0.01), " (p< 0.001) represent significant differences when

comparing sham-SSA and SSA groups.
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including mature T-cell receptor-expressing CD4 "~ (Figure 2.3B) and CD8" T cells (Figure 2.3C),
B220" B cells (Figure 2.3D) and CD11b" macrophages (Figure 2.3E). At 20 mg/kg, busulfan
significantly decreased all these mature cell subsets (Figures 2.3B-E), however cell numbers

returned to normal levels by 7 days following chemotherapy.

Collectively, this data indicates that conditioning with either 10 or 20 mg/kg busulfan leads to the
depletion of host BM LSK cells. However, in the thymus and periphery, 20 mg/kg is significantly
more toxic, depleting both thymocytes and peripheral immune cells. A dose of 10 mg/kg was

chosen for further experiments, as it caused minimal short-term effects on the thymus and spleen.

SSA protects the thymus from Busulfan-mediated damage, without abrogating the depletion
of progenitor cells in the BM.

The thymus is responsible for controlling and maintaining the T cell compartment following
cytoreductive conditioning. To ensure swift T cell reconstitution following HSCT, it is important to
have an intact thymus. We have previously shown that SSA enhances immune reconstitution
following cytotoxic antineoplastic conditioning with cyclophosphamide (16). To determine if the
thymus could be protected from busulfan-mediated damage, mice were sham-SSA or SSA via
physical castration 1-day prior to 10 mg/kg busulfan and thymocyte populations assessed 4 days
following chemotherapy. Day 4 was assessed, as this is the time at which the LSK progenitor cell
nadir occurs (Chapter 3). Similar to previous experiments it was found that the thymus of sham-
SSA mice that received 10 mg/kg busulfan were significantly depleted compared to their untreated
counterpart (Figure 2.4A and B). SSA prior to chemotherapy protected the thymus from busulfan-
mediated damage, significantly increasing thymocyte numbers compared to sham-SSA mice, to a
number equivalent to that of untreated mice (Figure 2.4B). This was observed in both the
proportion (Figure 2.4A) and absolute number of DP (Figure 2.4C), DN (Figure 2.4D), CD4"
(Figure 2.4E) and CD8" (Figure 2.4F) thymocyte subsets.

Because space is required to allow transplanted progenitors to engraft in the BM, it is important that
SSA prior to busulfan-chemotherapy did not negate the depletion of the LSK subset. In support of
previous experiments, LSKs were significantly depleted in sham-SSA mice that received 10 mg/kg
busulfan 4-days following chemotherapy, compared to untreated mice (Figure 2.5A and C).

Similarly SSA did not abrogate the effects of low-dose busulfan on LSK cells, with the proportions
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and number of these progenitors being significantly lower in comparison to untreated mice (Figure
5C). This equated to a loss of 80 % of LSK cells in both sham-SSA and SSA mice (Figure 2.5D).
Interestingly both SSA and sham-SSA mice had significantly increased BM derived B220" B cells
(Figure 2.5E) and CD11b" macrophages (Figure 2.5F) compared to untreated mice. There was also
a significant decrease in the WBM cell number observed in both the sham-SSA and SSA busulfan
treated mice (Figure 2.5B) this can be attributed to the stress of the surgery as this was not observed
in experiments that assessed busulfan treatment alone, even at the higher dose of 20 mg/kg (Figure
2.1B). SSA had no effect on T-cells, B-cells and monocytes in the spleen when mice were analysed

4-days following treatment with 10 mg/kg busulfan (Figure 2.5G-K).

SSA increases the number of donor-derived thymocytes following congenic HSCT.

Previous studies have reported that mice conditioned with 10 mg/kg busulfan prior to
transplantation with a mixture of congenic BM and spleen derived stem cells results in a slow and
incomplete level of donor cell engraftment that cannot be compared to results achieved with total
body irradiation (TBI) and HSCT (11). Because SSA has been shown to enhance immune
reconstitution following autologous and allogeneic HSCT (13, 14, 17), we hypothesised that SSA
prior to conditioning with 10 mg/kg busulfan would increase donor cell engraftment and host

reconstitution when mice are transplanted with congenic LSK progenitor cells.

Conditioning with 10 mg/kg busulfan allowed donor cells to engraft in the BM following
transplantation of 5 x 10* congenic LSK cells (Figure 2.6A), with approximately 50 % of LSK
progenitor cells of donor-origin (Fig 2.6Av) when mice were analysed 28 days following HSCT.
Interestingly, SSA induced an expansion of total B220" cells (Figure 2.6Civ), which was not
reflected in the donor B220" subset (Figure 2.6Cv-vi). No changes were observed in regards to

CD11b" monocytes in response to SSA (2.6Bvii-ix).

Donor-derived LSK progenitor cells had the capacity for both myeloid and lymphoid
differentiation, however SSA treatment appeared to have disparate effects in primary and secondary
lymphoid organs. For example, there was no change in the total cell number in WBM in SSA mice
compared to sham-treated controls (Fig 2.6Ai1). This was in contrast to the spleen, where a
significant increase in total cell number (Fig 2.6Ci), corresponding to an expansion of T-cells, B-
cells and monocytes (Fig 2.6Civ), was demonstrated. Given this observation it was intriguing to

note that SSA did not affect the proportion or number of donor-derived hematopoietic cells in the
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Figure 2.3: High dose, but not low dose busulfan depletes myeloid and lymphoid cells in the
spleen. (A) Total splenic cellularity following administration of busulfan at 10 mg/kg and 20
mg/kg. As a control spleen cells from an untreated (UT) mouse are shown. (B) The absolute
numbers of TCR'CD4" T cells, (C) TCR'CD8" T cells, (D) B220" B cells and (E) CDI11b"
Macrophages. White bars indicate untreated mice, grey bars indicate 10 mg/kg busulfan and black
bars indicate 20 mg/kg busulfan. Data is representative of three individual experiments, expressed
as mean = SE and analysed using an unpaired, two-tailed T-test. * (p< 0.05) represents significant
differences compared to untreated mice. * (p< 0.05) represents significant differences when

comparing 10 mg/kg and 20 mg/kg busulfan treated groups.
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Figure 2.4: SSA protects thymocytes from low-dose busulfan-mediated damage. (A) Flow
cytometric dot plots showing the proportion of thymocyte subsets expressing CD4 and CDS co-
receptors following SSA and administration of busulfan at 10 mg/kg. As a control BM from
untreated (UT) mouse is shown. Figures in quadrants represent the proportions of CD4'CD8"
double positive, CD4 CD8 double negative, CD4" and CDS8" single positive thymocyte subsets. (B)
Total thymic cellularity and (C) absolute number of CD4'CDS8" double positive, (D) CD4 CDS§
double negative, (E) CD4" single positive and (F) CD8" single positive thymocytes. White bars
indicate untreated mice, grey bars indicate sham-SSA and black bars indicate SSA. Data is
representative of three individual experiments, expressed as mean = SE and analysed using an
unpaired, two-tailed T-test. * (p< 0.05), ** (p< 0.01), *** (p< 0.001) represent significant
differences compared to untreated mice. * (p< 0.05), ™ (p< 0.01) represent significant differences

when comparing sham-SSA and SSA groups.
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Figure 2.5: SSA does not protect LSK progenitor cells from low-dose busulfan-mediated
damage. (A) Flow cytometric dot plots showing the proportion of Lineage negative Scal” cKit"
(LSK) progenitor cells in the BM following sex steroid ablation (SSA) and administration of
busulfan at 10 mg/kg. As a control BM from an untreated (UT) mouse is shown. Figures above
boxes represent the proportion of LSKs. (B) Quantification of total BM cellularity, (C) absolute
number of LSK progenitor cells and (D) proportion of LSK progenitor cells depleted from WBM.
(E) Absolute number of B220" B cells and (F) CD11b" macrophages in the BM. (G) Total
splenocyte number. (H) Absolute number of TCR'CD4" T cells, (I) TCR'CDS8" T cells, (J) B220" B
cells and (K) CD11b" Macrophages in the spleen. White bars indicate untreated mice, grey bars
indicate sham-SSA and black bars indicate SSA. Data is representative of two individual
experiments, expressed as mean = SE and analysed using an unpaired two-tailed T-test. * (p< 0.05),
** (p< 0.01), **** (p< 0.0001) represent significant differences compared to untreated mice. * (p<

0.05), ™ (p< 0.01) represent significant differences when comparing sham-SSA and SSA groups.
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Figure 2.6: SSA increases number of both total and donor-derived thymocytes and peripheral
lymphoid cells following high-dose congenic HSCT. Mice were transplanted with 5 x 10*
congenic LSK cells. Five days prior to HSCT mice were sham-SSA or SSA via physical castration
and four days prior to HSCT received 10 mg/kg busulfan. Mice were analysed via flow cytometry
28 days following HSCT (A) (i) Total BM cell number, (ii) proportion of donor cells in WBM and
(iii) absolute number of donor cells in WBM. (iv) Total Lineage negative Scal’ cKit" (LSK)
progenitor cell number, (v) proportion of donor cells in LSK progenitor cell subset and (vi) absolute
number of donor-derived LSKs. (vii) Total number of B220" and CD11b" cells in WBM, (viii)
proportion of donor-derived B220" and CD11b" cells in WBM and (ix) absolute number of donor-
derived B220" and CD11b" cells in WBM. (B) (i) Total number of thymocytes, (ii) proportion of
donor cells in the thymus and (iii) absolute number of donor-derived thymocytes. (iv) Total number
of CD4" and CD8" single positive, CD4'CD8" double positive and CD4'CD8" double negative
thymocytes, (v) proportion of donor cells across CD4" and CD8" single positive, CD4 'CD8" double
positive and CD4 CD8" double negative thymocytes subsets and (vi) absolute number of donor-
derived CD4" and CDS8" single positive, CD4 CDS8" double positive and CD4 CD8" double negative
thymocytes. (C) (i) Total number of splenocytes, (ii) proportion of donor cells in the spleen and (iii)
absolute number of donor-derived splenocytes. (iv) Total number of TCR'CD4" and TCR'CD8" T
cells, B220" B cells and CD11b" macrophages, (v) proportion of donor cells across TCR'CD4" and
TCR'CD8" T cells, B220" B cells and CD11b" macrophages splenocyte subsets and (vi) absolute
number of donor-derived TCR'CD4" and TCR'CD8" T cells, B220" B cells and CDI1b"
macrophage, splenocyte subsets. White bars indicate untreated mice, grey bars indicate sham-SSA
and black bars indicate SSA. Data is representative of two individual experiments, expressed as
mean + SE and analysed using an unpaired two-tailed T-test. * (p< 0.05), ** (p< 0.01) represent
significant differences compared to untreated mice. * (p< 0.05), " (p< 0.01), " (p< 0.001), M

(p<0.0001) represent significant differences when comparing sham-SSA and SSA groups.
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Figure 2.7: SSA increases number of total and donor-derived thymocytes but not peripheral
lymphoid cells following low-dose congenic HSCT. Mice were transplanted with 1 x 10" congenic
LSK cells. Five days prior to HSCT mice were sham-SSA or SSA via physical castration and four
days prior to HSCT received 10 mg/kg busulfan. Mice were analysed via flow cytometry 28 days
following HSCT (A) (i) Total BM cell number, (ii) proportion of donor cells in WBM and (iii)
absolute number of donor cells in WBM. (iv) Total Lineage negative Scal” cKit" (LSK) progenitor
cell number, (v) proportion of donor cells in LSK progenitor cell subset and (vi) absolute number of
donor-derived LSKs. (vii) Total number of B220" and CD11b" cells in WBM, (viii) proportion of
donor-derived B220" and CD11b" cells in WBM and (ix) absolute number of donor-derived B220"
and CD11b" cells in WBM. (B) (i) Total number of thymocytes, (ii) proportion of donor cells in the
thymus and (iii) absolute number of donor-derived thymocytes. (iv) Total number of CD4" and
CDS" single positive, CD4'CDS8" double positive and CD4 CDS8” double negative thymocytes, (v)
proportion of donor cells across CD4" and CD8" single positive, CD4'CDS8" double positive and
CD4CDS8" double negative thymocytes subsets and (vi) absolute number of donor-derived CD4"
and CD8" single positive, CD4 CD8 double positive and CD4 CD8" double negative thymocytes.
(O) (i) Total number of splenocytes, (ii) proportion of donor cells in the spleen and (iii) absolute
number of donor-derived splenocytes. (iv) Total number of TCR'CD4" and TCR'CD8" T cells,
B220" B cells and CDI11b" macrophages, (v) proportion donor cells across TCR'CD4" and
TCR'CD8" T cells, B220" B cells and CD11b" macrophages splenocyte subsets and (vi) absolute
number of donor-derived TCR'CD4" and TCR'CD8" T cells, B220" B cells and CDI1b"
macrophage, splenocyte subsets (C vi). White bars indicate untreated mice, grey bars indicate
sham-SSA and black bars indicate SSA. Data is representative of two individual experiments,
expressed as mean = SE and analysed using an unpaired two-tailed T-test. * (p< 0.05), ** (p<0.01)
represent significant differences compared to untreated mice. ~ (p< 0.05), " (p< 0.01), " (p<

0.001) represent significant differences when comparing sham-SSA and SSA groups.
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increase both thymic cellularity and the number of donor-derived thymocytes compared to sham-
SSA controls (Figure 2.6Bi-iii). These changes all correlated with increases in the number of CD4
CDS8 double negative, CD4'CDS8" double positive and, CD4" and CDS8" single positive thymocyte
subpopulations, without their proportions being skewed (Fig 2.6Biv-vi).

Following these investigations we next determined the hematopoietic response in mice transplanted
with a relatively lower numbers of progenitors. Mice were transplanted with 1 x 10* congenic LSK
progenitor cells 4-days following 10 mg/kg busulfan. Mice were also sham-SSA or SSA at 1-day
prior to chemotherapy and analysed 28 days following HSCT. Whilst the responses were not as
robust in animals that received the higher transplant cell dose, it was found that 1 x 10* LSK cells
could engraft in the BM yielding multi-lineage hematopoietic cells of donor origin (Figure 2.7A-C).
Predictably donor cell engraftment was reduced from 40 % in mice transplanted with 5 x 10* LSKs
(Figure 2.6A) to 20 % in mice transplanted with 1 x 10* LSK cells (Figure 2.7A). SSA did not
increase the proportion or number of total donor cells observed in the BM or spleen, but it did
significantly increase the total number of B220" B cells, the number of donor-derived B220" B cells
and the total number of CD4" and CDS8" T cells observed in the spleen (Figure 2.7A and C). Similar
to what was previously observed, SSA increased both thymic cellularity and number of donor-
derived thymocytes across all four CD4" CD8" double positive, CD4” CD8 double negative, CD4"
and CD8" single positive subsets, following transplantation with 1 x 10* LSK cells (Figure 2.7B).

These data indicate that both high and low dose HSCT can induce detectable levels of chimerism

when mice are conditioned with 10 mg/kg of busulfan and that SSA prior to chemotherapy and

HSCT significantly improves thymus cellularity and donor T cell output.
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Discussion

The DNA alkylating agent busulfan is an integral component in many HSCT conditioning regimes
(18). However busulfan-dosing is associated with variable efficacy and toxicities (19). In this study
we aimed to investigate the ability of low-doses of the drug busulfan to condition the BM of mice to
receive HSCT. We also assessed the ability for SSA prior to busulfan-mediated conditioning to
enhance the engraftment of donor cells in the BM, and boost donor cell output in the thymus and
the periphery, in the hope that this would allow lower-doses of busulfan to be used in conditioning
regimes for HSCT and provide a platform for the development of low-dose busulfan mediated

conditioning for mixed chimerism induced transplantation tolerance.

Busulfan is an ideal drug to condition the BM for autologous HSCT as it is myelosuppressive,
allowing space for donor-cells to engraft and proliferate, but is not immunosuppressive and
therefore does not induce post-transplant immunosuppression (8). This decreases the risk of
developing treatment-associated morbidities, such as opportunistic infections and malignancy.
Clinically busulfan has been used to condition patients with adenosine deaminase (ADA )—deficient
severe combined immunodeficiency (SCID) preceding the transplantation of gene-corrected
autologous HSCT, with the success of treatment directly related to the engraftment and expansion
of genetically corrected HSCs (1). Supporting this observation, studies in mice have shown that the
level of donor-reconstitution following HSCT is directly proportional to the dose of busulfan, with
a dose of 50 mg/kg producing equivalent engraftment to a sub-lethal TBI, when mice are
transplanted with a combination of 10-15 x 10° WBM and 35-50 x 10° splenocytes (11). In another
study, where busulfan and HSCT were used to treat Type 1 Gaucher disease, a lysosomal storage
disorder, it was found that 25 mg/kg of busulfan was the threshold dose able to induce detectable
levels of chimerism (12). When allogeneic whole BM (WBM) is transplanted a dose of 20 mg/kg
busulfan is typically employed, with increasing chimerism corresponding to dosage increases, as
mice are relatively more resistant to busulfan than humans (11, 20, 21). Collectively these studies
highlight a clear need to improve the level of engraftment achieved with lower doses of busulfan.
Considering doses higher than 20 mg/kg busulfan are associated with impaired weight gain and the
development of mucocistis (8), in this study we aimed to assess the ability for SSA to improve
donor cell engraftment and enhance donor cell reconstitution following autologous HSCT, when
mice were conditioned with low-dose busulfan. We have previously shown that the removal of sex
steroids improves donor cell engraftment in the BM and peripheral reconstitution following

autologous or allogeneic HSCT (14, 17) and hypothesised that SSA prior to conditioning and HSCT
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would allow the chemotheraputic dose of busulfan to be decreased, lessening the risk of
conditioning associated morbidities, whilst still promoting donor-cell engraftment in the BM and

output in the periphery.

Compelling evidence suggests that sex steroids play a major role in inducing thymic atrophy and
the diminution in immune cell function (22). Whilst SSA was achieved via physical castration in
this study, chemical SSA using the clinically-available hormone, lutenising hormone releasing
hormone (LHRH) agonist (LHRH-A), has been shown to have a similar effects as surgical
gonadectomy leading to a profound regenerative effect on the immune system. Operating via the
hypothalamus-pituatary-adrenal/gonadal axis, LHRH-As control the production and release of the
pituitary hormones, luteinizing hormone (LH) and follicle-stimulating hormone (FSH), which
subsequently control the production of sex steroids (22). Chemical castration is advantageous,
because unlike physical castration, it is reversible, displaying few, if any long-term side effects
(13). Furthermore, LHRH-As are commonly used to treat a range of disorders, including precocious
puberty (23), endometriosis (24), prostate (25) and breast cancer (26) and chemotherapy-induced
sterility (27), providing readily available information on pharmacokinetics, dosing toxicity and
efficacy. Importantly, human studies in our laboratory have shown that LHRH-A administration
prior to both autologous and allogeneic HSCT significantly increases the number of naive T cells

produced and their function in the periphery (15).

In initial experiments, the changes in lymphoid and myeloid populations in mice injected with 10
mg/kg or 20 mg/kg busulfan were determined. At a concentration of 10 mg/kg, busulfan selectively
depleted the LSKs within the BM, with 80 % of this progenitor cell subset depleted 4-days
following chemotherapy. The LSK phenotype classifies a subset of progenitors enriched for HSCs,
with 1 in 10 LSKSs containing true HSC capacity (28), indicating that via a depletion of LSKs, low-
dose busulfan had cleared space for transplanted progenitor cells to engraft. Similar to the 10 mg/kg
dose, 20 mg/kg busulfan significantly depleted progenitor cells in the BM, without depleting WBM
cell numbers, confirming previous reports that state at a dose lower than 20 mg/kg busulfan, is not

completely myeloablative; selectively depleting hematopoietic precursors (8, 29, 30).

Other studies that have examined conditioning-associated morbidities following busulfan-
chemotherapy have neglected to investigate in detail its effect on the thymus. The thymus is
important, as it is responsible for thymopoiesis and therefore required to generate T cells, which are

a critical component of the adaptive immune system. This aspect is of particular importance as
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protracted immune deficiency following conditioning and HSCT is associated with significant
transplant-related morbidities and is unquestionably pertinent in SCID patients, where such
individuals experience profound T cell deficiency (31). Although busulfan does not overtly deplete
mature peripheral lymphocytes (8), as confirmed by our own studies in this report, the effects of
busulfan on immature thymocyte populations has not been investigated. A dose of 20 mg/kg
busulfan is seemingly toxic to the thymus, significantly depleting each of the CD4", CD8" DP and
DN thymocyte subsets, with cell numbers remaining significantly low for more than 7 days
following chemotherapy. The higher dose of 20 mg/kg is also significantly more toxic to the
thymus compared to the 10 mg/kg dose, which only had a mild effect on the DP thymocyte subset,
as numbers and proportions returned to homeostasis within 7 days. SSA has previously been shown
to protect the thymus from chemotherapy-mediated damage, restoring the thymic architecture and
enhancing thymocyte proliferation (16). It was hypothesised that SSA, prior to conditioning with 10
mg/kg busulfan would protect the thymus from chemotherapy-mediated damage. As demonstrated
herein SSA was able to protect all thymocyte subpopulations from the depleting effects of 10 mg/kg

busulfan.

SSA also has been shown to have positive effects in the BM following chemotherapy in mice,
increasing BM cellularity and progenitor cell numbers (16). Considering busulfan was investigated
as a conditioning agent to “create space” in the BM for HSCT engraftment, it was important that
SSA did not abrogate the depletion of LSK progenitor cells in the BM following chemotherapy. We
found that SSA had no significant effect on the LSK compartment of busulfan-treated mice; with
progenitor cell numbers still significantly decreased compared to the untreated control mice. A 90
% depletion of the LSK compartment was observed, which was equivalent to that observed in
sham-SSA mice. These results are consistent with previous studies from our laboratory, that show it
is the common lymphoid progenitor cell subset (Lineage negative, IL7Ra" cKit") within the BM
that is increased by SSA, not the LSK population, in 6-8 week old mice (16). A slight increase in
the B cell compartment following SSA was also observed, this is again consistent with previous
observations, that show SSA induces B cell proliferation and expansion in the BM (16), whether

this is due to direct stimulation or homeostatic expansion through creation of space is unknown.

Not only does the chemotherapeutic dose of busulfan administered (11, 32) and the level of host
reconstitution following HSCT (33, 34) influence the level of engraftment achieved, but also the
number of progenitor cells transplanted. To investigate the role of SSA in boosting donor-cell

engraftment following conditioning with busulfan, two different cell doses were selected, 5 x 10
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LSKs (equivalent to 2 x 10° cells/kg), representing high-dose HSCT and 1 x 10* LSKs (equivalent
to 4 x 10° cells/kg), representing low-dose HSCT (34, 35). Previous studies have shown that
busulfan administered in doses lower than 20 mg/kg result in slow and incomplete donor cell
engraftment following high-dose BMT (11, 12). Because SSA prior to lethal TBI and autologous
BMT, significantly enhances BM reconstitution and increases the number of donor-derived HSCs
observed in the BM (17), it was hypothesised that this would be true for busulfan-conditioned mice.
However, SSA did not increase the number of donor-derived LSKs when mice received either high
or low dose HSCT following conditioning with busulfan. This can be explained by considering that
at low-doses, such as 10 mg/kg, busulfan in not myeloablative, selectively depleting only the
progenitor compartment (36). Previous studies from our laboratory that have shown an increase in
BM cellularity following SSA have used harsh myeloablative treatments such as TBI and
cyclophosphamide, significantly depleting WBM cell numbers and allowing “space” in the niche
for an increase in BM cellularity, which inturn was reflected by an increase in the number of donor
cells (14, 16, 37). Although an improvement in donor cell engraftment in the BM of SSA mice prior
to HSCT was not demonstrated, transplantation of 5 x 10* LSKs and 1 x 10" LSK progenitor cells
achieved approximately 40% and 20% BM chimerism respectively. These findings are highly
encouraging, as chimerism levels at approximately 10% have successfully treated lysosomal storage
diseases (12, 38, 39) and primary immunodeficiency disorders (33, 40). Additionally,
microchimerism levels as low as 1 % has been used to induce robust allogeneic tolerance to donor

specific organs, tissues and cells (41).

Although SSA did not have any significant effects on the BM, it did enhance thymic reconstitution
following both high and low-dose HSCT. These changes encompassed a significant increase in
thymic cellularity, as well as an expansion in the total number of CD4", CD8", DP and DN
thymocyte subsets and peripheral T cells. SSA also significantly increased the number of donor-
derived thymocytes. This is an important finding in the context of transplantation of gene-corrected
HSCs to treat immunodeficiency, such as SCID; as it may enhance the number of gene-corrected T
cells selected in the thymus and exported to the periphery, as it would confer a selective growth
advantage to the transplanted gene corrected cells. Although SSA would not be necessary for the
treatment of X-linked SCID, as transplanted wild type lymphocytes have a significant growth
advantage, but may improve transplant outcomes for other forms of SCID such as, ADA-deficient
or Jak3-3 deficient SCID, where no selective advantage is conferred on genetically modified cells

(33, 42).
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Busulfan is already a standard-of-practice chemotherapeutic drug in many clinical conditioning
regimes (7, 43), however, previous studies that have examined conditioning associated morbidities
following busulfan chemotherapy (7-9, 19, 44-50) have neglected to investigate in any detail the
effect of chemotherapy on the thymus, an important point to consider when looking to use the
protocol to scenarios for HSCT that require a thymus, such as those that utilise mixed chimerism to
induce allogeneic tolerance. Herein we have demonstrated that lowering the dose of busulfan can
still achieve clinically feasible levels of chimerism following both low and high dose autologous
HSCT, whilst significantly lowering the level collateral damage caused to the thymus. These
findings serve as an important platform on which to build new, clinically feasible BM conditioning

regimes.
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Abstract

Mixed haematopoietic chimerism is a powerful means of generating donor-specific tolerance,
allowing long-term graft acceptance without lifelong dependence on immunosuppressive drugs. To
avoid the need for whole body irradiation and associated side effects, we utilised a radiation-free
minimal conditioning regime to induce long-term tolerance across major histocompatibility barriers.
We found that low-dose busulfan, in combination with host T cell depletion and short-term
sirolimus-based immunosuppression, facilitated efficient donor engraftment. Tolerance was
achieved when mice were transplanted with whole or T cell-depleted bone marrow, or purified
progenitor cells. Tolerance induction was associated with an expansion in regulatory T cells and
was not abrogated in the absence of a thymus, suggesting a dominant peripheral mode of tolerance.
Importantly, we were able to generate durable chimerism and tolerance to donor skin grafts in both
young and aged mice, despite age-related thymic atrophy and immune senescence. Clinically, this is
especially relevant as the majority of transplant recipients are older patients whose immune
recovery might be dangerously slow and would benefit from radiation-free minimal conditioning

regimes that allow efficient donor engraftment without fully ablating the recipient immune system.
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Introduction

Bone marrow transplantation (BMT)-induced mixed chimerism can produce a permanent state of
donor-specific tolerance, thereby removing the need for chronic immunosuppression in organ
transplantation (1). As recipient preconditioning toxicities have precluded the clinical translation of
such BMT-based protocols in non-malignant conditions, non-myeloablative conditioning regimes,
including costimulation blockade (2-7) and administration of supraphysiological doses of BM (8, 9)
have been widely explored, but clinical translation has been hampered by thromboembolic
complications associated with CD40L blockade (10). Other studies have investigated low-dose total
body irradiation (TBI) or chemotherapy and peripheral T cell depletion, but focal thymic irradiation
(11, 12) is required to deplete donor-reactive thymocytes (13). Although these protocols have been
effective in nonhuman primate models and clinical trials (14-18), T cell selection may be

compromised by focal thymic irradiation.

The maintenance of stable allogeneic tolerance in mixed chimeras requires intrathymic deletion of
alloreactive T cells (19). However, this may be compounded by age-related thymic involution,
which is characterised by a disorganised microenvironment, adipocytic replacement of lymphoid
tissue and decreased thymic output, such that the thymus is functioning at only 5% capacity by 10-
12 months in the mouse (20) and 40 years in humans (21). As the majority of transplant recipients
are well into adulthood, treatments that preserve or even enhance thymic function are clinically
attractive. The aim of this study was to design a low-intensity, thymus-sparing, conditioning regime

for the establishment of mixed chimerism and allogeneic tolerance in both young and aged mice.
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Materials and Methods

Animals

Male C57BL/6 (H-2°, Ly5.2), B6.SJL-ptprc (H-2°, Ly5.1 congenic), B10.BR (H-2k) and BALB/c
(H-2%) were purchased at 6-8 weeks of age or 11-12 months of age from Monash Animal Research
Platform, the Walter and Eliza Hall Institute and the Animal Resources Centre. Animals were
housed under specific pathogen-free conditions at the Monash University Animal Research
Laboratories. All animal experimentation and procedures were approved by the Monash University

Animal Ethics Committee (SOBSA/MIS/2007/55, SOBSA/MIS/2010/98).

Conditioning and bone marrow transplantation

For TBI experiments, 6-8 weeks old B6.SJL-ptprc mice received 3Gy TBI, before same-day
transplantation with 4x10” B10.BR whole bone marrow (WBM) cells. For busulfan experiments, 6-
8 weeks old or 11-12 months old mice received 10 mg/kg (Busulfex, PDL BioPharma, Fremont,
CA) on day -4, and intraperitoneal injections of 0.Img anti-CD4 (GK1.5) and 0.1lmg anti-CDS§
(2.43) (Bio X Cell, West Lebanon, NH) on day -3 and -1. On day 0, mice were transplanted with
4x10" B10.BR WBM cells, 3.88x10" Thyl-depleted BM cells or 5x10" Lineage Sca-1"c-kit" (LSK)
cells from C57Bl/6 (congenic) or B10.BR (allogeneic) donor mice, followed by daily
intraperitoneal injections of 3mg/kg/day sirolimus (Rapamycin, LC Laboratories, Woburn, MA) for

28 days.

Thymectomy and skin grafting

Thymectomy was performed 11 days prior to BMT, as previously described (32). Skin grafting was
performed 12 weeks (donor graft) and 24 weeks (third-party graft) after BMT. Mice were
anaesthetised with 2-3% isoflurane (Delvet, NSW, Australia) in oxygen and full-thickness tail skin
(1xlcm) from 6-8 weeks old donor B10.BR (allogeneic) and BALB/c (third-party) mice were
grafted onto the lateral flank. Bandages were removed 7 days after surgery and grafts were
monitored daily. Rejection was recorded when more than 75% of the graft’s epithelial tissue had

broken down.

Flow cytometric analysis
Multi-lineage chimerism was assessed via flow cytometric analysis. Cells were labelled with

CD45.2 (104), CD3 (145-2C11), CD49% (DXS5, Biolegend), CD45.1 (A20), IA/IE (MS/114,
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Miltenyi), CD45R (RA3-6B2), CD11b (M1/70) and CD11c (HL3). BM progenitor populations
were assessed with a lineage cocktail consisting of CD3 (145-2C11), CD4 (RM4-5), CD8 (53-6.7),
CDI19 (1D3), NK1.1 (PK136), CD11b (M1/70), Gr-1 (RB6-8C5), TER-119 (TER-119) and CDl11c
(HL3), in addition to CD117 (2B8) and Sca-1 (D7). T cell populations were assessed with CD4
(RM4-5, eBioscience), CD8 (53-6.7), TCRp (H57-597) and CD25 (PC61, Biolegend) and
intracellular staining with Foxp3 (FJK-16a, eBioscience). Peripheral lymphoid and myeloid cells
were assessed with CD11c¢ (HL3), Gr-1 (RB6-8C5), CD45R (RA3-6B2), CD11b (M1/70), I-A/I-E
(M5/114.15.2, Biolegend). For all staining, an FcR block (2.4G2, laboratory produced) was used.
Unless otherwise stated, all antibodies were obtained from BD Biosciences. All data were acquired

on a BD FACSCanto II and analysed using Flowjo software.

Mixed lymphocyte reaction

4x10° responder splenocytes from chimeric mice were co-cultured with 4x10° 20Gy-irradiated
stimulator splenocytes from untreated B10.BR (allogeneic), BALB/c (third party) or Ly5.1
(syngeneic) mice at 37°C, 5%CO, for 96hr. Cells were pulsed with 1uCi of *H-thymidine
(Amersham Biosciences) for a further 18hr and *H-thymidine incorporation was measured as

previously described (32).

Statistical analysis
Statistical analysis was performed using an unpaired, two-tailed t test or a two-way ANOVA. A p

value < 0.05 was considered to be significant.

123



Results

Low-dose TBI, sirolimus and BMT induces allogeneic tolerance

Initial studies aimed to determine if low-dose irradiation with short-term immunosuppression was
sufficient to allow stable mixed chimerism and allogeneic tolerance. B6.SJL-Ly5.1 (H-2b) mice
were conditioned with 3Gy TBI, the minimal dose required for long-term engraftment of syngeneic
haematopoietic stem cells (22), prior to same-day transplantation with 4x10” allogeneic B10.BR (H-
2%) whole bone marrow (WBM) cells and sirolimus (SIR) monotherapy for 28 days (3Gy/SIR
group). These mice initially developed robust mixed chimerism (Figure 3.1A), and 3 out of 4 mice
accepted allogeneic donor skin grafts (Figure 3.1B), but total blood chimerism steadily degraded

over time.

The addition of monoclonal antibodies to deplete host CD4" T cells (3Gy/a.CD4/SIR group), or
both CD4" and CD8" T cells (3Gy/a.CD4/0.CD8/SIR group), prior to BMT significantly increased
initial blood chimerism, but chimerism again declined over time (Figure 3.1A). These mice were
tolerant and accepted B10.BR allogeneic skin grafts (Figure 3.1B). Treatment with T cell-depleting
antibodies further reduced the proportion of circulating CD3" T cells (Figure 3.1C), while
increasing the initial proportion of donor-derived T cells observed in peripheral blood (Figure
3.1D). However, no significant differences were observed 12 weeks after BMT and the proportion
of donor-derived T cells in all 3 groups gradually declined over time (Figure 3.1D). Donor-derived
B220" B cell (Figure 3.1E) and CD11b" macrophage (Figure 3.1F) proportions were initially very
high across all treatment regimes, but steadily decreased. Despite a gradual decline in blood
chimerism, donor cell engraftment was still detected in the BM in all 3 groups 56 weeks after BMT
(Figure 3.1G), with approximately 20% of Lineage Sca-1"c-kit" (LSK) progenitor cells derived
from donor (Figure 1H). Therefore, mixed chimerism and allogeneic tolerance can be achieved with
low-dose TBI in conjunction with short-term immunosuppression without the need for host T cell

depletion.

Low-dose busulfan, sirolimus, T cell depletion and BMT induces allogeneic tolerance

As TBI disrupts the cellular composition and organisation of thymic stroma and impairs
thymopoiesis (23), we next investigated whether irradiation could be replaced with a less damaging
alternative conditioning treatment. Busulfan (Bu) is an attractive agent for low- intensity

conditioning and suitable alternative to TBI as it depletes refractory non-cycling primitive stem
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cells to achieve lasting and high levels of donor haematopoietic engraftment (24). We found that 10
mg/kg busulfan depleted LSK progenitors in the BM, with LSK numbers remaining low 8 weeks
after treatment (Figure 3.2A). WBM counts were low at 1 and 4 weeks after treatment, returning to
untreated levels 1 week following each nadir (Figure 3.2A). Busulfan had a mild depleting effect on
thymus cellularity, mainly due to a loss of CD4"CD8" double-positive thymocytes, which returned
to untreated levels 3 weeks after treatment (Figure 3.2B). A decrease in mature splenic lymphoid
and myeloid cells was also observed at 1 week after treatment but not thereafter (data not shown).
Hence, conditioning with 10 mg/kg busulfan leads to depletion of host BM LSK cells but has

minimal short-term effects on the thymus and spleen.

We next assessed whether busulfan could replace TBI to allow mixed chimerism and allogeneic
tolerance. B6.SJL-Ly5.1 mice were conditioned with 10 mg/kg busulfan 4 days prior to
transplantation with 4x10” allogeneic B10.BR WBM cells. As busulfan is myelosuppressive but not
immunosuppressive (25), mice received a short course of sirolimus for 28 days following BMT
(Bu/SIR). Mice treated with Bu/SIR developed a low level of peripheral blood chimerism, which
declined following sirolimus withdrawal and donor cells could not be detected at 16 weeks after
BMT (Figure 3.2C). These mice did not develop tolerance and rejected allogeneic donor skin (mean
survival time (MST) 8.75 days) (Figure 3.2D). However, depletion of both CD4" and CD8" host T
cells prior to BMT (Bu/aCD4/aCD8/SIR) resulted in robust and stable chimerism (Figure 3.2C).
These mice were tolerant and accepted B10.BR allogeneic skin grafts for over 250 days (Figure
3.2D). Importantly, these mice were immunocompetent, maintaining the ability to reject third-party
BALB/c (H-2%) allogeneic skin grafts (MST 5 days) (Figure 3.2D). Sirolimus was absolutely
required for the development of stable chimerism and allogeneic tolerance, as busulfan-conditioned
mice that received T cell-depleting antibodies, but not sirolimus (Bu/aCD4/aCDS), exhibited
transient chimerism that could not be detected 8 weeks after BMT (Figure 3.2C), and rejected donor

skin grafts (MST 21 days) and third-party BALB/c skin graft (MST 7 days) (Figure 3.2D).

Host T cell depletion is required to purge pre-existing donor-reactive cells. Unlike 3Gy/SIR (Figure
1C), Bu/SIR did not deplete circulating T cells at early time points (Figure 3.2E).
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Figure 3.1: Low-dose irradiation establishes allogeneic tolerance. 6-8 week old B6.SJL-Ly5.1
(H-2") mice received PBS (black square), anti-CD4 (blue triangle), or anti-CD4 and anti-CDS8 (red
circle) monoclonal antibodies on day -3 and -1. On day 0 mice received 3Gy TBI, before same-day
transplantation with 4x10” B10.BR (H-2) allogeneic WBM cells. Sirolimus was administered at
3mg/kg/day for 28 days following BMT. 28 weeks later, chimeric mice received an allogeneic skin
graft from B10.BR (H-2") tail skin. (A) The proportion of donor cells in peripheral blood over time.
(B) Donor skin graft survival. (C) The proportion of CD3" T cells in peripheral blood. (D) The
proportion of donor CD3" T cells, (E) B220" B cells and (F) CD11b" macrophages in peripheral
blood over time. (G) The proportion of donor cells and (H) donor LSK progenitor cells in the BM
at 56 weeks after BMT. Data are representative of one individual experiment, expressed as

mean=SE and analysed using two-way ANOVA, with n=4 mice/group.
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Figure 3.2: Low-dose busulfan, in combination with host T cell depletion and short-term
immunosuppression, induces mixed chimerism and long-term allogeneic tolerance. (A)
Representative profile of LSK cells in the BM, total BM cellularity and number of LSK cells after
treatment with 10 mg/kg busulfan. (B) Representative profile of thymocyte subsets, total thymic
cellularity and number of CD4'CD8" double-positive thymocyte cells after treatment with 10
mg/kg busulfan. Data are expressed as mean=SE, representative of 4 independent experiments and
analysed using two-way ANOVA or an unpaired two-tailed t test, with n=4 mice/group. *(p<0.05)
and **(p<0.01) represent significant differences compared to untreated (UT) mice. (C) 6-8 week
old B6.SJL-Ly5.1 (H-2") mice received 10 mg/kg busulfan on day -4, anti-CD4 and anti-CD8
monoclonal antibodies on day -3 and -1, 4x10” B10.BR (H-25 allogeneic WBM cells on day 0,
followed by daily sirolimus treatment for 28 days (black square). Some mice received PBS instead
of T cell-depleting antibodies (blue triangle), or CMC vehicle control instead of sirolimus (red
circle). 12 and 28 weeks after BMT, mice received an allogeneic skin graft from donor B10.BR (H-
2") and third-party BALB/c (H-2°) strain respectively. The proportion of donor cells in peripheral
blood was measured over time. (D) Donor and third-party skin graft survival. (E) The proportion of
CD3" T cells in peripheral blood. (F) The proportion of donor CD3" T cells, (G) B220" B cells and
(H) CD11b" macrophages in peripheral blood. (I) In vitro allo-responsiveness was tested in a one-
way MLR with stimulator splenocytes from B10.BR (donor) or (J) third-party unrelated BALB/c
mice. (K) The proportion of total donor cells and (L) donor LSK progenitor cells in the BM at 49
weeks after BMT. Data are representative of two individual experiments. ****(p<(0.0001)

represents significant differences compared to other treatment groups.
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Treatment with T cell-depleting monoclonal antibodies significantly reduced the proportion of T
cells in peripheral blood of Bu/aCD4/aCD8/SIR-treated mice at early time points, compared to
Bu/SIR-treated mice (Figure 3.2E). This corresponded to stable chimerism across the T cell (Figure
3.2F), B cell (Figure 3.2G) and macrophage (Figure 3.2H) compartments over time. MLR data
supported skin graft results, with Bu/aCD4/aCD8/SIR-treated mice showing a reduced
responsiveness when challenged with B10.BR stimulator cells (Figure 3.2I). Mice treated with
Bu/SIR or Bu/aCD4/aCD8 were not tolerant to haematopoietic antigens and responded to
restimulation with B10.BR splenocytes (Figure 3.21). All 3 groups retained the ability to proliferate
in response to third-party BALB/c stimulator cells (Figure 3.2J).

BM engraftment of donor cells is absolutely required for long-term tolerance induction. We found
the proportion of donor cells that engrafted in the BM was higher in Bu/aCD4/aCD8/SIR-treated
mice (80%) (Figure 3.2K), compared with mice that received 3Gy/SIR (50%) (Figure 3.1G). Within
the LSK compartment, 90% of progenitor cells were donor-derived in Bu/aCD4/aCD8/SIR-treated
mice (Figure 3.2L), compared to 20-25% in 3Gy-irradiated mice (Figure 3.1H). In summary,
treatment with 10 mg/kg busulfan in combination with host T cell depletion and short-term
sirolimus leads to robust, stable chimerism and allogeneic tolerance whilst maintaining

immunocompetence.

Allogeneic tolerance via mixed chimerism is achievable in aged mice

Aging is associated with thymic atrophy and a diminished ability to generate functional T cells and
antigen-specific responses following BMT (26). Indeed, tolerance cannot be achieved in mice 1
year and older via conditioning with CD45RB monoclonal antibodies without thymic regeneration
(27), or without TBI (28). Our challenge, ultimately, was to induce allogeneic tolerance in aged
mice using a radiation-free conditioning regime that caused minimal damage to the involuted

thymus and did not require additional thymic enhancement.

We therefore treated 1-year old B6.SJL-Ly5.1 mice with 10 mg/kg busulfan and T cell-depleting
antibodies before transplanting 4x10” allogeneic B10.BR WBM cells, followed by short-course
sirolimus. The proportion of donor cells detected in peripheral blood over time was lower in aged
mice (20-30%) (Figure 3.3A), compared to young mice (40-50%) (Figure 3.2A). The proportion of
circulating CD3" T cells was also lower in aged mice (Figure 3.3B), as were donor-derived T cells

(Figure 3.3C), B cells (Figure 3.3D) and macrophages (Figure 3.3E). Nevertheless, allogeneic
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tolerance was still achievable in Bu/aCD4/aCD8/SIR-treated aged mice, with no signs of donor
B10.BR skin graft rejection for over 150 days (Figure 3.3F). Importantly, aged mice remained
immunocompetent, rapidly rejecting third-party BALB/c skin (MST 2.6 days), with MLR data
supporting skin graft results (Figure 3.3G and H). Thus, treatment with 10 mg/kg busulfan in
combination with host T cell depletion and short-term sirolimus leads to stable chimerism and

allogeneic tolerance in aged mice whilst maintaining immunocompetence.

Purified BM progenitor cells can induce allogeneic tolerance

Donor BM contains mature T cells that can promote haematopoietic engraftment and reconstitute T
cell immunity, but transplantation with allogeneic T cell-replete BM is often associated with graft-
versus-host disease in the clinic (29). Although we have not observed disease in our experiments, it
is clinically more desirable to use T cell-depleted (TCD) BM or purified progenitor cells as the
source of donor antigen. To determine the lowest possible progenitor cell dose required to engraft in
the recipient BM in our model, B6.SJL-Ly5.1 mice received 10 mg/kg busulfan 4 days prior to
transplantation with purified LSK cells from C57BI/6 mice. Transplantation with 5x10* LSK cells
produced 20% chimerism within 6 weeks, a significantly higher level than all other LSK doses
which produced less than 5% chimerism, while chimerism was not detected in mice transplanted

with 1x10° LSK cells (Figure 3.4A).

Having determined 5x10* LSK cells as the minimum donor progenitor cell dose that would engraft
in the recipient BM following conditioning with 10 mg/kg busulfan (Figure 3.4A), we transplanted
busulfan-conditioned B6.SJL-Ly5.1 mice with either WBM cells, TCD BM cells or purified LSK
cells from allogeneic B10.BR mice. Mice that received TCD BM showed the same pattern of
haematopoietic chimerism and allogeneic tolerance as mice that received WBM cells,
demonstrating that TCD BM can be used as the source of donor antigen (Figure 3.4B-F). Mice that
received purified LSK cells displayed haematopoietic chimerism at levels slightly lower than mice
that received WBM (Figure 3.4B). Similarly, the proportion of donor-derived CD3" T cells (Figure
3.4C), B220" B cells (Figure 3.4D) and CD11b" macrophages (Figure 3.4E) were slightly lower in
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Figure 3.3: Allogeneic tolerance is achievable in aged mice. 12-month-old B6.SJL-Ly5.1 (H-2")
mice received 10 mg/kg busulfan on day -4, anti-CD4 and anti-CD8 monoclonal antibodies on day -
3 and -1, 4x10" B10.BR (H-2") allogencic WBM cells on day 0, followed by daily sirolimus
treatment for 28 days (black square). 12 and 28 weeks after BMT, mice received an allogeneic skin
graft from B10.BR (H-2") and BALB/c (H-2°) respectively. (A) The proportion of donor cells in
peripheral blood over time. (B) The proportion of CD3" T cells in peripheral blood. (C) The
proportion of donor CD3" T cells, (D) B220" B cells and (E) CD11b" macrophages in peripheral
blood. (F) Donor and third-party skin graft survival. (G) In vitro allo-responsiveness of splenocytes
isolated from conditioned mice (B6.SJL-Ly5.1) was tested in a one-way MLR against stimulator
splenocytes isolated from either donor B10.BR mice or (H) third-party unrelated BALB/c mice.
Data are representative of one individual experiment, expressed as mean+SE and analysed using

two-way ANOVA or an unpaired two-tailed t test, with n=5-7 mice/group.
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Figure 3.4: Mixed chimerism and graft tolerance are achievable with purified BM
progenitors, as well as T cell-depleted BM cells. (A) 6-8 weeks old B6.SJL-Ly5.1 mice were
treated with 10 mg/kg busulfan on day -4, then transplanted with various numbers of congenic LSK
cells from C57Bl/6 mice on day 0. The proportion of donor cells detected in peripheral blood
following transplantation with 5x10%, 1x10%, 5x10° or 1x10° LSK cells was measured over time. (B)
6-8 week old B6.SJL-Ly5.1 (H-2°) mice received 10 mg/kg busulfan on day -4, anti-CD4 and anti-
CDS8 monoclonal antibodies on day -3 and -1, 4x10” B10.BR (H-25) allogeneic WBM cells (black
square), LSK cells (blue triangle) or T cell-depleted BM (TCD) (red circle) on day 0, followed by
daily sirolimus treatment for 28 days. 12 and 28 weeks after BMT, mice received an allogeneic skin
graft from B10.BR (H-2*) and BALB/c (H-2% respectively. The proportion of donor cells in
peripheral blood was measured over time. (C) The proportion of donor CD3" T cells, (D) B220" B
cells and (E) CD11b" macrophages in peripheral blood. (F) Donor and third-party skin graft
survival. (G) In vitro allo-responsiveness was tested in a one-way MLR with stimulator splenocytes
from donor B10.BR or (H) third-party unrelated BALB/c mice. Data are representative of one
individual experiment, expressed as mean+SE and analysed using analysed using two-way ANOVA
or an unpaired two-tailed t test with n=5 mice/group. ***(p<0.001) represents significant

differences compared to other groups.
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LSK-transplanted mice compared to WBM- or TCD BM-transplanted mice. Nevertheless, LSK-
transplanted mice were tolerant to allogeneic B10.BR skin grafts (Figure 3.4F) and were
unresponsive to in vitro restimulation with B10.BR splenocytes (Figure 3.4G). These mice were
immunocompetent, as demonstrated by their rapid rejection of third-party BALB/c skin (MST 10.6
days) (Figure 3.4F), and proliferated when challenged with third-party BALB/c stimulator cells
(Figure 3.4H). Thus, stable chimerism and long-term allogeneic tolerance can be achieved by

transplantation with TCD BM or purified haematopoietic cells in this minimal conditioning model.

Depletion of both CD4 and CD8 T cell subsets is required to establish tolerance in this model
We next investigated whether depletion of either CD4" or CD8" T cell subsets alone was sufficient
to establish mixed chimerism and allogeneic tolerance. Depletion of CD4" T cells in combination
with low-dose busulfan and short-course sirolimus (Bu/aCD4/SIR) established stable blood
chimerism, but chimerism was lower than mice depleted of both CD4" and CD8" T cells and was
insufficient to induce durable allogeneic tolerance, with all mice eventually rejecting donor B10.BR
grafts (MST 65 days) (Figure 3.5B). However, Bu/aCD4/SIR-treated mice demonstrated allogeneic
tolerance to donor haematopoietic antigens and showed reduced responsiveness when challenged
with B10.BR splenocytes in an MLR (Figure 3.5C). Mice were immunocompetent and rejected
third-party BALB/c allogeneic skin (MST 5 days) (Figure 3.5B) and responded to in vitro
restimulation with BALB/c splenocytes (Figure 3.5D).

Depletion of CD8" T cells in combination with low-dose busulfan and sirolimus failed to establish
chimerism, which dropped as soon as sirolimus was withdrawn 4 weeks after BMT (Figure 3.5E).
This corresponded to a rapid rejection of B10.BR skin grafts (MST 13.6 days) (Figure 3.5F).
Similar to Bu/aCDA4/SIR, tolerance to B10.BR haematopoietic antigens was induced in
Bu/aCD8/SIR-treated mice (Figure 3.5G). Mice were immunocompetent, rejecting third-party
BALB/c skin graft (MST 8.6 days) (Figure 3.5F) and responded to restimulation with BALB/c
splenocytes in a MLR (Figure 3.5H). Thus, the presence of alloreactive host CD4" T cells prevents
the establishment of mixed haematopoietic chimerism and allogeneic skin graft tolerance, while
alloreactive host CD8" T cells mediates the eventual rejection of allogeneic skin graft even in the

presence of mixed chimerism.
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Thymus-independent mode of tolerance induction

To determine the role of central tolerance in the establishment of mixed chimerism and allogeneic
tolerance in this model, mice were either thymectomised (Tx) or sham-thymectomised (ShTx) prior
to treatment with 10 mg/kg busulfan, host T cell depletion and short-term sirolimus. Tx mice
developed blood chimerism levels equivalent to mice with an intact thymus (Figure 3.6A). Both Tx
and ShTx mice were tolerant to allogeneic B10.BR skin grafts and maintained grafts for over 200
days (Figure 3.6B). Mice remained immunocompetent, with both groups rejecting third-party
BALB/c skin grafts (MST 12 and 7 days respectively) (Figure 3.6B). The proportion of peripheral
blood CD3" T cells in Tx mice was significantly lower than ShTx mice (Figure 3.5C). Within the T
cell compartment, the proportion of donor cells in Tx mice was significantly higher than ShTx mice
at 4 and 21 weeks after BMT, but no differences could be detected at later time points (Figure
3.6D). Both Tx and ShTx groups showed a decreased responsiveness to restimulation with B10.BR
splenocytes (Figure 3.6E). However, despite rejecting third-party skin graft (Figure 3.6B), Tx mice
displayed a decreased ability to respond to third-party BALB/c haematopoietic antigens (Figure

3.6F), probably as a result of an overall decrease in T cell numbers (Figure 3.6C).

As tolerance induction appears to be operating via thymic-independent mechanisms, we next
investigated whether peripheral tolerogenic mechanisms were involved in this model. An increase
in overall number, but not proportion, of T cells expressing PD-1 and CTLA-4 was observed in
tolerant mice (data not shown). More strikingly, there was a proportional increase of Foxp3-
expressing regulatory T (Treg) cells within the CD4" T cell compartment of mice that received
donor WBM (Figure 3.7A), corresponding to a significant expansion in absolute number of Treg
cells in the spleen, compared to mice that did not receive donor antigen (Figure 3.7B). These
observations were consistent across treatment groups, with mice transplanted with purified
allogeneic LSK cells or TCD BM exhibiting an increase in Treg cells. The ability to expand Treg
cells was not dependent on the presence of a thymus, as a significant increase in both the proportion
(Figure 3.7C) and absolute number of Treg cells was observed in the spleen of Tx mice (Figure

3.7D). This Treg expansion was not observed
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Figure 3.5: Depletion of both host CD4" and CD8" T cells is required to establish tolerance in
this model. (A) 6-8 week old B6.SJL-Ly5.1 (H-2") mice received 10 mg/kg busulfan on day -4,
anti-CD4 (black triangle) or both anti-CD4 and anti-CD8 monoclonal antibodies (black square) on
day -3 and -1, 4x10” B10.BR (H-2") allogeneic WBM cells on day 0, followed by daily sirolimus
treatment for 28 days. 12 and 28 weeks after BMT, mice received an allogeneic skin graft from
B10.BR (H-2") and BALB/c (H-2°) respectively. The proportion of donor cells in peripheral blood
was measured over time. (B) Donor and third-party skin graft survival. (C) In vitro allo-
responsiveness was tested in a one-way MLR with stimulator splenocytes from donor B10.BR or
(D) third-party unrelated BALB/c mice. (E) To investigate the role of host CD8" T cells in this
model, another group of mice received anti-CD8 monoclonal antibodies (black triangle) with no
other variations in the treatment regime. The proportion of donor cells in peripheral blood detected
over time was compared to mice that received both anti-CD4 and anti-CD8 monoclonal antibodies
(black square). (F) Donor and third-party skin graft survival. (G) In vitro allo-responsiveness was
tested in a one-way MLR with stimulator splenocytes from donor B10.BR or (H) third-party
unrelated BALB/c mice. Data are representative of one individual experiment, expressed as
mean+SE and analysed using two-way ANOVA or an unpaired two-tailed t test with n=5

mice/group. ***(p<0.001) represents significant differences compared to other treatment groups.

138



>

100
B -a~ Bu/aCD4/aCD8/SIR
2 gol -+ BueCD4SR %
T
g 60
o
&
» 404
g X
5 2. i3k £
£ g .
02 4 6 8 12 162024 28 32 36 41 49
Weeks post BMT
(o
25000+
20000
5 150004
S
10000
5000
0 -
o«CD4  + + Ly5.1 B10.BR
aoCD8 + - untreated
E
100~
g —8— Bu/aCD4/aCDE/SIR
2 804 -k -BulCDEISIR
2
Q 60
i wex
2 40-
S
s /L%
£ g N
0 2 4 6 8 12 16 21 30 40 44
Weeks post BMT
G
8000
6000
x
2 40004
2000
o

«CD4
«CD8

Ly5.1 B10.BR
untreated

Donor B10.BR

|
~. 80 &~ Bu/aCD4/aCDB/SIR
£ |l -+ BUoCDA4/SIR
3 60| I )
€ “ Third party BALB/c
@ aodf -5 BUlaCD4/aCDE/SIR
| - BulaCDA4/SIR
— —
204 || = |
0 l
L) T T T 1
0 5 100 150 200 250

Days post skin grafting

F
100 a
w0l Donor B10.BR
< t = BU/aCD4 /aCDBISIR
3 60 lT -+ BuoCD8/SIR
I Third party BALB/c
@ 404 -5 BulaCDA4/aCD8/SIR
Il - BulaCD8/SIR
2015%
0 4 T T T 1
0 50 100 150 200
Days post skin grafting
H
60000~
40000~
=
o
[&]
200004 —1_
0 T
oCD4 + Ly51  BALBf
aCD8  + untreated

139



Figure 3.6: Thymectomy does not abolish BMT-induced mixed chimerism and graft
tolerance. (A) 6-8 week old B6.SJL-Ly5.1 (H-2") mice were thymectomised (Tx, black triangle) or
sham-thymectomised (ShTx, black square) on day -11 and received 10 mg/kg busulfan on day -4,
anti-CD4 and anti-CD8 monoclonal antibodies on day -3 and -1, 4x10" B10.BR (H-2k) allogeneic
WBM cells on day 0, followed by daily sirolimus treatment for 28 days. 12 and 28 weeks after
BMT, mice received an allogeneic skin graft from B10.BR (H-25) and BALB/c (H-2%) respectively.
The proportion of donor cells in peripheral blood was compared between Tx and ShTx mice over
time. (B) Donor and third-party skin graft survival. (C) The total proportion of CD3" T cells and
(D) the proportion of total CD3" cells that are of donor origin in peripheral blood. (E) In vitro allo-
responsiveness was tested in a one-way MLR with stimulator splenocytes from donor B10.BR or
(F) third-party unrelated BALB/c mice. Data are representative of one individual experiment,
expressed as mean+SE and analysed using two-way ANOVA or an unpaired two-tailed t test with
n=5 mice/group. ***(p<0.001) and ****(p<0.0001) represent significant differences compared to

euthymic ShTx mice.
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Figure 3.7: Treg cells are increased in chimeric and tolerant mice. (A) The proportion and (B)
number of CD4" Foxp3" Treg cells in mice transplanted with either donor WBM, LSK cells or T
cell depleted (TCD) BM, compared to mice that did not receive donor BMT. (C) The proportion
and (D) the number of Tregs in sham-thymectomised (ShTx/WBM) or thymectomised (Tx/WBM)
mice that were transplanted with donor WBM cells compared to mice that did not receive donor
BMT. (E) The proportion and (F) number of Treg cells in mice transplanted with WBM and treated
with either anti-CD8 alone, or both anti-CD4 and anti-CD8 monoclonal antibodies. (G) The
proportion and (H) number of Treg cells in mice transplanted with WBM and treated with either
anti-CD4 alone, or both anti-CD4 and anti-CD8 monoclonal antibodies. Data are representative of
one individual experiment, expressed as mean+SE and analysed using an unpaired two-tailed t test
with n=5 mice/group. *(p<0.05), **(p<0.01) and ***(p<0.001) represent significant differences

compared to mice that did not received donor BMT.
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in mice harbouring alloreactive CD8" (Figure 3.7E and F) or CD4" T cells (Figure 3.7G and H) that
did not demonstrate durable chimerism. Importantly, all treatment groups that showed an increase
in Treg cells accepted allogeneic skin grafts. Hence, the induction of allogeneic tolerance via mixed
chimerism in this minimal conditioning model is mediated by thymus-independent peripheral

mechanisms, presumably by an expansion of Foxp3-expressing Treg cells.
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Discussion

Ageing has profound effects on the immune system, including reduced diversity in the T cell
receptor repertoire (30), diminished effector T and B cell function (31) and poor responses to viral
challenge (32). Decreased immune responsiveness in aged individuals would seem advantageous to
inducing allogeneic tolerance; however, the ability to generate functional T cells and induce
antigen-specific responses following BMT declines with age (26). The importance of intrathymic
deletion of donor-reactive T cell clones in the establishment of allogeneic tolerance has been clearly
demonstrated (19, 33), yet protocols have rarely been tested in the aged setting where thymic
function is severely compromised. Moreover, conditioning-induced damage to the thymus is
compounded by age-related thymic atrophy and contributes to variability observed in the clinical
setting. With this in mind, we sought to establish mixed chimerism and long-term allogeneic

tolerance via a low-intensity, thymus-sparing protocol that would be applicable in the aged setting.

Mixed chimerism and allogeneic tolerance can be generated in mice receiving T cell-depleting
antibodies and 3Gy TBI with 7Gy thymic irradiation (11). In this study, we first investigated
whether thymic irradiation could be substituted with a short course of sirolimus, which inhibits T
cell proliferation by blocking T effector responses to IL-2 (34) and inducing T cell anergy (35),
while maintaining Treg cell function (36). We found that conditioning with 3Gy TBI and sirolimus
could induce allogeneic tolerance in mice transplanted with 4x10” WBM cells, a clinically feasible
cell dose (5). However, peripheral blood chimerism degraded over time and was not stabilised when
T cells were depleted prior to BMT. As the persistence of donor chimerism is required to maintain
tolerance (12), we investigated busulfan as an alternative conditioning agent in an attempt to
stabilise chimerism. Busulfan is an attractive agent for low-intensity conditioning because, unlike
other commonly used chemotherapeutic agents, it depletes non-cycling primitive stem cells, which

is essential to achieve lasting and high levels of donor hematopoietic engraftment (24).

Busulfan is typically administered at a dose of 20 mg/kg or higher, with higher levels of chimerism
corresponding to dosage increases (6, 37, 38), as mice are relatively more resistant to busulfan than
humans. We found that 10 mg/kg busulfan was sufficient to deplete LSK progenitors without
severely affecting WBM cell numbers. Host LSK cell counts remained low 8 weeks following
BMT (Figure 3.2K), while 80-90% of LSK cells in the BM were donor-derived (Figure 3.21 and J),
compared to 20-25% in 3Gy-irradiated mice (Figure 3.1H). The higher levels of donor LSK
engraftment could have contributed to the persistence of lymphoid and myeloid chimerism

observed in busulfan-treated mice (24), compared to irradiated mice. Important to our aim of
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developing a thymus-sparing conditioning protocol, 10 mg/kg busulfan had minimal and short-

lasting effects on the thymus.

In a previous study, C57Bl/6 mice treated with a similar protocol using 20 mg/kg busulfan, T cell-
depleting antibodies and transplanted with full-mismatched BALB/c WBM, followed by 14-day
sirolimus immunosuppression, showed stable chimerism but nevertheless rejected donor skin grafts
(38). We found that decreasing the busulfan dose to 10 mg/kg and increasing the sirolimus course
to 28 days could efficiently establish long-term allogeneic tolerance to donor skin graft and
haematopoietic antigens in 100% of mice. Importantly, aged mice treated with this regimen

demonstrated stable chimerism and tolerance while maintaining immunocompetence.

Intrathymic clonal deletion is the principal mechanism by which allogeneic tolerance is induced in
mixed BM chimeras (19). Models of transplantation tolerance that do not depend on BMT-induced
mixed chimerism have also demonstrated a requirement for an active thymus (27, 39, 40). We
found that thymectomised mice, surprisingly, were able to accept donor skin grafts and reject third-
party unrelated skin grafts. Hence, tolerance was still generated in the absence of intrathymic
deletion. Our data thus indicate peripheral mechanisms play a dominant role in tolerance induction
in this model. In all mice that received sirolimus and either donor WBM or LSK cells, we found an
increase in both the proportion and absolute number of Treg cells. This was not observed in mice
that only received sirolimus. As sirolimus increases Treg survival and function in mice (36, 41) and
humans (42, 43), our data suggest that Treg cells are induced in the presence of alloantigen and
preferentially survive under the influence of sirolimus (36). Additionally, alloreactive T cell
depletion is essential in this mode of tolerance, as neither depletion of host CD4" or CD8" T cells

by itself was sufficient to induce tolerance.

A previous study utilising CD45RB monoclonal antibodies showed that tolerance could not be
achieved in aged mice due to thymic atrophy (27), because this mode of tolerance induction
requires an active thymus to produce new Treg cells (39). In the present study, 100% of aged mice
became tolerant to allogeneic skin grafts, suggesting that tolerance induction in our model is not
hindered by thymic atrophy and/or compensated by peripheral mechanisms. Our thymectomy data
suggest that Treg cells are being produced in response to donor antigens in peripheral tissues, rather
than when antigen sampled in the periphery is recirculated to the thymus (44). Facilitating cells in
WBM have been shown to induce antigen-specific Treg cells that enhance progenitor cell

engraftment (45), but this is unlikely to be the sole mechanism, as Treg cells and allogeneic
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tolerance were also generated when mice were transplanted with purified LSK progenitor cells
lacking the facilitating cell population. These results do not indicate that peripheral tolerance is
mutually exclusive from central tolerance and it is likely that both central deletion and peripheral

suppression influence tolerance induction in euthymic mice.

Recently it was reported that, despite increased memory T cell frequencies, tolerance can be
established in aged mice by costimulation blockade or host T cell depletion, in conjunction with
low-dose irradiation (28). We now demonstrate that radiation-free, low-intensity conditioning with
busulfan facilitates the generation of allogeneic tolerance via BMT-induced mixed chimerism in
aged mice. In this model, peripheral regulation operates in the absence of a thymus and age-related
thymic involution does not impede the ability to induce donor-specific tolerance. Our findings have
important implications for the clinical application of tolerance induction protocols, especially in

aged patients whose immune recovery might be dangerously slow due to thymic atrophy.

147



Acknowledgements

The authors would like to thank Ms. Luciana Thompson and Ms. Jade Barbuto for excellent
technical assistance. This work was supported by an Early Translational Award from the Victoria-
California Stem Cell Alliance between the Californian Institute for Regenerative Medicine and the
State Government of Victoria, Australia (TR1-01245). J.M. is the recipient of an Australian
Postgraduate Award from the National Health and Medical Research Council and a Postgraduate
Supplementary Scholarship from the Australian Stem Cell Centre. T.H. is the recipient of an
Australian Postdoctoral Research (Industry) Fellowship from the Australian Research Council

(LP110201169).

148



Disclosure
The authors of this manuscript have no conflicts of interest to disclose as described by the

American Journal of Transplantation.

149



References

1.

150

Sykes, M. 2007. Mechanisms of tolerance induced via mixed chimerism. Front. Biosci.
12:2922-2934.

Blaha, P., S. Bigenzahn, Z. Koporc, M. Schmid, F. Langer, E. Selzer, H. Bergmeister, F.
Wrba, J. Kurtz, C. Kiss, E. Roth, F. Muehlbacher, M. Sykes, and T. Wekerle. 2003. The
influence of immunosuppressive drugs on tolerance induction through bone marrow
transplantation with costimulation blockade. Blood 101:2886-2893.

Adams, A. B., N. Shirasugi, T. R. Jones, M. A. Williams, M. M. Durham, J. Ha, Y. Dong,
Z. Guo, K. A. Newell, T. C. Pearson, and C. P. Larsen. 2003. Conventional
immunosuppression is compatible with costimulation blockade-based, mixed chimerism
tolerance induction. Am J Transplant 3:895-901.

Quesenberry, P. J., S. Zhong, H. Wang, and M. Stewart. 2001. Allogeneic chimerism with
low-dose irradiation, antigen presensitization, and costimulator blockade in H-2 mismatched
mice. Blood 97:557-564.

Taylor, P. A., C. J. Lees, H. Waldmann, R. J. Noelle, and B. R. Blazar. 2001. Requirements
for the promotion of allogeneic engraftment by anti-CD154 (anti-CD40L) monoclonal
antibody under nonmyeloablative conditions. Blood 98:467-474.

Adams, A. B., M. M. Durham, L. Kean, N. Shirasugi, J. Ha, M. A. Williams, P. A. Rees, M.
C. Cheung, S. Mittelstaedt, A. W. Bingaman, D. R. Archer, T. C. Pearson, E. K. Waller, and
C. P. Larsen. 2001. Costimulation blockade, busulfan, and bone marrow promote titratable
macrochimerism, induce transplantation tolerance, and correct genetic hemoglobinopathies
with minimal myelosuppression. J Immunol 167:1103-1111.

Wu, T., H. Sozen, B. Luo, N. Heuss, H. Kalscheuer, P. Lan, D. E. Sutherland, B. J. Hering,
and Z. Guo. 2002. Rapamycin and T cell costimulatory blockade as post-transplant
treatment promote fully MHC-mismatched allogeneic bone marrow engraftment under
irradiation-free conditioning therapy. Bone Marrow Transplant. 29:949-956.

Wekerle, T., J. Kurtz, H. Ito, J. V. Ronquillo, V. Dong, G. Zhao, J. Shaffer, M. H. Sayegh,
and M. Sykes. 2000. Allogeneic bone marrow transplantation with co-stimulatory blockade
induces macrochimerism and tolerance without cytoreductive host treatment. Nat. Med.
6:464-469.

Durham, M. M., A. W. Bingaman, A. B. Adams, J. Ha, S. Y. Waitze, T. C. Pearson, and C.

P. Larsen. 2000. Cutting edge: administration of anti-CD40 ligand and donor bone marrow



10.

11.

12.

13.

14.

15.

16.

17.

18.

leads to hemopoietic chimerism and donor-specific tolerance without cytoreductive
conditioning. J Immunol 165:1-4.

Kawai, T., D. Andrews, R. B. Colvin, D. H. Sachs, and A. B. Cosimi. 2000.
Thromboembolic complications after treatment with monoclonal antibody against CD40
ligand. Nat. Med. 6:114.

Sharabi, Y., and D. H. Sachs. 1989. Mixed chimerism and permanent specific
transplantation tolerance induced by a nonlethal preparative regimen. J Exp Med 169:493-
502.

Sharabi, Y., V. S. Abraham, M. Sykes, and D. H. Sachs. 1992. Mixed allogeneic chimeras
prepared by a non-myeloablative regimen: requirement for chimerism to maintain tolerance.
Bone Marrow Transplant. 9:191-197.

Gabor, M. J., R. Scollay, and D. I. Godfrey. 1997. Thymic T cell export is not influenced by
the peripheral T cell pool. Eur. J. Immunol. 27:2986-2993.

Kawai, T., A. B. Cosimi, R. B. Colvin, J. Powelson, J. Eason, T. Kozlowski, M. Sykes, R.
Monroy, M. Tanaka, and D. H. Sachs. 1995. Mixed allogeneic chimerism and renal allograft
tolerance in cynomolgus monkeys. Transplantation 59:256-262.

Kawai, T., A. B. Cosimi, T. R. Spitzer, N. Tolkoff-Rubin, M. Suthanthiran, S. L. Saidman,
J. Shaffer, F. 1. Preffer, R. Ding, V. Sharma, J. A. Fishman, B. Dey, D. S. Ko, M. Hertl, N.
B. Goes, W. Wong, W. W. Williams, Jr., R. B. Colvin, M. Sykes, and D. H. Sachs. 2008.
HLA-mismatched renal transplantation without maintenance immunosuppression. N. Engl.
J. Med. 358:353-361.

Sykes, M., F. Preffer, S. McAfee, S. L. Saidman, D. Weymouth, D. M. Andrews, C. Colby,
R. Sackstein, D. H. Sachs, and T. R. Spitzer. 1999. Mixed lymphohaemopoietic chimerism
and graft-versus-lymphoma effects after non-myeloablative therapy and HLA-mismatched
bone-marrow transplantation. Lancet 353:1755-1759.

Spitzer, T. R., S. McAfee, R. Sackstein, C. Colby, H. C. Toh, P. Multani, S. Saidman, D. W.
Weyouth, F. Preffer, C. Poliquin, A. Foley, B. Cox, D. Andrews, D. H. Sachs, and M.
Sykes. 2000. Intentional induction of mixed chimerism and achievement of antitumor
responses after nonmyeloablative conditioning therapy and HLA-matched donor bone
marrow transplantation for refractory hematologic malignancies. Biol. Blood Marrow
Transplant. 6:309-320.

Millan, M. T., J. A. Shizuru, P. Hoffmann, S. Dejbakhsh-Jones, J. D. Scandling, F. C.
Grumet, J. C. Tan, O. Salvatierra, R. T. Hoppe, and S. Strober. 2002. Mixed chimerism and

151



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

152

immunosuppressive drug withdrawal after HLA-mismatched kidney and hematopoietic
progenitor transplantation. Transplantation 73:1386-1391.

Khan, A., Y. Tomita, and M. Sykes. 1996. Thymic dependence of loss of tolerance in mixed
allogeneic bone marrow chimeras after depletion of donor antigen. Peripheral mechanisms
do not contribute to maintenance of tolerance. Transplantation 62:380-387.

Nabarra, B., and 1. Andrianarison. 1996. Ultrastructural study of thymic microenvironment
involution in aging mice. Exp. Gerontol. 31:489-506.

Muller-Hermelink, H. K., G. Steinmann, and H. Stein. 1982. Structural and functional
alterations of the aging human thymus. Adv. Exp. Med. Biol. 149:303-312.

Tomita, Y., D. H. Sachs, and M. Sykes. 1994. Myelosuppressive conditioning is required to
achieve engraftment of pluripotent stem cells contained in moderate doses of syngeneic
bone marrow. Blood 83:939-948.

Chung, B., L. Barbara-Burnham, L. Barsky, and K. Weinberg. 2001. Radiosensitivity of
thymic interleukin-7 production and thymopoiesis after bone marrow transplantation. Blood
98:1601-1606.

Down, J. D., A. Boudewijn, J. H. Dillingh, B. W. Fox, and R. E. Ploemacher. 1994.
Relationships between ablation of distinct haematopoietic cell subsets and the development
of donor bone marrow engraftment following recipient pretreatment with different
alkylating drugs. Br. J. Cancer 70:611-616.

Tutschka, P. J., and G. W. Santon. 1977. Bone marrow transplantation in the busulfin-
treated rat. III. Relationship between myelosuppression and immunosuppression for
conditioning bone marrow recipients. Transplantation 24:52-62.

Weinberg, K., G. Annett, A. Kashyap, C. Lenarsky, S. J. Forman, and R. Parkman. 1995.
The effect of thymic function on immunocompetence following bone marrow
transplantation. Biol. Blood Marrow Transplant. 1:18-23.

Zhao, G., D. J. Moore, J. I. Kim, K. M. Lee, M. R. O'Connor, P. E. Duff, M. Yang, J. Lei, J.
F. Markmann, and S. Deng. 2011. Inhibition of transplantation tolerance by immune
senescence is reversed by endocrine modulation. Sci Trans! Med 3:87ra52.

Hock, K., R. Oberhuber, Y. L. Lee, F. Wrba, T. Wekerle, and S. G. Tullius. 2013.
Immunosenescence Does Not Abrogate Engraftment of Murine Allogeneic Bone Marrow.
Transplantation 95:1431-1438.

Blazar, B. R., W. J. Murphy, and M. Abedi. 2012. Advances in graft-versus-host disease
biology and therapy. Nat Rev Immunol 12:443-458.



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Goronzy, J. J., and C. M. Weyand. 2005. T cell development and receptor diversity during
aging. Curr. Opin. Immunol. 17:468-475.

Linton, P. J., and K. Dorshkind. 2004. Age-related changes in lymphocyte development and
function. Nat. Immunol. 5:133-139.

Heng, T. S., J. J. Reiseger, A. L. Fletcher, G. R. Leggatt, O. J. White, K. Vlahos, 1. H.
Frazer, S. J. Turner, and R. L. Boyd. 2012. Impact of sex steroid ablation on viral, tumour
and vaccine responses in aged mice. PLoS ONE 7:e42677.

Tomita, Y., A. Khan, and M. Sykes. 1994. Role of intrathymic clonal deletion and
peripheral anergy in transplantation tolerance induced by bone marrow transplantation in
mice conditioned with a nonmyeloablative regimen. J Immunol 153:1087-1098.

Dumont, F. J., M. J. Staruch, S. L. Koprak, M. R. Melino, and N. H. Sigal. 1990. Distinct
mechanisms of suppression of murine T cell activation by the related macrolides FK-506
and rapamycin. J Immunol 144:251-258.

Powell, J. D., C. G. Lerner, and R. H. Schwartz. 1999. Inhibition of cell cycle progression
by rapamycin induces T cell clonal anergy even in the presence of costimulation. J Immunol
162:2775-2784.

Zeiser, R., D. B. Leveson-Gower, E. A. Zambricki, N. Kambham, A. Beilhack, J. Loh, J. Z.
Hou, and R. S. Negrin. 2008. Differential impact of mammalian target of rapamycin
inhibition on CD4+CD25+Foxp3+ regulatory T cells compared with conventional CD4+ T
cells. Blood 111:453-462.

Yeager, A. M., C. Shinn, and D. M. Pardoll. 1991. Lymphoid reconstitution after
transplantation of congenic hematopoietic cells in busulfan-treated mice. Blood 78:3312-
3316.

Luo, B., W. F. Chan, A. M. Shapiro, and C. C. Anderson. 2007. Non-myeloablative mixed
chimerism approaches and tolerance, a split decision. Eur. J. Immunol. 37:1233-1242.

Deng, S., D. J. Moore, X. Huang, M. Mohiuddin, M. K. t. Lee, E. Velidedeoglu, M. M.
Lian, M. Chiaccio, S. Sonawane, A. Orlin, J. Wang, H. Chen, A. Caton, R. Zhong, and J. F.
Markmann. 2006. Antibody-induced transplantation tolerance that is dependent on thymus-
derived regulatory T cells. J Immunol 176:2799-2807.

Yamada, K., P. R. Gianello, F. L. Ierino, T. Lorf, A. Shimizu, S. Meehan, R. B. Colvin, and
D. H. Sachs. 1997. Role of the thymus in transplantation tolerance in miniature swine. I.
Requirement of the thymus for rapid and stable induction of tolerance to class I-mismatched

renal allografts. J Exp Med 186:497-506.

153



41.

42.

43.

44,

45.

154

Coenen, J. J., H. J. Koenen, E. van Rijssen, A. Kasran, L. Boon, L. B. Hilbrands, and I.
Joosten. 2007. Rapamycin, not cyclosporine, permits thymic generation and peripheral
preservation of CD4+ CD25+ FoxP3+ T cells. Bone Marrow Transplant. 39:537-545.

Noris, M., F. Casiraghi, M. Todeschini, P. Cravedi, D. Cugini, G. Monteferrante, S. Aiello,
L. Cassis, E. Gotti, F. Gaspari, D. Cattaneo, N. Perico, and G. Remuzzi. 2007. Regulatory T
cells and T cell depletion: role of immunosuppressive drugs. J. Am. Soc. Nephrol. 18:1007-
1018.

Segundo, D. S., J. C. Ruiz, M. Izquierdo, G. Fernandez-Fresnedo, C. Gomez-Alamillo, R.
Merino, M. J. Benito, E. Cacho, E. Rodrigo, R. Palomar, M. Lopez-Hoyos, and M. Arias.
2006. Calcineurin  inhibitors, but not rapamycin, reduce percentages of
CD4+CD25+FOXP3+ regulatory T cells in renal transplant recipients. Transplantation
82:550-557.

Hadeiba, H., K. Lahl, A. Edalati, C. Oderup, A. Habtezion, R. Pachynski, L. Nguyen, A.
Ghodsi, S. Adler, and E. C. Butcher. 2012. Plasmacytoid dendritic cells transport peripheral
antigens to the thymus to promote central tolerance. Immunity 36:438-450.

Huang, Y., L. D. Bozulic, T. Miller, H. Xu, L. R. Hussain, and S. T. Ildstad. 2011.
CD8&alpha;+ plasmacytoid precursor DCs induce antigen-specific regulatory T cells that
enhance HSC engraftment in vivo. Blood 117:2494-2505.



CHAPTER FOUR
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Abstract

Age-related immunosenescence, preceded by compromised thymus and bone marrow, is often
overlooked when trying to induce allogeneic tolerance via BMT. Here we assessed the ability of
low-dose busulfan to condition the BM to facilitate BMT engraftment in aged mice, and further if
age-related thymic involution is a significant barrier to the induction of allogeneic tolerance via
mixed chimerism. The BM of aged mice was more resistant to busulfan chemotherapy than young
BM, leading to decreased donor cell engraftment and chimerism following congeneic HSCT. To
investigate why chimerism was decreased in aged mice, we analysed the ability of low-dose
busulfan to condition aged-BM compared to young-BM. We found that aged BM was relatively
resistant to busulfan-mediated chemotherapy and that sensitivity to chemotherapy could be restored
by pre-treatment with G-CSF, freeing space within the niche. However, G-CSF prior to low-dose
busulfan did not boost engraftment of congeneic LSKs. Because the engraftment of purified donor-
LSKs was poor, we investigated the ability of allogeneic WBM, which contains T cells that have
been proposed to promote HSC engraftment, to promote mixed chimerism and induce allogeneic
tolerance in aged mice. Mice were conditioned with T cell depleting antibodies, sirolimus
immunosuppression and low-dose busulfan. Under these conditions we found that engraftment can
be achieved in aged mice and that in this model age-related thymic involution does not impede the

ability to induce allogeneic tolerance.

Key words: age, immunosenescence, BMT, HSCT, congenic, allogeneic, tolerance
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Introduction

The most logical approach to inducing donor tolerance to any transplant would be to harness the
thymus-based mechanism of self-tolerance and apply this to the allograft setting. The basic premise
is that the donor HSCs will engraft in the host bone marrow (BM) and haematopoietic progenitors
will migrate to the thymus to become both T cells and dendritic cells, capable of inducing host
tolerance to donor MHC. While this principle is well accepted, the influence of age on the capacity
to induce tolerance via BM transplantation (BMT) -induced mixed chimerism has been poorly
characterised. BMT is remarkably effective and safe in young patients (1), however increasing age
is associated with poorer outcomes and a higher occurrence of complications, such as graft versus
host disease (GVHD) and poor engraftment following allogeneic BMT (2-6). The development of
low-intensity conditioning regimes have improved outcomes in older patients who receive
allogeneic BMT to treat haematological malignancies (7), however, the most successful pre-clinical
and clinical studies that examine low-intensity conditioning protocols for mixed chimerism induced

tolerance have been performed on young-middle aged individuals (8-12).

The applicability of mixed chimerism induced transplantation tolerance in older patients may be
further complicated by age-induced thymic involution. This is characterised by a progressive
reduction in thymic size, a marked disorganisation of the microenvironment, the replacement of
functional lymphoid tissue with adipocytes and a significant decrease in T cell output (13), leaving
the thymus functioning at only 5 % capacity by 10-12 months in the mouse (14) and 40 years in
humans (15). It has previously been shown that to maintain stable allogeneic tolerance in mixed
chimeras, there is an absolute requirement for donor-antigen dependent, intrathymic deletion of
alloreactive T cells, which therefore requires an adequately functioning thymus (16); age may thus
present a significant barrier to the induction of tolerance via BMT. Compounding age-related
thymic involution is the use of cytoreductive treatments, required to promote BMT engraftment, but
which cause further thymic damage - some even specifically target the thymus such as focal

irradiation (17, 18).

Immunosenescence, which broadly defines the reduced responsiveness of the immune system to
novel antigens with age, can be attributed to functional decreases in a number of cell types
including, hematopoietic stem cells (HSCs) (19), effector T cells and Tregs (20), B cells (21, 22),
macrophages and neutrophils (23, 24). These aged-related changes to the immune system result in

increased susceptibilities to autoimmunity (25, 26) and malignancy (27, 28) as well as increases in
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infection rates and poorer responses to vaccination (29-31). Immunosenescence also presents
further challenges to the induction of tolerance in the aged; while a decreased responsiveness to
immunogenic stimuli would seem favourable, inducing tolerance is an active process requiring
functional responses in both the thymus (16) and the periphery (32). Supporting this Zhao et al.
show that allogeneic tolerance, induced via CD45RB monoclonal antibodies fails in mice 1-year old
and above (33). Although the study by Zhao and colleagues did not use BMT-induced mixed
chimerism to generate transplantation tolerance, it does support the hypothesis that ageing hampers

the ability to induce tolerance.

Reversing thymic atrophy and hence immunosenescence would thus be expected to enhance
tolerance induction in aged mice; this can be achieved via both physical and chemical sex steroid
ablation (SSA) (34, 35). SSA increases thymic cellularity, which leads to increased T cell
emigration and improved peripheral T cell function (36, 37). Supporting this, Zhao et al, showed
that the inability to induce tolerance in aged mice with CD45RB monotherapy is restored when
mice undergo SSA prior to treatment (33). SSA can also protect the thymus during chemotherapy;
this is true for both busulfan-mediated chemotherapy (see Chapter 2) and other chemotherapeutic
drugs (38). Additionally SSA enhances recovery of the hematopoietic system following both
autologous and allogeneic HSCT (39-41), suggesting that SSA coupled to protocols that induce

allogeneic tolerance in aged mice may improve outcomes.

We have recently characterised the effects of low-dose busulfan on young mice, focusing on
reducing thymic damage whilst still permitting “space” in the BM for donor cells to engraft (see
Chapter 2). In young mice, low-dose busulfan depleted Lineage negative, Scal’ cKit™ (LSK)
progenitor cells, a population enriched for HSCs (42), but did not cause overt damage to the thymus
or peripheral lymphoid cells, allowing congenic LSK progenitor cells to engraft and promote robust
levels of peripheral chimerism. Additionally, SSA prior to HSCT boosts thymic cellularity and
donor-cell out put (Chapter 2). We have also shown that in combination with T cell depleting
antibodies and short-term sirolimus immunosuppression, low-dose busulfan promotes the
engraftment of whole BM (WBM) or LSK progenitor cells, inducing multi-lineage mixed
chimerism and allogeneic tolerance in both young and aged mice (Chapter 3). In this present study,
we examined the ability of low-dose busulfan to condition the BM of aged mice to allow the
engraftment of both congenic and allogeneic HSCs (as either LSKs or WBM) and establish mixed

chimerism as the foundation for tolerance induction.
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Methods

Animals

Male C57BL/6 (H-2°, Ly5.2), B6.SJL-ptprc (H-2°, Ly5.1 congenic), B10.BR (H-2k) and BALB/c
(H-2%) were purchased at 6-8 weeks of age or 11 to 12 months of age form Monash Animal
Services (Melbourne, Australia), the Walter and Elisa Hall Institute (Melbourne, Australia) or the
Animal Resources Centre (Perth Australia). Animals were housed under specific pathogen-free
conditions (SPF) at the Monash University Animal Research Laboratories. All animal experiments
were performed in accordance with the Australia Code of Practice for the Care and Use of Animals
for Scientific Purposes (2004, 7w edition), after approval by the Monash University School of

Biomedical Sciences Animal Ethics Committee.

Conditioning and hematopoietic stem cell transplantation

For chemotherapy experiments, mice received a single intra-peritoneal (IP) injection of busulfan at
a dose of 10 mg/kg or 20 mg/kg (Bulsulfex, PDL BioPharma, Fremont, CA). For hematopoietic
stem cell transplantion (HSCT) experiments, mice received a single IP dose of 10 mg/kg busulfan 4
days prior to transplantation with either 5 x 10* (high-dose) or 1 x 10* (low-dose) Lineage negative
Sacl” cKit" (LSK) progenitor cells, administered via lateral tail vein injection. LSK progenitor cells
were purified from single cell suspensions of BM from femurs and tibiae of C57Bl/6 (congenic)
mice and sorted on a BD/Cytopeia Influx II flow cytometer (BD Bioscience, Franklin Lakes, N.J).
For allogeneic transplant experiments, 12-month old mice received 10 mg/kg Busulfan (Bulsulfex,
PDL BioPharma, Fremont, CA), 4 days prior to transplantation with 4 x 10’ B10.BR WBM cells.
Mice received two IP injections of depleting antibodies to CD4 (GK1.5, 0.1 mg/dose) and CD8
(2.43, 0.1 mg/dose) (Bio X Cell, West Lebanon, NH) on days -3 and -1 relative to BMT. Sirolimus
(3mg/kg/dose) (Rapamycin, LC Laboratories, Woburn, MA) was administered daily, via IP
injection, for 28 days following BMT. Single cell suspensions of BM were flushed from femurs and
tibiae of C57BIl/6 (congenic) or B10.BR (allogeneic) donor mice and administered via lateral tail

vein injection.

Sex steroid ablation
Male mice were anaesthetized with Isofluorane (2-3% in Oxygen) (Delvet, NSW, Australia) and a
small scrotal incision was made to reveal the testes. Testes were tied-off and removed along with

the surrounding fatty tissue. The wound was closed using sutures. Sham-sex steroid ablated (SSA)
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mice followed the same surgical procedure, except for the tying-off and removal of the testes. SSA

was performed 1 day prior to chemotherapy.

Pharmacological inhibition of adipocyte formation
Mice received daily IP injections of BADGE (Fluka), at 30 mg/kg in 10% DMSO (Sigma), 5 days
prior to and 14 days following HSCT. Control animals receive the equivalent volume of 10 %

DMSO.

Bone marrow mobilisation

Mice received subcutaneous (SC) injections of G-CSF (Filgrastrim, Amgen, Thousand Oaks, CA,
USA) at 250 pg/kg in saline 100 pl/10 g body weight twice daily, 6-8 hours apart, for 4 consecutive
days prior to chemotherapy with 10 mg/kg busulfan. Control animals received the equivalent

volume of saline.

Skin grafting

Skin grafting was performed on Isofluorane (2-3% in Oxygen) (Delvet, NSW, Australia)
anesthetized mice by grafting full thickness tail skin (1 x 1 cm), from donor B10.BR (allogeneic)
and BALB/c (third-party) (6-8 week old) mice, onto the lateral flanks of B6.SJL-ptprc mice.
Bandages were removed 7 days after surgery and grafts were monitored daily. Rejection was

recorded when more than 75% of the graft’s epithelial tissue had broken down.

Cell collection and staining

Peripheral blood was collected via retro-orbital bleeds. Red blood cells (RBC) were removed by
suspension in lysis buffer (0.9 % w/v ammonium chloride/ 10 % v/v 0.1M Tris-hydrochloride/pH
7.5 #£0.2) at room temperature for 1 minute. Single cell suspensions of BM cells, thymocytes or
splenocytes were prepared via manual mincing between frosted glass slides. Cells were washed in
FACS buffer (phosphate buffered saline (PBS)/1% v/v fetal calf serum (FCS)/ 0.1% w/v sodium-
azide) and 3 x 10° cells were incubated for 30 minutes at 4°C with primary antibodies, and then

washed twice with FACs buffer.

Single cell suspensions of thymocytes or splenocytes were prepared via manual mincing between

frosted glass slides. BM mononuclear cells were flushed from the femurs and tibiae with cold
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FACS buffer (phosphate buffered saline (PBS)/1% v/v fetal calf serum (FCS)/ 0.1% w/v sodium-
azide) using a 23G needle. Cells were pelleted at 350gmax for Smin at 4°C. Red blood cells (RBC)
were removed by resuspending cell pellets in lysis buffer (0.9 % w/v ammonium chloride/ 10 % v/v
0.IM Tris-hydrochloride/pH 7.5 +0.2) at room temperature for 1 minute. Cells were washed in
FACs buffer and 3 x 10° cells were incubated for 30 minutes at 4°C with primary antibodies, and
then washed twice with FACs buffer. Cell counts were determined by gating on viable cells based

on size using a Z2 Coulter Counter (Bekman Coulter).

Flow cytometric analysis

Multi-lineage chimerism was assessed via flow cytometric analysis. Cells were labelled with
CD45.2 (104), CD3 (145-2C11), CD49% (DXS5, Biolegend), CD45.1 (A20), IA/IE (MS/114,
Miltenyi), CD45R (RA3-6B2), CD11b (M1/70) and CD11c (HL3). BM progenitor populations
were assessed with a lineage cocktail consisting of CD3 (145-2C11), CD4 (RM4-5), CD8 (53-6.7),
CD19 (1D3), NK1.1 (PK136), CD11b (M1/70), Gr-1 (RB6-8C5), TER-119 (TER-119) and CD11c
(HL3), in addition to CD117 (2B8) and Sca-1 (D7). T cell populations were assessed with CD4
(RM4-5, eBioscience), CD8 (53-6.7), TCRp (H57-597) and CD25 (PC61, Biolegend) and
intracellular staining with Foxp3 (FJK-16a, eBioscience). Peripheral lymphoid and myeloid cells
were assessed with CD11¢ (HL3), Gr-1 (RB6-8C5), CD45R (RA3-6B2), CD11b (M1/70), I-A/I-E
(M5/114.15.2, Biolegend). For all staining, an FcR block (2.4G2, laboratory produced) was used.
Unless otherwise stated, all antibodies were obtained from BD Biosciences. All data were acquired

on a BD FACSCanto II and analysed using Flowjo software.

Statistical analysis
Statistical analysis was performed using an unpaired, two-tailed t test or a two-way ANOVA. A p

value < 0.05 was considered to be significant.
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Results

Aged mice have decreased chimerism compared to young mice following congenic HSCT and
chimerism is not improved with SSA.

We have previously shown that conditioning of young recipient (young) mice with low-dose
busulfan prior to congenic HSCT allowed donor cells to engraft and produce multi-lineage
chimerism. SSA prior to busulfan-mediated conditioning, increased total thymocyte number, of
both donor and host origin, and their release into the periphery, following both high-dose (5 x 10%)
and low-dose (1x10%) HSCT (Chapter 2). This chimerism was compared with aged recipient (aged)
mice (with significant immunosenescence and thymic atrophy) that were surgically castrated (SSA)
or sham-castrated (sham-SSA) prior to conditioning with 10 mg/kg busulfan and transplanted with
a high-dose (5 x 10%) of congenic LSK cells. 56 days following HSCT mice were analysed via flow
cytometry and total BM cellularity was decreased in aged mice compared to the young (Figure
4.1A) and SSA did not increase BM cell numbers in either age group. In the BM, the proportion of
donor cells observed in aged mice following high-dose congenic HSCT was decreased 5-fold
compared to young, leading to a 3-fold decrease in the absolute number of donor-cells in aged mice
compared to young mice (Figure 4.1A). This clearly indicated that the aged BM was greatly
compromised in its ability to engraft transplants. SSA had no effect on the total number, or
proportion and absolute number of donor-derived LSKs, B cells or macrophages in the BM of aged

mice transplanted with 5 x 10* congenic LSK cells (Figure 4.1).

The proportion of donor cells observed in the thymus of aged mice transplanted with high dose (5 x
10*) LSKs was not significantly reduced compared to young, however, the absolute number of
donor thymocytes decreased by 3 fold in aged mice (Figure 4.1B). Supporting results from Chapter
2, we found that SSA boosted thymic cellularity in young mice following high-dose HSCT and 10
mg/kg busulfan. This was also true for aged mice, with SSA significantly increasing total thymic
cellularity compared to sham-SSA mice (Figure 4.1Bi). SSA also significantly increased the
number of thymocytes in aged mice, but not to young-untreated levels (Figure 4.1B). This was also
observed in the CD8" and DP thymocyte subsets (Figure 4.2B). Similar to the BM, both the
proportion and number of donor-derived thymocytes was decreased in aged mice compared to
young mice (Figure 4.1B). Despite the lack of proportional changes observed in the thymus, SSA
did significantly increase the number of donor-derived thymocytes observed in aged mice (Figure
4.1B), which was also evident in the CD8" and DP thymocyte subsets (Figure 4.2B). This was in

contrast to the aged spleen; whereby SSA significantly increased splenic cellularity compared to
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sham-SSA in young but not aged mice (Figure 4.1C). Supporting this, SSA did not significantly
increase total number of CD4" or CD8" T cells, B cells or macrophages in the spleen of aged mice
(Figure 4.2C). Again, similar to both the BM and thymus, the proportion and number of donor-
derived splenocytes was decreased in the aged compared to young and SSA did not significantly
improve chimerism in either age groups (Figure 4.1C). This was also observed in both the
proportion and number of CD4" and CDS8" T cells, B cells and macrophages within the spleen
(Figure 4.2C).

To assess if SSA could improve low-dose HSCT, aged mice were transplanted with 1 x 10°
congenic LSK progenitor cells following 10 mg/kg busulfan and analysed 28 and 56 days following
chemotherapy. In this low-dose regime, SSA significantly increased total cellularity in the BM
compared to untreated control mice; this was observed at both 28 and 56 days following HSCT.
Additionally at day 56, SSA also significantly increased total cellularity compared to sham-SSA
mice. SSA had no effect on the proportion or number of donor cells in the BM at either time point
(Figure 4.3A). This is consistent with previous experiments conducted in young mice, which show

SSA has no significant effect on donor proportion or number 28 days following HSCT (Chapter 2).

Similar to BM, SSA significantly increased total thymocyte number; this was observed at both 28
and 56 days following low-dose HSCT. SSA also significantly increased both the proportion and
number of donor cells at day 28, however this effect was lost by 56 days following HSCT (Figure
4.3B).

SSA significantly increased total splenocytes, compared to both untreated and sham-SSA controls
at day 28 and compared to sham-SSA mice at day 56 following SSA. Splenic cellularity of sham-
SSA mice was significantly depleted compared to untreated control mice. SSA had no significant
effect on the proportion or number of donor-derived splenocytes (Figure 4.3C). Together these data
indicate that SSA prior to busulfan-chemotherapy and congenic HSCT does not boost donor cell

engraftment or output in the BM of aged mice.

Aged BM is more resistant to busulfan-chemotherapy than young BM.
Conditioning prior to HSCT is required to generate space in the BM for transplanted cells to

engraft. To assess if the low level of engraftment observed in aged mice is due a lack of depletion in
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Figure 4.1: The proportion and number of donor cells observed in the BM, thymus and spleen
of aged recipient mice is decreased compared to young recipient mice following congenic
high-dose HSCT and is not improved with SSA. (A) (i) Quantification of total BM cellularity in
young recipient mice, (ii) quantification of total BM cellularity in aged recipient mice (iii) the
proportion of donor cells in WBM of young recipient mice, (iv) the proportion of donor cells in
WBM of aged recipient mice, (v) the absolute number of donor cells in WBM of young recipient
mice (vi) the absolute number of donor cells in WBM of aged recipient mice. (B) (i) Quantification
of total thymus cellularity in young recipient mice, (ii) quantification of total thymus cellularity in
aged recipient mice (iii) the proportion of donor cells in the thymus of young recipient mice, (iv)
the proportion of donor cells in the thymus of aged recipient mice, (v) the absolute number of donor
cells in thymus of young recipient mice (vi) the absolute number of donor cells in the thymus of
aged recipient mice. (C) (i) Quantification of total spleen cellularity in young mice, (ii)
quantification of total spleen cellularity in aged recipient mice (iii) the proportion of donor cells in
the spleen of young recipient mice, (iv) the proportion of donor cells in the spleen of aged recipient
mice, (v) the absolute number of donor cells in spleen of young recipient mice (vi) the absolute
number of donor cells in the spleen of aged recipient mice. Mice were sex steroid ablated (SSA) 1
day prior to chemotherapy with 10 mg/kg busulfan. 4 days following chemotherapy mice were
transplanted with 5 x 10* congenic LSK cells from 8 week old mice and chimerism was analysed 56
days following HSCT. Untreated control mice (white bars), Sham-SSA (grey bars) and SSA (black
bars). Data is representative of two individual experiments, expressed as mean + SE and analysed
using an unpaired, two-tailed T-test. * (p< 0.05), ** (p< 0.01) represent significant differences
compared to untreated mice. * (p< 0.05), " (p< 0.01) represent significant differences when

comparing sham-SSA and SSA groups.
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Figure 4.2: SSA increases total and donor thymocyte cell numbers following congenic high-
dose HSCT but has no significant effect on the BM or spleen. (A) (i) Total Lineage negative
Scal® cKit" (LSK) progenitor cell number in aged mice, (ii) proportion of donor cells in LSK
progenitor cell subset of aged mice and (ii1) absolute number of donor-derived LSKs in aged mice.
(B) (i) Total number of CD4" and CDS8" single positive, CD4"'CD8" double positive and CD4 CD§"
double negative thymocytes in aged mice, (ii) proportion of donor cells across CD4" and CD8"
single positive, CD4"CD8" double positive and CD4°'CDS8" double negative thymocytes subsets in
aged mice and (iii) absolute number of donor-derived CD4" and CDS8" single positive, CD4 CD8"
double positive and CD4'CDS8" double negative thymocytes in aged mice. (C) (i) Total number of
TCR'CD4" and TCR'CDS" T cells, B220" B cells and CD11b" macrophages, (ii) proportion of
donor cells across TCR'CD4" and TCR'CDS8" T cells, B220" B cells and CD11b" macrophages
splenocyte subsets and (iii) absolute number of donor-derived TCR'CD4" and TCR'CDS" T cells,
B220" B cells and CD11b" macrophage splenocyte subsets. Mice were sex steroid ablated (SSA) 1
day prior to chemotherapy with 10 mg/kg busulfan. 4 days following chemotherapy mice were
transplanted with 5 x 10* congenic LSK cells and chimerism was analysed 56 days post HSCT.
Untreated control mice (white bars), Sham-SSA (grey bars) and SSA (black bars). Data is
representative of two individual experiments, expressed as mean = SE and analysed using an
unpaired, two-tailed T-test. * (p< 0.05) represents significant differences compared to untreated

mice. " (p< 0.05) represents significant differences when comparing sham-SSA and SSA groups.
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Figure 4.3: SSA increases the total number of cells in WBM, thymus and spleen, but does not
increase the proportion or number of donor cells following low-dose congenic HSCT in aged
mice. (A) (i) Quantification of total BM cellularity in aged mice, (ii) the proportion of donor cells in
WBM of aged mice, (iii) the absolute number of donor cells in WBM of young mice. (B) (i)
Quantification of total thymus cellularity in aged mice, (ii) the proportion of donor cells in the
thymus of aged mice, (iii) the absolute number of donor cells in the thymus of aged mice. (C) (i)
Quantification of total spleen cellularity in aged mice, (ii) the proportion of donor cells in the spleen
of aged mice, (iii) the absolute number of donor cells in the spleen of aged mice. Mice were sex
steroid ablated (SSA) 1 day prior to chemotherapy with 10 mg/kg busulfan. 4 days following
chemotherapy mice were transplanted with 1 x 10* congenic LSK cells and chimerism was analysed
at 28 and 56 days following HSCT. Untreated control mice (white bars), Sham-SSA (grey bars) and
SSA (black bars). Data is representative of two individual experiments, expressed as mean = SE and
analysed using an unpaired, two-tailed T-test. * (p< 0.05), ** (p< 0.01) represent significant
differences compared to untreated mice. * (p< 0.05), " (p< 0.01), " (p< 0.001) represent

significant differences when comparing sham-SSA and SSA groups.
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Figure 4.4: Progenitor cells in the BM of aged mice are resistant to busulfan-mediated
chemotherapy. (A) Flow cytometric plots showing the proportion of Lineage negative Scal” cKit"
(LSK) progenitor cells in the BM following administration of busulfan at 10 mg/kg and 20 mg/kg.
As a control BM from an untreated (UT) mouse is shown. Figures above boxes represent the
proportion LSKs. (B) Quantification of total BM cellularity and absolute number of (C) LSK cells
following administration of busulfan at 10 mg/kg and 20 mg/kg. (F) The proportion of LSK
progenitor cells depleted from the BM, calculated as a ratio of total LSK cells in treated mice
compared to untreated mice, and expressed as a percentage. White bars indicate untreated mice,
grey bars indicate 10 mg/kg busulfan and black bars indicate 20 mg/kg busulfan. Data is
representative of two individual experiments expressed as mean = SE and analysed using an
unpaired, two-tailed T-test. ** (p< 0.01) represents significant differences compared to untreated

mice.
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the BM, mice received a single dose of either 10 or 20 mg/kg busulfan. Cell populations within the
BM were analysed via flow cytometry 4 days following chemotherapy, as we have previously
shown that the LSK progenitor cell nadir occurs at this time point (Chapter 3). Neither 10 mg/kg
busulfan. nor 20 mg/kg depleted BM total cell numbers in aged mice (Figure 4.4B). Importantly,
however, both doses significantly depleted the total number of BM progenitor cells, defined as
Lineage negative, Scal” cKit" (LSK) cells, compared to untreated control mice (Figure 4.4C). No
proportional changes were observed for either chemotherapy dose within the LSK subsets (Figure
4.4A). Doubling the dose of busulfan to 20 mg/kg did not deplete more LSKs than the 10 mg/kg
dose (Figure 4.4C). The 10 mg/kg dose depleted 40 % of LSK progenitor cells and 20 mg/kg
depleted 30 % of LSKs within the aged BM (Figure 4.4D), compared to 80 and 90% in young mice
(Chapter 2). This clearly indicates that the aged-BM is relatively resistant to LSK reduction by
busulfan-chemotherapy, which would be a logical explanation for the compromised engraftment in

HSCT.

Pharmacological inhibition of adipogenesis prior to busulfan-chemotherapy does not increase
donor cell engraftment following high-dose HSCT.

Adiopgenesis within the BM increases with age (43) and adipocyte infiltration of the BM follows
both irradiation and chemotherapy (44, 45). Adipocytes can also reduce chemotherapy-induced
apoptosis (46, 47). To investigate if adipocytes were protecting LSK progenitor cells from
busulfan-mediated chemotherapy, adipogenesis was blocked pharmacologically with the
peroxisome proliferator-activated receptor-y (PPAR-y) inhibitor bisphenol A diglycidyl ether
(BADGE), which inhibits adipocyte formation (48), prior to 10 mg/kg busulfan and high-dose
HSCT (5 x 10* LSKs). BADGE was continued for 14 days following HSCT and mice were
analysed via flow cytometry at day 14. BADGE treatment in combination with busulfan-
chemotherapy significantly increased both the proportion and number of donor-derived cells within
the BM compared to mice that only received BADGE, but had no significant effect compared to
mice that only receive 10 mg/kg busulfan (Figure 4.5A).

With respect to LSK, BADGE in combination with busulfan, significantly increased both the
proportion and number of donor-derived LSK progenitor cells, compared to mice that only received
BADGE, but did not improve chimerism compared to mice that received chemotherapy alone. Both
the proportion and number of donor-derived progenitor cells are significantly low (<10%) in both

the busulfan alone and BADGE-busulfan mice (Figure 4.5A). Like WBM, BADGE had no
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significant effect on the number of cells observed in the thymus (Figure 4.5B). Again BADGE in
combination with busulfan significantly improved the proportion and number of donor-derived cells
in the thymus, compared to BADGE alone mice, but not compared to busulfan alone mice (Figure
4.5B). This indicates that inhibition of adipogenesis with BADGE prior to busulfan-chemotherapy

did not improve chimerism observed in the BM or thymus of aged mice.

Pre-treatment with G-CSF restores sensitivity of the BM to busulfan-chemotherapy, but does
not improve donor cell engraftment following congenic HSCT or allogeneic BMT.

In young mice busulfan depletes early and late cycling progenitor cells (49, 50). With age, the
number of LSK progenitor cells within the BM increases (51), however these cells are less
functional, more quiescent and more resistant to apoptosis (52). They are thus more resistant to
busulfan than the young, as shown in Figure 4.4. We reasoned that cytokine activation of LSKs
may reverse this resistance. Accordingly, we investigated if granulocyte-colony stimulating factor
(G-CSF) activation of the BM can promote sensitivity of aged-LSK progenitor cells to low-dose
busulfan. Mice were treated with G-CSF at 250 pg/kg twice daily for 4 consecutive days prior to
conditioning with 10 mg/kg busulfan and were analysed 4 days following chemotherapy, via flow
cytometry. Busulfan alone significantly depleted whole BM cells, compared to untreated control
mice, but not G-CSF alone or G-CSF and busulfan treated mice (Figure 4.6B), although there was
very little difference between these three groups. Neither busulfan nor G-CSF alone depleted the
proportion or number of LSK progenitor cells in the BM. Importantly, however, busulfan in
combination with G-CSF significantly depleted both the proportion and absolute number of LSK
progenitor cells, compared to untreated control mice, busulfan alone and G-CSF alone treatment
groups (Figure 4.6A and B). Busulfan in combination with G-CSF depleted 80 % of LSK
progenitor cells in the BM of aged mice (Figure 4.6C), restoring sensitivity equivalent to that of the

young (Chapter 2).

In previous studies, G-CSF has been shown to enhance progenitor cell engraftment following low-
dose irradiation (53). We therefore examined if the combination of G-CSF and low dose busulfan
could result in higher levels of chimerism in adult mice undergoing HSCT. Aged mice received G-
CSF at 250 pg/kg twice daily for 4 consecutive days prior to 10 mg/kg busulfan and high-dose
HSCT (5 x 10" congenic LSKs). Mice were analysed via flow cytometry 28 days following HSCT.
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Figure 4.5: Pharmacological inhibition of adipogenesis prior to chemotherapy does not
increase donor cell engraftment in aged mice. (A) (i) Quantification of total BM cellularity, (ii)
proportion of donor cells in WBM, (iii) absolute number of donor cells in WBM, (iv) total Lineage
negative Scal” cKit" (LSK) progenitor cell number, (v) proportion of donor cells in LSK progenitor
cell subset and (vi) absolute number of donor-derived LSKs in the BM of aged mice. (B) (i) Total
number of thymocytes, (ii) proportion of donor cells in the thymus and (iii) absolute number of
donor-derived thymocytes in aged mice. Mice received daily IP injections of bisphenol A diglycidyl
ether (BADGE) (30 mg/kg) or a vehicle control 5 days prior to and 14 days following HSCT with 5
x 10" congenic LSK progenitor cells busulfan (10 mg/kg) was administered 4 days prior to HSCT.
Mice were analysed 14 days post HSCT. White bars indicate untreated mice, light grey bars
indicate busulfan alone, dark grey bars indicate BADGE alone, black bars indicate both busulfan
and BADGE. Data is representative of one individual experiment, expressed as mean + SE and
analysed using an unpaired, two-tailed T-test. * (p< 0.05), ** (p< 0.01) represent significant
differences compared busulfan -chemotherapy alone. * (p< 0.05), ™ (p< 0.01), " (p< 0.001), M
(p< 0.0001) represent significant differences compared to mice that only receive BADGE.
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Figure 4.6: Mobilising the BM in aged mice with G-CSF restores sensitivity to busulfan-
mediated chemotherapy. (A) Flow cytometric plots showing the proportion of Lineage negative
Scal” cKit" (LSK) progenitor cells in the BM following administration of busulfan, G-CSF or
busulfan in combination with G-CSF. As a control BM from an untreated (UT) mouse is shown.
Figures above boxes represent the proportion of LSKs. (B) (i) Quantification of total BM
cellularity, (i1) and absolute number of LSK cells in aged mice. (C) The proportion of LSK
progenitor cells depleted from the BM, calculated as a ratio of total LSK cells in treated aged mice
compared to untreated aged mice, and expressed as a percentage. Mice received G-CSF (250 pg/kg)
or a vehicle control twice daily for 4 days prior to chemotherapy with 10 mg/kg busulfan. Mice
were analysed 4 days following chemotherapy. White bars indicate untreated mice, light grey bars
indicate busulfan alone, dark grey bars indicate G-CSF alone and black bars indicate both busulfan
and G-CSF. Data is representative of two individual experiments, expressed as mean = SE and
analysed using an unpaired, two-tailed T-test. * (p< 0.05), ** (p< 0.01) represents significant
differences compared to untreated mice. ™ (p< 0.01), represent significant differences compared
busulfan-chemotherapy alone. #### (p< 0.001) represent significant differences compared to mice

that only receive G-CSF.
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Figure 4.7: Mobilising the BM with G-CSF prior to busulfan-mediated chemotherapy and
congenic high dose HSCT does not increase donor cell engraftment in aged mice. (A) (i)
Quantification of total BM cellularity, (ii) proportion of donor cells in WBM, (iii) absolute number
of donor cells in WBM of aged mice. (B) (i) total Lineage negative Scal” cKit" (LSK) progenitor
cell number, (ii) proportion of donor cells in LSK progenitor cell subset and (iii) absolute number
of donor-derived LSKs in the BM of aged mice. Mice received G-CSF (250 pg/kg) or a vehicle
control twice daily for 4 days prior to chemotherapy with 10 mg/kg busulfan. 4 days following
chemotherapy mice were transplanted with 5 x 10* congenic LSK progenitor cells and mice were
analysed 28 days following HSCT. White bars indicate untreated mice, dark grey bars indicate
busulfan alone and black bars indicate both busulfan and G-CSF. Data is representative of two

individual experiments, expressed as mean + SE and analysed using an unpaired, two-tailed T-test.
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No significant changes were observed in the total cellularity of WBM when mice were treated with
busulfan alone or in combination with G-CSF (Figure 4.7A). Similarly, G-CSF pre-treatment had
no significant effect on the proportion or number of total donor cells observed in the BM of aged
mice following HSCT (Figure 4.7A). Furthermore, despite the reduction in LSK number with the
G-CSF- busulfan combination (Figure 4.6B), there were no significant differences in the total
number of LSK cells between untreated control mice, busulfan treated mice or mice that received
both busulfan and G-CSF (Figure 4.7B). Busulfan alone or with G-CSF pre-treatment also failed to
increase the proportion or number of donor-derived LSK cells observed in the BM of aged mice
(Figure 4.7B). This indicates that while G-CSF pre-treatment promotes busulfan-induced loss of
host LSK, it does not improve donor cell engraftment when mice are conditioned with low-dose

busulfan.

Robust engraftment, chimerism and allogeneic tolerance are achieved in aged mice when
WBM is transplanted. G-CSF is not required as an adjuvant to boost chimerism.

We have previously reported that low-dose busulfan can be used in conjunction with T cell
depleting antibodies and short-term sirolimus immunosuppression to induce mixed chimerism and
allogeneic tolerance following transplantation of both WBM and LSK progenitor cells in both
young and aged mice (Morison et al. manuscript in preparation and Chapter 3). To assess if G-CSF
could boost donor cell engraftment in an aged allogeneic setting, 1-year-old mice receive G-CSF at
250 pg/kg twice daily for 4 consecutive days, prior to conditioning with 10 mg/kg busulfan and
transplantation of 4 x 107 WBM cells 4 days following chemotherapy. Mice were monitored via
flow cytometry for 27 weeks following BMT. No significant differences were observed in the total
BM cellularity between treatment groups (Figure 4.8A). Unlike mice transplanted with high-dose (5
x 10%) congenic LSK progenitor cells (Figure 4.7), transplantation of 4 x 10" allogeneic WBM
resulted in robust engraftment, with 60 % of cells within the BM of both treatment groups derived
from donor (Figure 4.8A). Pre-treatment with G-CSF did not significantly increase the proportion
or number of donor-derived cells observed in the BM (Figure 4.8A). Donor cell engraftment,
following transplantation with WBM resulted in multi-lineage chimerism in peripheral blood,
which could be mainly attributed to the myeloid compartment (Figure 4.9). Chimeric mice were
tolerant to donor skin transplants, with 7/7 mice conditioned with 10 mg/kg busulfan alone, 4 days
prior to transplantation with 4 x 10’ WBM cells accepting allogeneic skin grafts (Figure 4.9E). 7/8
mice treated with G-CSF prior to the standard conditioning regime (10 mg/kg busulfan 4 days prior
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to transplantation with 4 x 10’ WBM) accepted allogeneic skin transplants for more than 100 days
following skin grafting (Figure 4.9E). The chimeric mice were immunocompetent, with 100% of
mice in each treatment group rejecting third-party unrelated skin in less than 10 days following
grafting (Figure 4.9E). This data indicated that when WBM is transplanted, robust donor cell
engraftment is achieved in the BM of aged mice and this leads to the development of stable mixed

chimerism and allogeneic tolerance.
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Figure 4.8: Mobilising the BM with G-CSF prior to busulfan-mediated chemotherapy and
allogeneic BMT does not increase donor cell engraftment in aged mice. (A) (i) Quantification of
total BM cellularity, (i1) proportion of donor cells in WBM, (iii) absolute number of donor cells in
WBM of aged mice. (B) (i) Total Lineage negative Scal” cKit" (LSK) progenitor cell number, (ii)
proportion of donor cells in LSK progenitor cell subset and (iii) absolute number of donor-derived
LSKs in the BM of aged mice. Mice received G-CSF (250 pg/kg) or a vehicle control twice daily
for 4 days prior to chemotherapy with 10 mg/kg busulfan. 4 days following chemotherapy mice
were transplanted with 4 x 10" B10.BR allogeneic (H-2") WBM cells. Anti-CD4 and anti-CD8
monoclonal antibodies were administered on days -3 and -1 relative to BMT. Mice were
immunosuppressed by daily sirolimus treatment for 28 days following BMT and analysed 27 weeks
post transplant. White bars indicate untreated mice, dark grey bars indicate Busulfan alone and
black bars indicate both Busulfan and G-CSF. Data is representative of two individual experiments,

expressed as mean + SE and analysed using an unpaired, two-tailed T-test.
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Figure 4.9: Allogeneic tolerance is achievable in aged mice when WBM is transplanted and
does not require adjuvant therapy. (A) The proportion of donor cells in peripheral blood over
time. (B) The proportion of CD3" T cells, (C) B220" B cells and (D) CD11b" macrophages in
peripheral blood over time. Busulfan and G-CSF treated mice are represented with a dashed line
and circles and busulfan and vehicle control mice are represented with a solid line and squares. (E)
Donor (black) and third-party (grey) skin graft survival. Mice received G-CSF (250 pg/kg) or a
vehicle control twice daily for 4 days prior to chemotherapy with 10 mg/kg busulfan. 4 days
following chemotherapy mice were transplanted with 4 x 10’ B10.BR allogeneic (H-2*) WBM
cells. Anti-CD4 and anti-CD8 monoclonal antibodies were administered on days -3 and -1 relative
to BMT. Mice were immunosuppressed by daily sirolimus treatment for 28 days following BMT
and analysed 27 weeks post transplant. 12 and 28 weeks after BMT, mice received an allogeneic
skin graft from B10.BR and BALB/c (H-2°) respectively. Data is representative of two individual
experiments, expressed as the mean + SE and analysed using two-way ANOVA with n = 7-8

mice/group.
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Discussion

HSCT in the aged population is significantly more challenging than it is in the young, which
presents a major clinical challenge given that most regenerative medicine transplants are going to
be required for this age demographic. While immunosenescence does not overtly influence healthy
individuals, ageing is however associated with increased opportunistic infections, recovery from
immune depletion states, such as irradiation and chemotherapy (required to destroy cancer cells but
also generate space in the BM for donor-HSC engraftment), is severely compromised with age (7).
High morbidity and mortality rates are associated with HSCT in the aged and can be attributed to
the delay in immune reconstitution following myeloablative conditioning. This immunodeficiency
can result in opportunistic or reactivation of latent infections, inflammation and an increase in
malignancy relapse. The development of low-intensity conditioning regimes has been credited with
overcoming to some extent, the age barrier for HSCT in cancer patients; the reasons for this include
fewer conditioning associated toxicities and better patient monitoring for infectious disease (7).
Because of this, low-intensity conditioning regimes for HSCT have been reasonably well
characterised in the treatment of malignancies, but in the aged population, the use of these regimes

to induce allogeneic tolerance has been neglected.

We have recently developed a low-intensity radiation-free protocol for the induction of allogenic
tolerance via mixed chimerism (Morison et. al. manuscript in preparation and Chapter 3). In this
protocol we showed that low-dose busulfan could be used in conjunction with T cell depleting
antibodies and short-term sirolimus immunosuppression to induce tolerance when young or aged
mice are transplanted with 4 x 10’ WBM cells. Additionally, transplantation of 5 x 10* allogeneic
LSK progenitor cells can be used to induce tolerance with this conditioning regime in young mice.
In this present study we aimed to characterise the ability of low-dose busulfan to promote
engraftment of purified LSK progenitor cells in aged mice. Previous reports in young mice have
shown that conditioning with doses of busulfan lower than 20 mg/kg resulted in slow and
incomplete reconstitution following congenic HSCT (54, 55). Given that the level of donor cell
engraftment following myeloablative conditioning in the aged is two-three times lower than that of
the young (2, 4), we hypothesised that engraftment of congenic LSKs would be greatly reduced in
aged mice compared to young following low-dose busulfan. Furthermore since SSA increases
engraftment following myeloablative conditioning (39, 41), we proposed that SSA would boost

engraftment and chimerism in aged mice.
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Supporting our hypothesis we have shown that engraftment and chimerism were decreased in aged
mice compared to young when 5 x 10* congenic LSKs are transplanted. In the BM of aged mice
the proportion of donor cells observed was decreased 5 fold. Although the proportion of donor cells
observed in the thymus was not significantly decreased compared to young mice, the number of
donor cells in the thymus decreased by 3 fold. This can be attributed to age induced thymic atrophy,
where the total number of thymocytes in aged mice decreased 10 fold. A decreased output of donor

cells from the thymus resulted in a low level of donor cells being detected in the periphery.

SSA increases cellularity and progenitor cell number in the BM of young mice following
myeloablative chemotherapy (38). Here we show that SSA prior to low-dose busulfan
chemotherapy and HSCT also increased BM cellularity when mice were transplanted with 1 x 10*
congenic LSK cells at both 28 and 56 days following HSCT. This was not observed for the higher
dose of 5 x 10* LSK cells, but supported previous observations from young mice (Chapter 3). We
attribute this to chemotherapy dosage; at 10 mg/kg busulfan is not myeloablative, selectively
depleting only the progenitor compartment (Chapter 2). Previous studies, that have shown an
increase in BM cellularity following SSA, have used harsh myeloablative treatments such as TBI
and high dose cyclophosphamide, which significantly deplete WBM cell numbers, presumably by
creating “space” in the niche to increase donor engraftment and subsequent cellularity (38, 39, 56).

However, SSA herein did not increase long-term engraftment or donor cell output in aged mice.

Interestingly, at the day 28 time point following low-dose HSCT, SSA mice had a significantly
higher proportion of donor cells in the thymus, compared to sham-SSA mice. This increase had
disappeared by 56 days following HSCT and suggests that the limiting factor for SSA potentiated
donor cell output is LSK engraftment, not thymic output. In young mice 10 mg/kg busulfan
depletes 80 % of LSK progenitor cells in the BM, allowing engraftment of donor LSK progenitor
cells (Chapter 2). Here we show in aged mice, the level of depletion achieved with 10 mg/kg
busulfan alone is reduced to 40 % and the number of LSK progenitor cells in the BM of aged mice
is increased, supporting previous observations that show the LSK compartment can increase
numerically up to 5 fold in aged mice, not withstanding them being functionally compromised (19,

51, 57, 58).

The decreased sensitivity of aged BM LSK progenitor cells to busulfan could have been attributed
to a dose limiting effect, given there is an increase in the number of progenitor cells. However

doubling the dose of busulfan to 20 mg/kg did not increase sensitivity. Alternatively, resistance in
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aged mice may be an increased ability for LSK progenitor cells to efflux busulfan. Within the LSK
subset is a population of cells characterised by their ability to exclude the DNA-binging dye
Hoechist 33342, these cells, termed side population (SP) cells, undergo a 30 fold increase with age
(51). SP cells exclude Hoechist 33342 through the cell surface transporter ATP-binging cassette
(ABC)/G2, which can also efflux chemotherapeutic compounds, promoting cell survival (59). An
increase in cells that can exclude busulfan could thus result in a population of LSK cells that are

more resistant to depletion.

Ageing is also associated with an increased number of adipocytes in the BM (43). Again this could
be contributing to the increased busulfan resistance that occurs in aged mice, as adipocytes have
been shown to protect cells from chemotherapy mediated apoptosis (46, 60, 61). Because busulfan
is highly lipophilic (62), adipocytes could be sequestering the drug, decreasing its availability.
Potentiating this effect, chemotherapeutic agents, including busulfan, induce adipocyte infiltration
of the BM (45). Naveiras ef al. have shown that pharmacological inhibition of adipocyte formation
enhances donor cell engraftment, following lethal irradiation and congenic HSCT. Adipogenesis
can be blocked using the pharmacological agent BADGE prior to and following HSCT. However,
BADGE in combination with busulfan and HSCT did not increase the proportion or number of
donor cells observed in aged mice. This may be because BADGE prevents the formation of new
adipocytes, but does not deplete pre-formed adipocytes within the marrow, which could still protect

progenitor cells.

Alternatively, adipocytes may protect LSK progenitor cells from depletion by decreasing the
number of cells in cycle (44). In this regard SP cells, which increase with age, are quiescent (52).
Busulfan depletes both early and late cycling progenitor cells in the BM (49, 50), indicating that an
increase in the number of quiescent progenitor cells, would decrease sensitivity to chemotherapy.
As a corollary, since G-CSF activates LSK progenitors in the BM (63), we have shown that
mobilisation of the BM with G-CSF does indeed restore their sensitivity to low-dose busulfan,
depleting 80 % of LSK progenitors, a level of depletion equivalent to young mice (Chapter 2).
Although G-CSF does not increase the proportion of cells cycling in the BM during mobilisation
(63), our data suggests that some level of cycling occurs, because the cells are being depleted.
Despite having restored sensitivity to busulfan, G-CSF mobilisation prior to chemotherapy and
HSCT does not increase engraftment or donor cell output in aged mice. This was surprising,

considering G-CSF prior to low-dose irradiation potentiates engraftment when mice are
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transplanted with Scal”™ BM cells (53). Together with our data, this indicates that in the aged

setting, cell extrinsic factors, such as the BM niche are also affecting engraftment.

Previous studies in our laboratory have shown SSA shifts the molecular profiling of the aged BM
niche towards a young phenotype (Chidgey ef al. manuscript in preparation) Functionally, SSA
prior to lethal irradiation and HSCT increases the availability niche space, promoting the entry of
progenitors to the microenvironment and increasing engraftment (Khong ef al. manuscript in
preparation). Although our data herein suggest that the BM niche is limiting the ability to generate
robust donor chimerism following low-dose busulfan in aged mice, SSA did not improve
engraftment. Taken together our data suggest a combination of factors, that could include,
adipocytic content of aged BM, an increase in the ability for progenitor cells to efflux busulfan, a
decrease in cell cycling or a decrease in receptivity of the BM niche contribute to the decrease in
donor cell engraftment observed in aged mice. Perhaps combining SSA, to improve the niche and
G-CSF, to increase depletion, prior to low-dose busulfan would increase the level of engraftment

and chimerism following HSCT in aged mice.

Despite the low level of engraftment observed following congenic HSCT, we show that allogeneic
tolerance can be achieved in aged mice transplanted with allogeneic WBM. In these mice, 60 % of
the BM compartment was of donor origin. The most likely explanation for this is the presence of
allogeneic T cells within the transplant, which may be promoting a higher level of engraftment in
these mice (64-67); these donor T cells may also protect transplanted marrow from rejection by
Natural Killer cells, enhancing donor-derived myelopoiesis, via the release of growth promoting

cytokines and cell-cell contact between host and donor derived T cells (68).

In our studies, donor cell engraftment in aged mice lead to multi-lineage mixed chimerism and
allogeneic tolerance. Supporting congenic HSCT results, G-CSF did not increase engraftment or
peripheral chimerism observed following transplantation of WBM in aged mice. Although we have
shown that allogeneic tolerance can be achieved in aged mice when WBM is transplanted,
clinically, the transfer of allogeneic T cells leads to the development of GVHD. This is an untenable
clinical risk and is of particular concern in the aged setting, where the risk of developing GVHD is
increased even further (2). Transplanting purified progenitor cells prevents the occurrence of

GVHD, making it safer for patients.
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In our hands, it appears that it is the BM and not the thymus that is the major limitation to
successful HSCT in the aged following low-intensity conditioning regimes. However even a low
level of engraftment by donor progenitor cells may facilitate the induction of allogeneic tolerance,
exemplified by liver and kidney transplants, whereby small number of donor HSCs can migrate out
of the transplanted organ, engraft and induce allogeneic tolerance (69-73). However the success of
such experiments has often been attributed to the young age of recipients (70, 72). We are currently
investigating the ability for purified LSK progenitor cells to induce allogeneic tolerance in aged

mice with our protocol utilising low-dose busulfan.
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Organ transplantation is the only current curative procedure for end stage organ disease. The first
successful organ transplant was performed in Boston in 1954, where a kidney was transplanted
between identical twins. Although several attempts at organ transplantation had been made prior to
this report, Murray and colleagues are credited with the first proof-of principle transplantation with
long-term success, attributed to immunological acceptance or tolerance induction of haploidentical

tissue (1).

An understanding of immunological rejection came from experimentation with skin grafting in the
1930s. In early experiments, skin allografts from related and unrelated donors were used to treat
burns patients with insufficient intact skin for autografts. Although allografts did not survive, they
did protect burn wounds long enough to allow re-epithelialisation and infection control.
Interestingly, allograft survival time could not be predicted, but it was observed that related skin
survived longer than unrelated skin (2). A better understanding of tolerance versus rejection came
from experiments in skin grafting between monozygotic and dizygotic twins. The first observation
was that skin grafts, transplanted between monozygotic twins survived permanently, providing
some hope for tissue and organ replacement therapies. Following these seminal observations by
Brown (3), Gibson and Medawar provided further insights, demonstrating that subsequent
transplantation of a second allograft from the same donor was rejected more rapidly that the first
(4). This was a key finding in the understanding of immunological rejection, indicating tissue loss
was not a fixed process, rather an acquired response, with the potential for manipulation.
Subsequently, Medawar, along with Billingham and Brent confirmed this hypothesis,
demonstrating that immunological tolerance could be acquired in mice who were exposed to donor
cells in the neonatal stages of life (5). This work was a culmination of many observations beginning
in Freemartin cattle, where dizygotic twins, are chimeric, share a placental circulation (6) and can
indefinitely accept skin grafts from the respective twin (7). Medawar and colleagues recapitulated
these experiments by injecting donor cells into neonatal mice of a genetically disparate strain. When
these mice were mature, their blood systems were chimeric and they could accept skin grafts from
mice that matched the donor cell strain but not from other stains of mice, demonstrating that

specific immunological tolerance could be induced (8).

Despite these important observations, it was the development of immunosuppressive drugs that led
to the widespread feasibility of organ transplantation. Modern immunosuppressive regimes have
decreased the incidence of acute renal transplant rejection by approximately 10% in the first few

months following transplantation (9). However, even with the continual development of new
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immunosuppressive drugs, anti-rejection therapies are associated with a array of side effects,
including diabetes mellitus, nephrotoxicity, neurotoxicity, osteonecrosis, leukopenia, hypertension,
hyperlipidemia, cardiovascular events, opportunistic bacterial and viral infections, organ fibrosis
and graft loss (10-14). Currently 50% of all renal transplant recipients will lose their graft to one of

the aforementioned complications (14, 15).

The induction of immunological tolerance is a means by which long-term immunosuppressive
regimes can be overcome, eliminating negative side effects whilst still preventing both acute and
chronic rejection and it is because of this that studies have continued to build on Billingham and
Medawar’s pioneering investigations. Initial studies of tolerance induction through mixed
chimerism in the adult mouse involved the lethal irradiation of recipient mice and reconstitution
with a mixture of both host and donor T cell depleted bone marrow (BM) (16). The hematopoietic
and lymphocyte compartments of these mice remained chimeric for the duration of animal’s life

and led to the development of specific tolerance to donor-matched skin grafts.

Originally, myeloablative conditioning prior to BM transplantation (BMT) and hematopoietic stem
cell (HSC) transplantation (HSCT) was required to kill leukemic cells and the BMT/HSCT was
used as a rescue therapy for the hematopoietic destruction caused by the lethal doses of irradiation.
However, the myeloablative conditioning itself causes significant collateral damage, including
complications within the gastrointestinal tract, loss of hematopoietic and leukocyte compartments,
central nervous system dysfunction, pulmonary complications, multi-organ co-morbidities, the
development of malignancies and in the worst case scenarios, it led to the death of the patient (17,
18). Because of these complications, lethal doses of irradiation are considered too toxic to justify in
the absence of a malignancy. Therefore, to make mixed chimerism based approaches for the
induction of allogeneic tolerance more clinically feasible, research focus has shifted to the

development of non-myeloablative conditioning regimes.

Non-myeloablative conditioning regimes prior to BMT/HSCT have been widely explored. In this
context the most successful regimes in murine models have employed co-stimulation blockade by
CD40L monoclonal antibody therapy and CTLA4-immnoglobulin (19-24). Co-stimulation
blockade in the absence of cytoreductive conditioning can also achieve BM engraftment when
supraphysiological doses of BM are administered (25, 26). Despite the success of these
conditioning regimes in small animal models, translation to nonhuman primates and clinical trials

have been hampered by the feasibility of high-dose BMT and thromboembolic complications
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associated with CD40L blockade (27). Other studies have reduced the collateral damage associated
with high dose whole body irradiation by combining low dose whole body irradiation and/or
chemotherapy with focal thymic irradiation and peripheral T cell depletion (28, 29). These
protocols have had success in both nonhuman primates and in clinical trials (30-34). The current
clinical practice for reduced intensity conditioning regimes include chemotheraputic drugs, such as
fludarabine, busulfan or cyclophosphamide, and/or a low-dose of total body irradiation (TBI) and
some protocols include the use of T cell depletion with anti-thymocyte globulin (ATG) or anti-

CD52 (Campath) (35).

A large number of studies have been conducted into translating the ability to generate tolerance via
mixed chimerism in the clinical setting. The research to date, conducted in rodents, large animals,
pre-clinical and clinical models has been focused on four main aspects: 1) understanding the
mechanisms by which mixed chimerism induces tolerance; 2) myelosuppressive conditioning to
allow the engraftment of transplanted hematopoietic cells (lethal irradiation, sub-lethal irradiation
or chemotherapy); 3) immunosuppressive treatment, to protect the transplanted tissue from rejection
and to prevent the development of graft versus host disease (GVHD) (irradiation, antibody
mediated T cell depletion or drug based non-specific immunosuppression); and 4) the content of the
HSCT (WBM, T cell depleted BM, peripheral blood stem cells, purified CD34" stem cells, purified
HSCs or combinations of either). Whilst research in tolerance induction schemes implementing
mixed chimerism have yielded some significant findings, reviewed by Kawai and Sachs (36), a
major limitation of these studies is that they have not collectively taken into account or investigated
the effects of immunosenescence and by extension, the ability to induce tolerance in an aged
immune system. This is an important point, considering aged recipients (>50 years) constitute the
bulk of people on transplant waiting lists and patients receiving organ transplants (37-39).
Additionally, and strengthening this observation, the elderly are the fastest growing segment of the
population with end-stage organ disease, and the largest population demographic requiring an organ

transplant (40).

Immunosenescence has a profound effect on the immune system, which undergoes a complex and
continuous remodelling with increasing age. This can be characterised by both qualitative and
quantitative changes in specific subpopulations of immune cells, rather than a global deterioration
of the system as a whole. For the induction of tolerance, the most pertinent age-related
immunological dysregulation occurs in the thymus, which undergoes a progressive decline in

structure and function (41). The direct consequence of which is a reduction in export of naive T
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cells, a homeostatic compensatory increase in peripheral memory T cells and the generation of
allospecific cytotoxic T cells (42). These age-specific changes in the T cell repertoire have a major
impact on the recognition of and response to allogeneic tissue and consequently graft rejection.
Additionally, Khan and colleagues have demonstrated that to maintain stable allogeneic tolerance in

mixed chimeras, a functioning thymus is absolutely required (43).

The central theme of this thesis was based on the premise that the induction of tolerance is reduced
in an un-manipulated aged immune system. This notion has been established based on the following
evidence: 1) the maintenance of stable allogeneic tolerance in mixed chimeras requires intrathymic
deletion of alloreactive T cells, which is severely compromised by age-induced thymic atrophy (43,
44); 2) the senescent immune system is less able to respond to novel antigens and the induction of
tolerance is an active process, requiring antigen recognition and regulatory cell activation, division
and functionality (45-47); and finally, 3) conditioning-induced damage to the thymus may be
compounded by thymic atrophy and contributes to the variability observed in the clinical setting.
Collectively, this evidence indicates that for a clearer understanding of the therapeutic potential of
BMT-mediated tolerance induction, experiments incorporating immune senescence together with
optimising preconditioning regimens need to be thoroughly examined. The central hypothesis of
this thesis was that the ageing thymus would impose a significant barrier to the induction of
transplantation tolerance via mixed chimerism. To this end, the studies presented herein aimed to
investigate the ability of low-doses of the chemotherapeutic drug busulfan to condition the bone
marrow of young (Chapter 2 and 3) and aged (Chapters 3 and 4) mice to receive either selected or a
whole BM transplant. Furthermore, this thesis investigated whether age reduced the ability of
autologous and allogeneic cells to engraft in the BM of aged mice compared to young mice
(Chapter 4) and if the level of engraftment achieved in aged mice permitted the establishment of

allogeneic tolerance (Chapters 3 and 4).

Mixed chimerism and allogeneic tolerance can be achieved in mice receiving 3Gy total body
irradiation (TBI) with 7Gy thymic irradiation (28). In Chapter 3 of this thesis, it was investigated if
thymic irradiation could be substituted with a short course of sirolimus, which inhibits T cell
proliferation by blocking T effector responses to IL-2 (48) and induces T cell anergy (49) when
mice receive 3Gy TBI. Sirolimus with 3 Gy TBI could indeed induce allogeneic tolerance when
mice were transplanted with 4x10” whole BM (WBM) cells, a high, but clinically feasible cell dose
(23). However, peripheral blood chimerism was degraded over time and not stabilised when T cells

were depleted prior to BMT. Considering persistent chimerism is required to maintain tolerance
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(29), in Chapters 2, 3 and 4 we investigated the chemotherapeutic agent busulfan as an alternative
conditioning agent to irradiation, in an attempt to achieve sufficient levels of hematopoietic
chimerism that could lead to positive outcomes. Busulfan was the agent of choice for these studies
because, unlike other chemotherapeutic agents, it depletes both cycling and non-cycling primitive
stem cells, which is essential to achieving long-lasting and high levels of hematopoietic engraftment

(22).

Although busulfan is already a standard-of-practice chemotherapeutic drug in many clinical
conditioning regimes (35, 50), previous studies that have examined conditioning associated
morbidities following busulfan chemotherapy (50-60) have neglected to investigate in any detail the
effect of chemotherapy on the thymus, an important point to consider when looking to apply the
protocol to the aged setting. Busulfan is typically administered at a dose of 20 mg/kg or higher,
with higher levels of chimerism corresponding to dosage increases (20, 61, 62), as mice are
relatively more resistant to busulfan than humans. In Chapters 2, 3 and 4 it was found that in young
mice, 10 mg/kg of busulfan was sufficient to deplete BM progenitors (LSK cells), without severely
affecting cells numbers in WBM or in the peripheral lymphoid pool. One important observation
was that there were minimal and short-lasting effects on thymocyte numbers, indicating that
systemic administration of busulfan in young mice at 10 mg/kg was thymus-sparing. In Chapter 4,
the effect of low-dose busulfan on the BM and thymus in young and aged mice was investigated.
Here, it was shown that aged mice were more resistant to low-intensity conditioning with this
chemotherapeutic agent. This increased resistance was not due to a dose-limiting effect of the drug,
owing to an increase in the number of BM progenitors in aged mice (63) (Chapter 4) or
sequestration of the drug by adipocyte infiltrate in the BM, which occurs with increasing age and
following chemotherapy (64, 65), suggesting that cell extrinsic factors, such as the BM niche are

also affecting engraftment in the aged.

Significantly, sensitivity equivalent to young mice could be restored by treating the mice with
granulocyte-colony stimulating factor (G-CSF), which activates quiescent BM progenitor cells (66),
prior to busulfan chemotherapy. Supporting the hypothesis, in Chapter 4 it was also shown that
busulfan-mediated chemotherapy is more toxic to the already fragile thymus of aged mice.
Considering that the removal of sex steroids can significantly enhance thymic reconstitution and
protect the thymus from chemotherapy-mediated damage (67), it was hypothesised that sex steroid
ablation (SSA) prior to conditioning would protect the thymus from busulfan-mediated damage.

This was indeed the case, with SSA protecting both the young (Chapter 2) and aged (Chapter 4)
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thymus. Importantly, when mice were conditioned with 10 mg/kg busulfan, both autologous HSCs
and allogeneic WBM cells could engraft and induce robust and stable hematopoietic chimerism. In
a previous study, young C57Bl/6 mice were conditioned using a protocol similar to the one
developed in Chapter 3. This protocol utilised 20 mg/kg busulfan, T cell depleting antibodies, and
the mice were transplanted with fully major histocompatibility complex (MHC)-mismatched
BALB/c BM, followed by 14-day sirolimus immunosuppression. Although these mice developed
stable chimerism, allogeneic tolerance could not be established and skin grafts were rejected (62).
In contrast, our protocol used a more clinically applicable donor-recipient strain combination
(C57BL/6 and B10.BR) whereby major, but not minor, MHC molecules were mismatched.
Following this preconditioning regimen, it was demonstrated that decreasing the busulfan dose to
10 mg/kg and increasing the sirolimus course to 28 days led to the establishment of long-term
allogeneic tolerance in 100% of treated mice (Chapters 3 and 4). Surprisingly, aged mice treated
with this regime developed stable cellular chimerism that led to tolerance induction, whilst
maintaining immune competence, which was assessed by the rejection of third-party (BALB/c) skin

grafts.

Intrathymic clonal deletion is the principal mechanism by which allogeneic tolerance is established
in mixed BM chimeras (34). Additionally, other tolerance inducing protocols that do not depend on
BMT-induced mixed chimerism have also demonstrated a requirement for an active thymus (45-
47). Considering this, it was surprising to observe that thymectomised mice were able to accept
donor skin grafts and reject third-party unrelated skin (Chapter 3). This suggests that tolerance was
generated in the absence of intrathymic deletion, indicative that peripheral tolerance mechanisms
play a dominant role in tolerance induction in this model. Tolerance is likely to be established due
to the increase in T regulatory cells (Treg) (Chapter 3), which are induced by alloantigen and

preferentially expanded by the presence of sirolimus (68).

A previous study, utilising CD45RB monoclonal antibodies showed that tolerance could not be
achieved in aged mice (one year old and above) due to thymic atrophy (45), as this mode of
tolerance induction requires an active thymus to produce new Tregs (46). In Chapter 3 of this thesis
we showed that 100% of aged mice become tolerant to allogeneic skin grafts, suggesting that
tolerance induction in our model was not hindered by thymic atrophy and/or compromised by
senescent cells in the periphery. The thymectomy data suggests that Tregs are being produced in
response to donor antigens in peripheral tissues, rather than antigen being sampled in the periphery

and recirculated to the thymus (69). The current literature on changes in Treg function with aging is

205



controversial. Some studies indicate that both increases and decreases in cell number occur in aged
animals, however, most studies are congruent that aged Tregs are dysfunctional and unable to
suppress aged effector T cells (40, 70-74). Data presented herein suggests that this is not the case
and that Tregs can be induced and suppress alloresponsive effector T cells in this model. Although
these studies indicate that ageing does not pose a barrier to tolerance induction when conditioning
strategies are targeted to both clonal deletion and peripheral regulation, a limiting factor of this
research is that the protocol was not tested in mice older than one year of age. This may be an
important point, considering a small number of recent thymic emigrants, demonstrating thymic

function have been found in mice up to two years of age.

Induction of tolerance for some experiments described in this thesis was achieved using donor
WBM. This cellular mixture contained, among other hematopoietic cell types, mature T cells that
can promote hematopoietic engraftment and reconstitute T cell immunity; however, transplantation
with allogeneic T cell-replete BM is often associated with GVHD in the clinic (75). Although no
GVHD was observed, it is clinically more desirable to use T cell depleted (TCD) BM or purified
progenitor cells as a source of donor antigen. In Chapter 3 it was shown that transplantation of
TCD-BM and purified progenitor cells can engraft in the BM and induce robust peripheral blood
chimerism, at a level comparable to whole BM when young mice were transplanted. In contrast,
when aged mice were transplanted with autologous purified progenitor cells, the level of
engraftment achieved was 5 fold less than the engraftment observed in the young (Chapter 4). This
was not surprising, considering previous studies, that employ myeloablative conditioning, show
two-to-three times less donor cell engraftment in aged mice compared to young counterparts (76,
77). In this model, neither SSA nor G-CSF prior to conditioning and autologus HSCT or allogeneic
BMT improved the level of chimerism observed in aged mice (Chapter 4). However, this is not a
limiting factor for tolerance induction, as chimeric mice were tolerant to donor skin grafts in 100 %
of transplanted mice. High levels of donor cell engraftment and subsequent chimerism do not
appear to be necessary for BMT-induced tolerance in young or aged mice, as chimerism as low as

1% has been sufficient to induce tolerance in young animals (16).

In this thesis, it was shown that a low-intensity conditioning regime utilising busulfan, in
combination with host T cell depletion and short-term immunosuppression, facilitated the
engraftment of donor bone marrow cells. Tolerance to MHC-disparate donor antigens was
demonstrated using skin grafting; the most stringent transplantation model available to immunology

researchers. Importantly, this model was applied in aged mice whereby stable chimerism was
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achieved, leading to long-term tolerance to allogeneic skin grafts whilst maintaining functional
immunity. Chimerism and tolerance could also be achieved in thymectomised mice, suggesting that
peripheral regulation, rather than intrathymic deletion was the dominant mechanism of tolerance
induction operating in this model. This led to the conclusion that age-induced immunesenescence is

not a barrier to the successful induction of allogeneic tolerance via mixed chimerism in this model.

The attainment of immunological tolerance in the absence of lifelong immunosuppression has long
been a major goal of organ transplantation. Ironically, the need for most transplants arises in an ever
aging population, yet these are the very patients in whom donor tolerance is the most difficult to
achieve. In recent years, only two clinical studies (78, 79) using genetically disparate transplants
have demonstrated stable graft survival without maintenance of immunosuppression in patients
under 46 years of age (median age 39 years). Therefore, tolerance induction protocols need to be
rigorously tested in the aged setting for clinical translation to be successful. In this respect,
tolerance induction has rarely been achieved in aged recipients, an impasse considered to be due to
thymic atrophy and immunosenescence. Currently, to the best of our knowledge, only two research
studies have attempted to induce tolerance in aged animals, in the first study Zhao ef al. 2011 Sci
Trans Med, tolerance could not be induced in aged mice, unless mice were castrated to enable
thymic regeneration. In a second study, Hock et al. 2013 Transplantation, tolerance was established
using whole body irradiation. However, the toxic side effects associated with the use of irradiation

are not clinically justifiable for organ transplant recipients without malignant disease.

This thesis shows, for the first time, the ability to induce long-term allogeneic tolerance in the aged
setting using radiation-free, non-myeloablative conditioning without any additional form of
endocrine modulation to enhance thymic function, suggesting that strategies targeting peripheral
regulation, rather than thymic function may be more effective in achieving and maintaining
transplantation tolerance in aged recipients. The implications of the findings presented herein are
significant and may serve as a platform for the successful application of tolerogenic protocols in the
clinic, not only for solid organ transplantation but also for applications employing HSCT to treat
metabolic or autoimmune diseases. With certainty, any allogeneic stem cell based therapy requires a
tolerance strategy. Considering that it has been increasingly demonstrated in pre-clinical models
that stem cell-derived tissues may have the ability to cure any number of debilitating diseases (80),
there is a need, now more than ever, for clinically suitable conditioning regimes for the induction of

allogeneic tolerance.
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Chapter 11

The Immunogenicity of Stem Cells

and Thymus-Based Strategies to Minimise
Immune Rejection

Jessica Morison, Tracy Heng, Ann Chidgey
and Richard Boyd

Abstract Stem cell research is advancing at a rapid pace, offering the possibility
of personalised, “made to order” reparative stem cell treatments. A major chal-
lenge, however, is the immunological rejection of the transplanted tissue or
‘allograft’ that is not derived from self. Current clinical practice for overcoming
graft rejection is to administer immunosuppressive drugs. Unfortunately these are
associated with a number of side effects, including severe and often prolonged
immune deficiency, which can lead to complications associated with opportunistic
infections. Rather than prolonged global suppression of the immune system,
strategies that focus on inducing graft-specific tolerance will provide a more robust
and sustained approach to enabling successful translation of stem cell therapies to
the clinic.

11.1 Introduction

It has been increasingly demonstrated in preclinical models that stem cells have
the potential to cure a number of debilitating diseases [1]. However, the successful
application of stem cell-derived therapies relies on the ability of the host immune
system to accept the graft [2]. Unless the grafted tissue is derived from self, it will
ultimately be rejected by the host immune system. Traditionally, strategies to
overcome non-self or allogeneic graft rejection have been based on lifelong
immunosuppression, which leads to high levels of morbidity stemming from
opportunistic infections and malignancy.
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A logical solution to overcoming these problems is adaptation of the body’s
own mechanisms for inducing ‘central tolerance’ to self-antigens, allowing long-
term acceptance of the graft, while maintaining immuno-competence. This can be
achieved using donor hematopoietic stem cell (HSC) transplantation (HSCT)
which, after bone marrow (BM) engraftment together with host HSCs and sub-
sequent seeding of appropriate progenitor cells to the thymus, results in a mixed
chimera of both self and donor hematopoietic and lymphoid cells [3]. Following
this thymus-based “central tolerance” induction, the new T cell repertoire will be
tolerant to both host and donor cell antigens. As successful as this has been in
young animals, a major problem arises around puberty, when the thymus under-
goes a natural, prolonged and ultimately profound decline in function with age.
Although the direct mechanisms behind thymic atrophy have yet to be determined,
a number of approaches have demonstrated that atrophy is at least partially
reversible, with substantial restoration of thymic function [4]. Hence, strategies to
generate central tolerance to stem cell grafts should be complemented with thymic
regeneration.

11.2 Stem Cells

The idea that one cell holds the possibility to treat any number of diseases is fast
becoming a reality with the advent of stem cell biology and research. A number of
different stem cell types exist, including embryonic stem (ES) cells, adult (also
including placental) stem cells and induced pluripotent stem (iPS) cells. Of these,
ES cells are commonly considered the most pluripotent but iPS cells may well be
equivalent; both thus hold great clinical potential, not only for treatment but also
understanding disease processes. ES cells are derived from the inner cell mass of
blastocyst-stage embryos and were, therefore, associated with a number of ethical
and safety-related issues, although these have now been adequately addressed in
most countries. ES cells cannot only self-renew indefinitely, but can differentiate
into each of the three embryonic germ layers, endoderm, mesoderm and ectoderm.
By the addition of specific growth factors, ES cells can be induced to differentiate
into a wide variety of somatic tissues for potential therapeutic application [5, 6],
including neurons and glia, cardiac muscle cells, blood progenitor cells, hepato-
cytes, retinal precursor cells, lung epithelial cells and ff-cells of pancreatic islets [1].
They are characterised by the ability to spontaneously form differentiated structures
known as embryoid bodies (EB) upon transfer onto non-adherent plates, or in vivo
by their ability to form teratomas following injection into severe combined
immunodeficient (SCID) mice. These teratoma structures are essentially tumours
that contain a mixture of cell types from the three germ layers. In addition to
immune rejection, it is this property, which precludes the ease of usage of ES
cell-derived products clinically, as any contaminants may seed teratoma formation.
This illustrates the critical requirement to remove any undifferentiated cells from
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the ES or iPS cell-derived therapeutic cell population to be transplanted, to avoid
the risk of tumour formation.

Unlike ES cells, adult stem cells are found throughout the body post-embryonic
development. These stem cells are responsible for the homeostatic maintenance,
repair and regeneration of the tissue or organ in which they reside. Some of the
most characterised adult stem cells include HSCs of the BM, epithelial stem cells
of the skin and satellite cells of skeletal muscle. However, despite their ability to
self-renew and differentiate, they are restricted in their potential to give rise to
other tissue types [7]. Some adult stem cells have been reported to possess ES cell-
like characteristics and maintain the ability to give rise to all three germ layers in
vitro. These include amnion epithelial cells, isolated from placental membranes
[8]. Mesenchymal stromal cells (MSC) also exhibit multiple functions and
differentiation potential. Initially isolated from the BM [9], adherent fibroblastic
MSCs can expand in culture and give rise to bone, fat and cartilage in vitro. MSCs
have since been isolated from various tissues including umbilical cord, placenta
and adipose tissue [10]. MSCs also have characteristic anti-inflammatory/immuno-
suppressive properties, which are important for repressing inflammatory
conditions and preventing immune rejection (at least in the short term) [11].
Despite being less “plastic” than ES cells, one important aspect of the use of adult
stem cells for tissue regeneration is that they do not form teratomas upon trans-
plantation, eliminating the safety issues associated with their embryonic coun-
terparts [9]. There are now several clinical trials involving MSCs for a variety of
clinical conditions including cardiac, osteopathic, hematopoietic and autoimmune
diseases [12-15].

iPS cells are ES-like cells that were originally generated from terminally
differentiated somatic cells, through the addition of pluripotency-associated genes.
This revolutionary technology has now progressed dramatically, with the use of a
wide variety of target cells (including adult stem cells) and more defined factors
(including small molecules [16] and proteins [17]); without the original oncogenic
transcription factors such as c-Myc [18]. iPS cells exhibit similar morphology,
growth patterns and gene expression profiles to ES cells. Upon injection into SCID
mice, iPS cells are also able to form teratomas [19]. These iPS cells hold the
promise of overcoming immune rejection—a skin cells, for example, could be de-
differentiated into an iPS cells, and then re-differentiated into a therapeutic cell
population for transplantation into the patient. However, whilst, iPS cells may hold
the same therapeutic potential as ES cells without being associated with ethical
controversies, there remains safety issues associated with the profound genetic
re-organisation and, in some systems, the use of viral vectors to deliver the rele-
vant genes [19]. More recently, the potential for spontaneous dedifferentiation of
the therapeutic cell population has become evident [19]. The former is now being
overcome using proteins [16], mini-circle DNA [17] together with small molecules
as delivery systems, rather than incorporation of genes permanently into the
genome [20].
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11.2.1 Stem Cell Transplantation

The therapeutic potential of stem cell transplantation is best exemplified by the use
of bone marrow transplants (BMT) for over 40 years.! HSC are the most important
cell type in BMT, because they not only replenish the hematopoietic compartment
but they do so permanently. Both autologous and allogeneic HSCT are now well
established and constitute a curative technique for many conditions including
primary immunodeficiency disorders, autoimmune conditions, BM failure
syndromes, non-malignant hematological disorders, as well as hematological
malignancies [21]. Whereas autologous HSCT will not involve any rejection, a
major problem with allogeneic HSCT is not so much the rejection of the foreign
graft by the recipient’s immune system (because they are immune suppressed from
the conditioning), but the induction of graft-versus-host disease by T cells within
the graft. This remains a major clinical problem, particularly since it needs to be
delicately balanced with the beneficial effects of the graft versus leukaemia (GvL)
effect mediated by the donor T cells [22].

11.2.2 The Immunogenicity of Stem Cells

Initially, there was a widely held belief that many types of stem cells evaded
immune rejection because they themselves produced anti-inflammatory molecules
or because they did not express sufficiently high levels of immune stimulating
molecules. Indeed some studies have shown that undifferentiated ES cells can be
transplanted across a minor histocompatibility (mH) barrier, seemingly without
eliciting an immune response [23]. However, in most cases the transfer of cells,
tissues or organs from one individual to another results in immunological rejection
through host immune recognition of donor antigens.

There are three classes of “transplantation” antigens, namely major histo-
compatibility complex antigens (MHC), mH antigens (H) [24] and the blood group
(ABO) antigens [25]. Of these, MHC mismatch is the major cause of allograft
rejection. MHC proteins are classified as MHC class I, which is expressed on
almost all nucleated cells, and MHC class II, which is expressed only on cells in
the body that can present antigen. In humans, MHC proteins are known as human
leukocyte associated antigens (HLA). There are three genes for each of the HLA
classes, namely HLA-A, HLA-B and HLA-C for class I and HLA-DP, HLA-DQ
and HLA-DR for class II. The HLA genes are the most polymorphic genes in the
human genome, with some possessing several hundred alleles. Additionally, at
least six different HLA alleles are expressed at any one time, in a co-dominant
fashion [26].

! http://emedicine.medscape.com/article/1014514-overview
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The probability of selecting a complete MHC match for any allogeneic trans-
planted tissue, including ES cells and their derivatives, is thus almost impossible.
It has been suggested that creating an ES cell bank comprising 150 donors
encompassing all ABO blood groups, or 100 universal blood group O donors,
would include enough HLA haplotypes for matching the general population [27].
However, the success of this approach would be limited, since a single mismatch at
any one locus can generate an immune response and ultimately induce rejection
[23]. Moreover, ES cells and some stem cells derived from adult tissues express
low levels of HLA class I, which is up-regulated upon differentiation into more
mature cell lineages [28] or following exposure to pro-inflammatory cytokines
[29]. Accordingly, there have been recent reports that ES cells are indeed
immunogenic, eliciting readily detectable immune responses [30, 31].

T cells recognise alloantigen by two distinct pathways, direct recognition,
whereby T cells recognise intact allogeneic MHC molecules, together with peptide
on the surface of donor-derived dendritic cells (DCs) present in the graft. Indirect
recognition involves the presentation of alloantigen by host derived antigen pre-
senting cells (APC), that has been phagocytosed and processed for presentation by
host-MHC [32]. Unlike tissue allografts, ES cell transplants do not contain DCs,
professional APCs which express MHC class II. DCs are widely distributed
throughout the body and, because of their role in priming the immune response via
MHC class II antigen presentation to CD4* T cells, they play an important role in
allograft recognition by the immune system. An absence of DCs from the ES cell
graft eliminates direct antigen recognition [32]. Nevertheless, several studies have
now indicated that ES cell-derived grafts undergo a progressive infiltration of
inflammatory cells, which include neutrophils, macrophages, granulocytes, B cells
and T cells [30, 31]. Furthermore, host-derived DCs and other APCs accumulate in
the ES cell graft over time, leading to indirect graft recognition [30].

There is also evidence suggesting ES cell-grafts induce a humoral immune
response. In support of this contention, high levels of allo-antibodies are found in
transplanted mice, accompanied by high levels of T helper cell (Th)-2 cytokines,
including interferon-y and IL-4 [31]. Together this suggests that rejection of ES
cell-grafts is mediated by both strong cellular and humoral immune responses.

A type of adult stem cell that appears to show some “immune privilege” is the
MSC. Following transplantation, MSCs can home to sites of damage and produce
cytokines and growth factors which suppress inflammation and induce tissue repair
[33]. Early reports have shown that MSCs do not elicit overt allogeneic responses
in vitro [34] suggesting that they will evoke little immunity when transplanted [11].
Hence MSCs have now been subjected to many clinical trials, highlighting their
ability to restrain graft-versus-host disease, promote hematopoietic engraftment
[10, 11] and repair bone fractures [14, 35]. In some cases, MSC induction of tissue
repair may be by direct differentiation into the damaged cell type [36] or by
indirect mechanisms, such as cytokine/growth factor production to reduce
inflammation to enable tissue repair to progress [37]. Regardless, there is now
accumulating evidence suggesting that allogeneic MSCs, like ES cells, are being
recognised by host T cells, resulting in both cellular and humoral immune
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responses [38—40]. This will need to be resolved, particularly if multiple dosing of
MSCs from the same source is required for treating more chronic conditions.

11.2.3 Overcoming Immunological Barriers

In terms of avoiding transplantation rejection, iPS cells derived from the patient
and Somatic Cell Nuclear Transfer (a technique where the nucleus of a donor
somatic cell is removed and placed in an enucleated oocyte, creating a more
primitive phenotype and plastic cell) [41] are promising alternatives. These
techniques can be utilised to revert differentiated cells to a more pluripotent or
even partially “stem cell” state, and then differentiate them into disease specific
therapeutic cells, thus providing patients with a source of autologous tissue for
transplantation. For example, disease-corrected iPS cells have been developed
from patients with both hematological and neurodegenerative disorders [42].
However, many questions remain with regard to their clinical utility. As yet, it is
not known if iPS cells will revert to their original diseased cell type, if they will
form tumours and how they function in comparison to their natural counterparts.

The successful application of non-self stem cell-derived therapies relies on the
ability of the host immune system to accept the graft. As previously mentioned,
conventional strategies to overcome graft rejection are based on long-term, often
lifelong, immunosuppressive regimes. While these can successfully aid graft
acceptance in the short-term, they also lead to generalised immunodeficiency,
precipitating opportunistic infections and even malignancy. A logical solution to
overcoming these problems is to adapt the body’s own highly successful mecha-
nisms for inducing permanent tolerance to self-antigens to create a donor-specific
tolerance, thereby facilitating long-term acceptance of the graft, while maintaining
immune competence and minimising the use of immunosuppressive drugs. The
organ responsible for “teaching” the body to distinguish self from non-self is the
thymus.

11.3 The Thymus

The adult thymus is a 3-dimensional stromal network; composed of discrete
cortical and medullary epithelial regions, mesenchyme-derived fibroblasts,
BM-derived DCs and macrophages, as well as endothelial cells. Thymocytes
interact with and migrate through these stromal cells as they differentiate into
mature self-tolerant T cells before migrating to the periphery, to establish and
maintain the T cell arm of immunity [43]. This thymic microenvironment provides
a niche where specialised interactions between hematopoietic T cell progenitors
and thymic stromal cells can occur, each contributing to the development and
maintenance of the other, in a sophisticated course of events [44].
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11.3.1 Thymus Development

In early embryogenesis the thymus originates from the endodermal layer of the
anterior foregut. A homogenous population of epithelial cells, derived from the
third pharyngeal pouch endoderm gives rise to the cortical and medullary regions
of the thymus [45]. At this stage at least some of the thymic epithelial cells (TEC)
are bi-potent, with the potential to differentiate into both cortical TECs (cTECs)
and medullary TECs (mTECs) [46]. Expression of the Forkhead-box transcription
factor N1 (FoxNl1), restricted to epithelial cells, is initiated at approximately
embryonic day (E) 11.5, a process essential for the downstream differentiation into
cortical and medullary lineages and colonisation of the anlage by hematopoietic
progenitors [47]. Following E11.5, FoxN1 is expressed by all epithelial cells in the
rudiment [48] and maintained throughout thymus development, detectable in
numerous TECs in the adult thymus [49]. The function of FoxN1 in the adult
steady-state thymus is less well understood, but thought to be involved in the
maintenance of the epithelium and homeostasis [50]. Wnt and bone morphogenetic
protein (BMP) signalling are responsible for initiating [51] and maintaining FoxN1
expression [52].

The initial stages of TEC formation occur independently of thymocytes [53],
while the later stages rely on specific interactions between the TECs and thymo-
cytes [54]. Studies in mice have indicated that signals delivered by thymocytes are
crucial for the maturation of cTEC and mTEC subsets from a common precursor,
as well as the support and maintenance of the thymic architecture. In the mouse,
thymic epithelial progenitor cells (TEPC) have been phenotypically identified as
MTS24", keratin (K) 5 and K8* [55], with differentiation into mature ¢TEC
subsets phenotypically marked by the loss of K5 and the retention of K8, whereas
mTECs can be marked by the expression of K5 and the loss of K8 [53]. As
development proceeds the thymus increases in size and compartmentalises into
discrete specialised areas, which include an outer cortex housing the cTECs, and
an inner medulla housing the mTECs, with the two regions being separated by the
cortico-medullary junction [43].

11.3.2 Thymopoiesis and Central Tolerance

The thymus is responsible for providing T cells throughout adult life. To do so the
thymus must recruit hematopoietic progenitors from the BM via the blood, a
process known as thymus seeding (Fig. 11.1a). Thymopoiesis is initiated by thymic
chemokines, attracting BM-derived progenitor cells expressing the receptors CCR7
and CCR9 [56], as well as recognition of P-selectin on thymic endothelium through
P-selectin glycoprotein ligand (PSGL)-1 [57].

Upon entry, the blood-borne progenitor cells rapidly commence thymic com-
mitment, following a number of well-defined differentiation steps, which occur
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Fig. 11.1 Tolerance to an allogeneic graft can be induced by generating hematopoietic
chimerism. Host cells are shown in blue and donor cells are shown in pink. a Following
appropriate BM conditioning, transplanted donor HSCs engraft in the host BM, producing T cell
and DC precursors, which migrate to the thymus. b In the thymus, precursors differentiate into T
cells, Tregs and DCs. Reactive cells are deleted upon encounter with their cognate self-antigen
presented by TECs as well as host and donor-derived DCs, a process known as negative selection.
T cell output is significantly hindered in the atrophied thymus, which occurs through ageing,
chemotherapy and BM conditioning. Thymic atrophy can be reversed through the ablation of sex
steroids and/or the provision of growth factors. Educated T cells, along with both host and donor-
derived Tregs, migrate to the periphery, ¢ where tolerogenic host and donor-derived Tregs induce
anergy in any reactive T cells that have escaped negative selection, promoting tolerance and graft

acceptance. d Stem cell technologies may enable the generation of HSCs, TEPCs and tissue grafts
from the same pluripotent stem cells for transplantation
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within discrete thymic regions. Progenitors progress from immature
CD3~CD4 CDS8™ (triple negative, TN) stage to CD4"CD8" (double positive, DP)
thymocytes, which, if able to recognise their respective peptide-MHC complexes
with appropriate level of low affinity, receive a survival signal, in a process termed
positive selection, to become mature CD3"CD4*CD8~ or CD3"CD4 CDS8*
(single positive, SP) thymocytes. SP thymocytes are subject to a further devel-
opmental checkpoint whereby potentially auto-reactive cells binding with high
affinity to MHC-peptide complexes are deleted from the repertoire (negative
selection). The end result is a pool of naive T cells tolerant to self-antigens and
capable of recognising a plethora of foreign antigens. This thymic, or “central”
tolerance is mediated predominantly by DCs [58]. As dedicated antigen-presenting
cells, DCs provide thymocytes with the optimal means of responding to self-
peptides many of which they may encounter in the periphery [59]. Thymocytes
expressing T cell receptors (TCRs) with high affinity for self-peptides presented by
DCs undergo apoptosis [60], are functionally inactivated (anergy) [61], lose their
auto-reactive TCR (editing) [62], or are directed into a mature T cell lineage such
as regulatory T cells (agonist selection) [63]. In this way, potentially auto-reactive
T cells are purged from the nascent repertoire.

It is now known that, in addition to DCs, mTECs play a major role in the
induction of self-tolerance through their unique ability to promiscuously express a
diverse range of genes usually constrained to peripheral tissues, such as insulin,
thyroglobulin, myelin oligodendrocyte glycoprotein and the acetylcholine receptor
[64]. The expression of these peripheral tissue antigens (PTAs) by mTECs is under
the control of the autoimmune regulator (AIRE), which is therefore crucial for
preventing the development of autoimmunity [65].

11.3.3 T Regulatory Cells

Although highly efficient, central tolerance is not foolproof. Consequently, other
peripheral mechanisms are present, ensuring auto-reactive T cells that have
escaped negative selection, do not cause autoimmunity. CD4*CD25" FoxP3-
expressing T regulatory cells (Tregs) play an essential role in maintaining self
tolerance and preventing T cell mediated autoimmune diseases [66]. “Natural”
Tregs, like other T cells, are generated in the thymus through encounter with TCR-
agonist ligands expressed on thymic epithelium with an intermediate level of
activation signalling [67]. However, unlike conventional CD4" and CD8" T cells,
the majority of Tregs are specific for self [68] and are continuously activated [69].
Following thymic emigration, Tregs, along with naive T cells, home to draining
lymph nodes. Here encounter with antigen leads to Treg activation, inducing
proliferation and enhancing suppressor function [70]. Activated Tregs regulate
neighbouring CD4* and CD8* T cell responses, via cytokine production, and cell-
to-cell contact [71], preventing their proliferation [70] and ability to function as
effector cells [72].
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Thymic selection is not the only means of producing Tregs, since circulating
naive CD4" T cells can be selected to form so-called “induced” CD4"CD25" Treg
cells in the periphery via encounter with organ-specific agonist ligands [73].
Furthermore, such Tregs can be intentionally generated by the application of
specific agonists under sub-immunogenic conditions (low dose and/or lack of
co-stimulation) [74].

11.4 Manipulating the Thymus for Transplantation
Tolerance

Given the thymus relies on continual seeding by BM precursors [75], it is possible
to supply donor-derived hematopoietic progenitors and induce a state of mixed
chimerism; the co-existence of donor and host hematopoietic cells in the same
tissue (Fig. 11.1c). Advances in stem cell technologies may one day enable the
generation of both HSCs and tissue graft from the same pluripotent stem cell
(Fig. 11.1d). If so, the thymus provides all the necessary attributes to “teach” the
body to accept the donor graft, essentially re-programming the immune system for
the life of the recipient.

11.4.1 Chimerism

Mixed chimerism has been used successfully in many rodent models for the
specific induction of allogeneic tolerance. Owen first observed this process over
60 years ago, demonstrating that a mixture of two distinct types of erythrocytes
can be found long after birth in fraternal bovine twins that had shared a common
placental circulation [76]. Importantly, this was induced in the neonatal period.
Shortly afterward, Medawar and colleagues demonstrated that skin grafts between
these bovine chimeric twins were accepted indefinitely, indicating that each had
acquired a tolerance to the other’s tissue [77]. Ten years later, Billingham and
colleagues showed that this form of tolerance could be actively induced between
MHC-disparate mice, provided the skin graft recipient mice had been exposed to
donor antigen in the neonatal stages of development [78].

The principle is simple and can be applied to adults with appropriate conditions,
providing successful HSC engraftment and the existence of an active thymus.
Recipients are given a BMT or HSCT from an allogeneic donor that is MHC-
matched to the tissue (such as skin) to be transplanted. These cells engraft in the
BM and differentiate into lymphoid and myeloid progenitors. T cells and DC
precursors from both host and donor migrate to the thymus whereby the process of
negative selection purges the emerging T cell pool of host-reactive as well as
donor-reactive T cells [79] (Fig. 11.1b). When the appropriate immunosuppressive
regimes have been applied to eliminate pre-existing mature allo-reactive T cells in
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the periphery, tolerance to fully MHC-mismatched skin grafts can be consistently
achieved [80]. This has also been observed in clinical settings where patients who
had received BM transplants for haematological malignancies subsequently
became tolerant to skin [81] and kidney [82] grafts originating from the same
donor, with the additional contribution of newly produced thymus derived donor-
specific Tregs [83].

Donor-specific Tregs are involved in the induction and maintenance of allo-
geneic tolerance, through their ability to promote donor cell engraftment [84] and
prevent both allogeneic graft rejection [85] and graft versus host disease (GvHD)
[86, 87], indicating that they play an important role in the long-term survival of the
graft, by providing a natural, more-specific means of immunosuppression [88].
Furthermore, Tregs have recently been shown to play a crucial role in preventing
the rejection of allogeneic ES cell-derived grafts, indicating a possible mechanism
behind the initial idea that ES cells were “immune privileged” [89].

To allow donor BM cells or HSCs to engraft within the recipient, existing
mature alloreactive T cells must be eliminated and “space” must be created within
the recipient BM, in a process referred to as “conditioning”. To induce a per-
manent state of immunological tolerance, cells that have engrafted in the BM must
have a lifelong multilineage repopulating ability in order to provide the thymus
with a constant source of donor antigens. The simplest and most reliable method
for creating “space” in the BM is total body irradiation (TBI) prior to trans-
plantation of T cell-depleted donor marrow. The dose is both myeloablative, to
create “space” for donor cells, and immunosuppressive, to eliminate the potential
for developing host-versus-graft disease (HvGD). Using this approach successfully
should induce fully MHC-mismatched allogeneic and xenogeneic (across species)
graft tolerance [90].

11.4.2 Thymic Atrophy

A problem that is frequently overlooked with the above approach, is that the
thymus, the principal organ responsible for generating a pool of T cells tolerant to
both donor and host tissue, undergoes a profound atrophy with age (Fig. 11.1b).
Thymic function is most active during the fetal and perinatal stages of develop-
ment, with a decline in function evident from as early as the first year of human
life. Thymic degeneration is progressive and most apparent at puberty, with
approximately 95 % of thymus function lost by 50 years of age [91].

This age-related thymic involution is characterised by gradual changes in the
thymic microenvironment, including a loss of distinction between cortical and
medullary regions, extensive vacuolisation of epithelial cells, and the replacement
of thymopoietin tissue with perivascular spaces and adipose deposits [91]. Detailed
analysis of thymic stromal subsets reveals an increase in proportion of non-TECs
such as fibroblasts, while a decrease in TEC number and proportion of particularly
mTEC:s is evident within the TEC compartment [92]. In addition to thymic stromal
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changes, there is a decline in early T cell progenitors, which also display a reduced
capacity for differentiation [93].

Together these processes result in decreased production and export of naive T
cells from the thymus, leaving homeostatic proliferation of T cells in the periphery
to compensate for this loss. As T cell maintenance in the elderly relies on the
expansion of mature T cell subsets rather than naive T cell emigrants, the diversity
of the T cell pool undergoes a bias towards antigens that have already been
encountered by the immune system. Within this constricted TCR repertoire, the
likelihood of matching the appropriate TCR to novel antigenic epitopes decreases,
ultimately limiting the immune system’s ability to recognise and respond to
unfamiliar challenges [94].

The mechanisms behind thymic atrophy are not clear and several factors have
been implicated (Fig. 11.1b). Of these, sex steroid production has been the subject
of numerous studies as puberty coincides with the greatest period of thymic
involution [91]. Studies have also suggested reduced production of immunostim-
ulatory growth factors and cytokines such as growth hormone (GH) [95] and
interleukin (IL) 7 [96], as well as down-regulation of adhesion molecules required
to facilitate thymocyte entry to the thymus [97]. Conversely, up-regulation of
atrophic factors such as transforming growth factor (TGF) § may also contribute to
the involution process. BM progenitors undergo a reduced lymphoid potential and
self-renewal capacity with age [98]: since the thymus relies on the BM for con-
tinual seeding, age-related BM dysfunction may also play a role in the loss of
thymic function with age.

11.5 Thymic Regeneration

One of the fundamental requirements for the induction of tolerance is a functional
thymus, which can produce naive T cells. Age-related thymic atrophy therefore
presents a significant challenge for the development of chimerism-based approa-
ches to the induction of tolerance to stem cell grafts in adult patients. Any strat-
egies that manipulate central tolerance for transplantation therapies in the adult
should, therefore, be coupled to the restoration of thymic function. Several pre-
clinical and clinical approaches to restore thymic function have been proposed,
including hormone blocking therapies and administration of growth factors to
regenerate the ageing thymus (Fig. 11.1b). Furthermore, the identification of a
putative TEPC may aid the de novo generation of thymic tissue.

11.5.1 Thymic Epithelial Progenitor Cells

The existence of a putative TEPC was demonstrated in the mouse embryo when
MTS24" TECs engrafted under the kidney capsule of nude mice produced both
mTECs and c¢TECs and gave rise to a fully functioning thymus capable of
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supporting T cell development [55]. These MTS24" cells are abundant in the
embryo, but become increasingly less frequent as the thymus develops, localising
to the medulla and cortico-medullary junction in the adult mouse thymus. These
progenitors also co-express both mTEC and ¢TEC markers K5 and K8 [55],
supporting the hypothesis that the thymus develops from a bipotent TEC pro-
genitor. More recent work has demonstrated that the MTS24™ TEC population was
also able to give rise to an ectopic thymus graft, but only when a significantly
higher number of cells were reaggregated [99]. In the adult thymus, the existence
of a TEPC is supported by the ability of both mTEC and cTEC to regenerate after
both injury-induced and age-related thymic damage [100]. However, an adult
TEPC phenotype has yet to be elucidated.

While identification of a resident adult TEPC should allow in situ manipulation
of the thymus to enhance regeneration, it may be possible to generate a TEPC
ex vivo from ES cells or even iPS cells. Factors that direct the differentiation of ES
cells into the endodermal lineage are still relatively novel [1] and protocols to
guide the development of thymus-specific tissue have yet to be established.
Candidate pathways include the Wnt and BMP signalling families as both play a
role in regulation of the FoxNl1 transcription factor required for both TEC for-
mation and maintenance [101]. Once established, ES cell-derived TEPCs could be
directly injected into the atrophic thymus or grafted as reaggregate cultures under
the kidney capsule, re-establishing function [55].

11.5.2 Sex Steroid Ablation

Evidence for residual thymic function, albeit very limited, in ageing individuals
gives credence to the possibility of inducing thymus regeneration in vivo via the
removal of inhibitory factors or administration of stimulatory factors. Of the
former, sex steroids have been strongly linked to thymic atrophy, since they have
considerable inhibitory effects on both lymphoid development and immune
function [91]. Sex steroids exert direct effects on the thymic stromal cells, which
express sex steroid receptors on the cell surface [102]. Consequently, removal of
sex steroids through castration (chemical or surgical) is associated with marked
rejuvenation of the thymic compartment in aged mice and following chemically
induced thymic damage [100]. This is evident in both thymic architecture [92] and
thymic cellularity [100, 103]. Specifically, regeneration is demonstrated by the
restoration of cortical and medullary regions, TEC and fibroblast ratios, as well as
TEC and thymocyte numbers. Importantly, thymic export of naive T cells is
increased, resulting in enhanced cytolytic activity upon viral infection [104].
Additionally, these improvements correlate with an increase in BM lympho-
poiesis, in particular, an increase in the number of IL-7-responsive progenitor cells,
an increase in B cell export, as well as enhanced B cell function [105], therefore
contributing to an overall improvement in immune competence [106, 107]. The
clinical relevance of sex steroid ablation is further demonstrated by accelerated
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recovery from chemotherapy and irradiation-induced damage [102, 103, 108]. Of
particular relevance to donor-derived tolerance induction, the removal of sex
steroids has also been shown to improve engraftment in the BM and peripheral
reconstitution following allogeneic BMT, without exacerbating GvHD [107]. If sex
steroid ablation can increase thymic seeding by donor progenitor cells and thymic
output of donor-tolerant naive T cells, this strategy could complement BMT
protocols for the generation of hematopoietic chimerism for tolerance.

Sex steroid inhibition can be achieved in a reversible manner with the use of a
luteinising hormone releasing hormone (LHRH) analogues. LHRH is normally
produced by the hypothalamus to stimulate pituitary secretion of luteinising
hormone and follicle stimulating hormone, which in turn trigger sex steroid
production by the gonads. LHRH agonists (LHRH-A) cause sensitisation and
down-regulation of LHRH receptors, resulting in the shutdown of sex steroid
production [97]. This process is reversed upon cessation of treatment. Clinical
application of sex steroid inhibition in the context of immune regeneration has
been demonstrated by improved thymic and immune recovery of LHRH-A-treated
patients from autologous or allogeneic HSCT for hematological malignancies
[104].

11.5.3 Keratinocyte Growth Factor

Keratinocyte growth factor (KGF) is a fibroblast growth factor that stimulates the
proliferation of epithelial cells in a number of tissues. In the thymus, KGF is
produced by mesenchymal cells and mature SP thymocytes and plays a significant
role in regulating thymic epithelium development and function [109]. Although a
deficiency in KGF does not accelerate thymic involution, mice deficient in KGF
are unable to reconstitute the peripheral T cell compartment following BMT [110].
By stimulating TEC proliferation [111], exogenous KGF protects these cells from
damage induced by cytoablative conditioning [110] and GvHD [112]. In mice
receiving allogeneic BMT, KGF treatment enhances recovery of thymic cellu-
larity, thymic function and peripheral T cell reconstitution [110]. Furthermore,
KGF supports immune recovery in an additive manner when used in combination
with LHRH-A [113].

11.5.4 Growth Hormone

Another key factor that has been associated with thymic involution is GH. GH is
known to stimulate thymopoeisis and regulate a number of immunological events
in the periphery [114]. Serum levels of GH, as well as expression of gherlin, a GH
secretagogue, and its receptor in thymic stromal cells, decrease progressively with
age [115]. In old mice, ghrelin infusion improves thymic architecture and increases
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T cell output and diversity [116]. Similarly, high-dose GH treatment of HIV-
infected patients has been shown to increase thymic export and naive CD4" T cell
numbers [117]. The effects of GH treatment are not restricted to the thymus as
recombinant GH can also reverse irradiation-induced loss of BM progenitor
function in mice [118].

GH mediates its immunostimulatory effects primarily through local insulin-like
growth factor (IGF)-1 [119], expression of which also decreases with age [120].
In the context of immune regeneration, IGF-1 administration to mice receiving
allogeneic BMT has been shown to support both lymphoid and myeloid recon-
stitution, without exacerbating the development of GvHD [121]. Recently, IGF-1
has been shown to exert its effects in a tissue-specific manner, with neutralisation
of local IGF-1 to specific BM stem cell niches reversing the age-related decline in
progenitor function [122]. Clinically, however, GH has many side effects including
increased susceptibility to diabetes.

11.5.5 IL-7

IL-7 is a growth factor essential for T and B cell development [123]. In the
thymus, IL-7 is produced by TECs and decreased IL-7 production with age has
been associated with a reduction in IL-7* TECs [124]. While it remains unclear
whether the decline in IL-7 production is the causative factor in thymic atrophy,
IL-7 treatment has been shown to reverse involution-associated changes [125] and
enhance peripheral T cell reconstitution in mice after BMT [126, 127]. Interest-
ingly, combination therapy with IL-7 and IGF-1 has an additive effect on B cell but
not T cell reconstitution in mice receiving allogeneic BMT [121]. In contrast,
concomitant use of IL-7 and sex steroid ablation exerts profound additive effects in
the thymus after allogeneic BMT [107]. Importantly, IL-7-treated patients with
refractory cancer exhibit preferential expansion of naive T cells and a more diverse
T cell repertoire [128].

11.5.6 FlIt3L

Fms-like tyrosine kinase 3 ligand (FIt3L) is another growth factor that can support
thymic function and immune reconstitution. FIt3L is recognised by cells that
express Fms-like tyrosine kinase 3 (Flt3) which include BM progenitors and
immature thymocytes [129]. Unlike IL-7 that primarily acts to enhance peripheral T
cell expansion, FIt3L exerts its effects by promoting BM progenitor expansion and
downstream thymopoiesis and peripheral T cell reconstitution [129]. In the steady-
state thymus, interactions between Flt3™ T cell progenitors and thymic fibroblasts
expressing Flt3L are important for maintaining T cell development [130]. Impor-
tantly, thymocyte recovery from irradiation-induced damage appears to require FIt3
ligand-receptor interactions [131].
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11.6 Conclusion

Given that it is now clear that stem cells are immunogenic (even if some also have
immunosuppressive or anti-inflammatory properties), the challenge of overcoming
immunological rejection must be addressed before “made-to-order” stem cell
transplantation can become a reality. Current methods focussing on long-term
immunosuppression are associated with many adverse side effects and, in some
circumstances, can, ironically, ultimately lead to graft rejection triggered through
infection. Newer approaches which utilise graft-matched HSCT, manipulate the
body’s own mechanisms to induce tolerance, relying on the thymus to teach the
immune system to accept the graft and produce graft specific Tregs for peripheral
tolerance. This should provide long-term, low morbidity graft acceptance. Without
a functionally active thymus, however, this process becomes severely limited.
Hence, to achieve lasting donor-specific immunological tolerance, donor HSCT
should be coupled to thymus regeneration.

This goal is clinically feasible, considering a number of therapies that can
potentially restore thymic function already have Food and Drug Administration
(FDA) approval for use in the clinic, albeit for other conditions. LHRH-A has been
used for many years now to treat prostate cancer, endometriosis, fibroids and
precocious puberty. KGF has recently been approved for the prevention of che-
motherapy-induced mucositis in patients undergoing HSCT. While GH is used
routinely to treat conditions caused by GH deficiency, it has a short half-life and
supraphysiological doses are often required to achieve efficacy. This raises con-
cerns associated with side effects and toxicity of GH. Hence, a safer alternative to
improve immune recovery following HSCT, enhance uptake of donor HSC and
subsequent development of donor antigen tolerance, may be temporary sex steroid
blockade in combination with KGF or IL-7. These options may present the ideal
platform for inducing long-lasting tolerance to stem cell-derived therapies.

References

1. Trounson A (2006) The production and directed differentiation of human embryonic stem
cells. Endocr Rev 27:208-219

2. Chidgey AP, Layton D, Trounson A, Boyd RL (2008) Tolerance strategies for stem-cell-
based therapies. Nature 453:330-337

3. Billingham RE, Brent L, Medawar PB (1953) ‘Actively acquired tolerance’ of foreign cells.
J Immunol 184:5-8

4. Heng TS, Goldberg GL, Gray DH, Sutherland JS, Chidgey AP, Boyd RL (2005) Effects of
castration on thymocyte development in two different models of thymic involution.
J Immunol 175:2982-2993

5. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, Jones JM
(1998) Embryonic stem cell lines derived from human blastocysts. Science 282:1145-1147

6. Reubinoff BE, Pera MF, Fong CY, Trounson A, Bongso A (2000) Embryonic stem cell lines
from human blastocysts: somatic differentiation in vitro. Nat Biotechnol 18:399-404



11

(o]

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

2

—_

22.

23.

24.

25.

26.

The Immunogenicity of Stem Cells and Thymus-Based Strategies 217

. Rando TA (2006) Stem cells, ageing and the quest for immortality. Nature 441:1080-1086
. Miki T, Lehmann T, Cai H, Stolz DB, Strom SC (2005) Stem cell characteristics of

amniotic epithelial cells. Stem Cells 23:1549-1559

. Kuroda Y, Kitada M, Wakao S, Nishikawa K, Tanimura Y, Makinoshima H, Goda M,

Akashi H, Inutsuka A, Niwa A, Shigemoto T, Nabeshima Y, Nakahata T, Nabeshima Y-I,
Fujiyoshi Y, Dezawa M (2010) Unique multipotent cells in adult human mesenchymal cell
populations. Proc Natl Acad Sci U S A 107:8639-8643

Uccelli A, Moretta L, Pistoia V (2008) Mesenchymal stem cells in health and disease. Nat
Rev Immunol 8(9):726-736

Le Blanc K, Ringdén O (2007) Immunomodulation by mesenchymal stem cells and clinical
experience. J Intern Med 262:509-525

Schichinger V, Erbs S, Elsdsser A, Haberbosch W, Hambrecht R, Holschermann H, Yu J,
Corti R, Mathey DG, Hamm CW, Siiselbeck T, Assmus B, Tonn T, Dimmeler S, Zeiher
AM, Investigators R-A (2006) Intracoronary bone marrow-derived progenitor cells in acute
myocardial infarction. N Engl J Med 355:1210-1221

Sun L, Wang D, Liang J, Zhang H, Feng X, Wang H, Hua B, Liu B, Ye S, Hu X, Xu W,
Zeng X, Hou Y, Gilkeson GS, Silver RM, Lu L, Shi S (2010) Umbilical cord mesenchymal
stem cell transplantation in severe and refractory systemic lupus erythematosus. Arthritis
Rheum 62:2467-2475

. Horwitz EM, Prockop DJ, Gordon PL, Koo WW, Fitzpatrick LA, Neel MD, McCarville

ME, Orchard PJ, Pyeritz RE, Brenner MK (2001) Clinical responses to bone marrow
transplantation in children with severe osteogenesis imperfecta. Blood 97:1227-1231
Weng JY, Du X, Geng SX, Peng YW, Wang Z, Lu ZS, Wu SJ, Luo CW, Guo R, Ling W,
Deng CX, Liao PJ, Xiang AP (2010) Mesenchymal stem cell as salvage treatment for
refractory chronic GVHD. Bone Marrow Transplant 45(12):1732-1740

Kaji K, Norrby K, Paca A, Mileikovsky M, Mohseni P, Woltjen K (2009) Virus-free
induction of pluripotency and subsequent excision of reprogramming factors. Nature
458:771-775

Jia F, Wilson KD, Sun N, Gupta DM, Huang M, Li Z, Panetta NJ, Chen ZY, Robbins RC,
Kay MA, Longaker MT, Wu JC (2010) A nonviral minicircle vector for deriving human iPS
cells. Nat Methods 7:197-199

Martinez-Fernandez A, Nelson TJ, Yamada S, Reyes S, Alekseev AE, Perez-Terzic C,
Ikeda Y, Terzic A (2009) iPS programmed without c-MYC yield proficient cardiogenesis
for functional heart chimerism. Circ Res 105:648-656

Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell 126:663-676

Patel M, Yang S (2010) Advances in reprogramming somatic cells to induced pluripotent
stem cells. Stem Cell Rev 6:367-380

. Boyiadzis M, Pavletic S (2004) Haematopoietic stem cell transplantation: indications,

clinical developments and future directions. Expert Opin Pharmacother 5:97-108
Dickinson AM, Charron D (2005) Non-HLA immunogenetics in hematopoietic stem cell
transplantation. Curr Opin Immunol 17:517-525

Robertson NJ, Brook FA, Gardner RL, Cobbold SP, Waldmann H, Fairchild PJ (2007)
Embryonic stem cell-derived tissues are immunogenic but their inherent immune privilege
promotes the induction of tolerance. Proc Natl Acad Sci U S A 104:20920-20925
Roopenian D, Choi EY, Brown A (2002) The immunogenomics of minor histocompatibility
antigens. Immunol Rev 190:86-94

Watkins WM (2001) The ABO blood group system: historical background. Transfus Med
11:243-265

Schreuder GMT, Hurley CK, Marsh SGE, Lau M, Fernandez-Vina MA, Noreen HJ,
Setterholm M, Maiers M (2005) HLA dictionary 2004: summary of HLA-A, -B, -C, -DRB1/
3/4/5, -DQBI1 alleles and their association with serologically defined HLA-A, -B, -C, -DR,
and -DQ antigens. Hum Immunol 66:170-210



218

27

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

J. Morison et al.

. Taylor CJ, Bolton EM, Pocock S, Sharples LD, Pedersen RA, Bradley JA (2005) Banking
on human embryonic stem cells: estimating the number of donor cell lines needed for HLA
matching. Lancet 366:2019-2025

Drukker M, Katz G, Urbach A, Schuldiner M, Markel G, Itskovitz-Eldor J, Reubinoff B,
Mandelboim O, Benvenisty N (2002) Characterization of the expression of MHC proteins in
human embryonic stem cells. Proc Natl Acad Sci U S A 99:9864-9869

McLaren FH, Svendsen CN, Van der Meide P, Joly E (2001) Analysis of neural stem cells
by flow cytometry: cellular differentiation modifies patterns of MHC expression.
J Neuroimmunol 112:35-46

Swijnenburg R-J, Schrepfer S, Govaert JA, Cao F, Ransohoff K, Sheikh AY, Haddad M,
Connolly AJ, Davis MM, Robbins RC, Wu JC (2008) Immunosuppressive therapy mitigates
immunological rejection of human embryonic stem cell xenografts. Proc Natl Acad Sci U S
A 105:12991-12996

Swijnenburg R-J, Tanaka M, Vogel H, Baker J, Kofidis T, Gunawan F, Lebl DR, Caffarelli
AD, de Bruin JL, Fedoseyeva EV, Robbins RC (2005) Embryonic stem cell immunogenicity
increases upon differentiation after transplantation into ischemic myocardium. Circulation
112:1166-1172

Bradley JA, Bolton EM, Pedersen RA (2002) Stem cell medicine encounters the immune
system. Nat Rev Immunol 2:859-871

Phinney DG, Prockop DJ (2007) Concise review: mesenchymal stem/multipotent stromal
cells: the state of transdifferentiation and modes of tissue repair—current views. Stem Cells
25:2896-2902

Le Blanc K, Tammik C, Rosendahl K, Zetterberg E, Ringdén O (2003) HLA expression and
immunologic properties of differentiated and undifferentiated mesenchymal stem cells. Exp
Hematol 31:890-896

Horwitz EM, Prockop DJ, Fitzpatrick LA, Koo WW, Gordon PL, Neel M, Sussman M,
Orchard P, Marx JC, Pyeritz RE, Brenner MK (1999) Transplantability and therapeutic
effects of bone marrow-derived mesenchymal cells in children with osteogenesis
imperfecta. Nat Med 5:309-313

Saulnier N, Piscaglia AC, Puglisi MA, Barba M, Arena V, Pani G, Alfieri S, Gasbarrini A
(2010) Molecular mechanisms underlying human adipose tissue-derived stromal cells
differentiation into a hepatocyte-like phenotype. Dig Liver Dis. doi:10.1016/j.dld.
2010.04.013 (Official journal of the Italian Society of Gastroenterology and the Italian
Association for the Study of the Liver)

Parekkadan B, van Poll D, Suganuma K, Carter EA, Berthiaume F, Tilles AW, Yarmush
ML (2007) Mesenchymal stem cell-derived molecules reverse fulminant hepatic failure.
PLoS ONE 2:e941

Nauta AJ, Westerhuis G, Kruisselbrink AB, Lurvink EGA, Willemze R, Fibbe WE (2006)
Donor-derived mesenchymal stem cells are immunogenic in an allogeneic host and
stimulate donor graft rejection in a nonmyeloablative setting. Blood 108:2114-2120

Cho PS, Messina DJ, Hirsh EL, Chi N, Goldman SN, Lo DP, Harris IR, Popma SH, Sachs
DH, Huang CA (2008) Immunogenicity of umbilical cord tissue derived cells. Blood
111:430-438

Zangi L, Margalit R, Reich-Zeliger S, Bachar-Lustig E, Beilhack A, Negrin R, Reisner Y
(2009) Direct imaging of immune rejection and memory induction by allogeneic
mesenchymal stromal cells. Stem Cells 27:2865-2874

Wilmut I, Schnieke AE, McWhir J, Kind AJ, Campbell KH (1997) Viable offspring derived
from fetal and adult mammalian cells. Nature 385:810-813

Raya A, Rodriguez-Piza I, Guenechea G, Vassena R, Navarro S, Barrero MJ, Consiglio A,
Castella M, Rio P, Sleep E, Gonzdlez F, Tiscornia G, Garreta E, Aasen T, Veiga A, Verma
IM, Surrallés J, Bueren J, Izpisia Belmonte JC (2009) Disease-corrected hematopoietic
progenitors from Fanconi anaemia induced pluripotent stem cells. Nature 460:53-59
Boyd RL, Tucek CL, Godfrey DI, Izon DJ, Wilson TJ, Davidson NJ, Bean AG, Ladyman
HM, Ritter MA, Hugo P (1993) The thymic microenvironment. Immunol Today 14:445-459


http://dx.doi.org/10.1016/j.dld.2010.04.013
http://dx.doi.org/10.1016/j.dld.2010.04.013

11

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

The Immunogenicity of Stem Cells and Thymus-Based Strategies 219

van Ewijk W, Shores EW, Singer A (1994) Crosstalk in the mouse thymus. Immunol Today
15:214-217

Gordon J, Wilson VA, Blair NF, Sheridan J, Farley A, Wilson L, Manley NR, Blackburn CC
(2004) Functional evidence for a single endodermal origin for the thymic epithelium. Nat
Immunol 5:546-553

Rossi SW, Jenkinson WE, Anderson G, Jenkinson EJ (2006) Clonal analysis reveals a
common progenitor for thymic cortical and medullary epithelium. Nature 441:988-991
Bleul CC, Boehm T (2000) Chemokines define distinct microenvironments in the
developing thymus. Eur J Immunol 30:3371-3379

Gordon J, Bennett AR, Blackburn CC, Manley NR (2001) Gem?2 and Foxnl mark early
parathyroid- and thymus-specific domains in the developing third pharyngeal pouch. Mech
Dev 103:141-143

Nehls M, Pfeifer D, Schorpp M, Hedrich H, Boehm T (1994) New member of the winged-
helix protein family disrupted in mouse and rat nude mutations. Nature 372:103-107
D-m Su, Navarre S, Oh W-j, Condie BG, Manley NR (2003) A domain of Foxnl required
for crosstalk-dependent thymic epithelial cell differentiation. Nat Immunol 4:1128-1135
Balciunaite G, Keller MP, Balciunaite E, Piali L, Zuklys S, Mathieu YD, Gill J, Boyd R,
Sussman DJ, Holldander GA (2002) Wnt glycoproteins regulate the expression of FoxN1, the
gene defective in nude mice. Nat Immunol 3:1102-1108

Bleul CC, Boehm T (2005) BMP signaling is required for normal thymus development.
J Immunol 175:5213-5221

Klug DB, Carter C, Gimenez-Conti IB, Richie ER (2002) Cutting edge: thymocyte-
independent and thymocyte-dependent phases of epithelial patterning in the fetal thymus.
J Immunol 169:2842-2845

Ritter MA, Boyd RL (1993) Development in the thymus: it takes two to tango. Immunol
Today 14:462-469

Gill J, Malin M, Hollinder GA, Boyd R (2002) Generation of a complete thymic
microenvironment by MTS24(+) thymic epithelial cells. Nat Immunol 3:635-642
Schwarz BA, Sambandam A, Maillard I, Harman BC, Love PE, Bhandoola A (2007)
Selective thymus settling regulated by cytokine and chemokine receptors. J Immunol
178:2008-2017

Rossi FMV, Corbel SY, Merzaban JS, Carlow DA, Gossens K, Duenas J, So L, Yi L,
Ziltener HJ (2005) Recruitment of adult thymic progenitors is regulated by P-selectin and its
ligand PSGL-1. Nat Immunol 6:626-634

Matzinger P, Guerder S (1989) Does T-cell tolerance require a dedicated antigen-presenting
cell? Nature 338:74-76

Gallegos AM, Bevan MJ (2004) Central tolerance to tissue-specific antigens mediated by
direct and indirect antigen presentation. J Exp Med 200:1039-1049

Starr TK, Jameson SC, Hogquist KA (2003) Positive and negative selection of T cells. Annu
Rev Immunol 21:139-176

Powell JD (2006) The induction and maintenance of T cell anergy. Clin Immunol
120:239-246

McGargill MA, Derbinski JM, Hogquist KA (2000) Receptor editing in developing T cells.
Nat Immunol 1:336-341

Baldwin TA, Hogquist KA, Jameson SC (2004) The fourth way? Harnessing aggressive
tendencies in the thymus. J Immunol 173:6515-6520

Derbinski J, Schulte A, Kyewski B, Klein L (2001) Promiscuous gene expression in
medullary thymic epithelial cells mirrors the peripheral self. Nat Immunol 2:1032-1039
Anderson MS, Venanzi ES, Klein L, Chen Z, Berzins SP, Turley SJ, von 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

Khattri R, Cox T, Yasayko S-A, Ramsdell F (2003) An essential role for scurfin in
CD4+CD25+T regulatory cells. Nat Immunol 4:337-342



220

67

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

J. Morison et al.

. 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. Nat Immunol 2:301-306

Hsieh C-S, Liang Y, Tyznik AJ, Self SG, Liggitt D, Rudensky AY (2004) Recognition of
the peripheral self by naturally arising CD25+CD4+ T cell receptors. Immunity 21:267-277
Fisson S, Darrasse-Jeze G, Litvinova E, Septier F, Klatzmann D, Liblau R, Salomon BL
(2003) Continuous activation of autoreactive CD4+CD25+ regulatory T cells in the steady
state. J Exp Med 198:737-746

Klein L, Khazaie K, von Boehmer H (2003) In vivo dynamics of antigen-specific regulatory
T cells not predicted from behavior in vitro. Proc Natl Acad Sci U S A 100:8886-8891
von Boehmer H (2005) Mechanisms of suppression by suppressor T cells. Nat Immunol
6:338-344

Mempel TR, Pittet MJ, Khazaie K, Weninger W, Weissleder R, von Boehmer H, von
Andrian UH (2006) Regulatory T cells reversibly suppress cytotoxic T cell function
independent of effector differentiation. Immunity 25:129-141

Apostolou I, Sarukhan A, Klein L, von Boehmer H (2002) Origin of regulatory T cells with
known specificity for antigen. Nat Immunol 3:756-763

Kretschmer K, Heng TSP, von Boehmer H (2006) De novo production of antigen-specific
suppressor cells in vivo. Nat Protoc 1:653-661

Foss DL, Donskoy E, Goldschneider I (2001) The importation of hematogenous precursors
by the thymus is a gated phenomenon in normal adult mice. J Exp Med 193:365-374
Owen RD (1945) Immunogenetic consequences of vascular anastomoses between bovine
twins. Science 102:400-401

Anderson D, Billingham RE, Lampkin GH, Medwar PB (1951) The use of skin grafting to
distinguish between monozygotic and dizygotic twins in cattle. Heredity 5:379-397
Billingham RE, Brent L, Medawar PB (1953) Actively acquired tolerance of foreign cells.
Nature 172:603-606

Marrack P, Lo D, Brinster R, Palmiter R, Burkly L, Flavell RH, Kappler J (1988) The effect
of thymus environment on T cell development and tolerance. Cell 53:627-634

Sharabi Y, Sachs DH (1989) Engraftment of allogeneic bone marrow following
administration of anti-T cell monoclonal antibodies and low-dose irradiation. Transplant
Proc 21:233-235

Knobler HY, Sagher U, Peled 1J, Wexler MR, Steiner D, Rubinstein N, Weshler Z, Or R,
Slavin S (1985) Tolerance to donor-type skin in the recipient of a bone marrow allograft.
Treatment of skin ulcers in chronic graft-versus-host disease with skin grafts from the bone
marrow donor. Transplantation 40:223-225

Sayegh MH, Fine NA, Smith JL, Rennke HG, Milford EL, Tilney NL (1991) Immunologic
tolerance to renal allografts after bone marrow transplants from the same donors. Ann Intern
Med 114:954-955

Koshiba T, Li Y, Takemura M, Wu Y, Sakaguchi S, Minato N, Wood KJ, Haga H, Ueda M,
Uemoto S (2007) Clinical, immunological, and pathological aspects of operational tolerance
after pediatric living-donor liver transplantation. Transpl Immunol 17:94-97

Weng L, Dyson J, Dazzi F (2007) Low-intensity transplant regimens facilitate recruitment
of donor-specific regulatory T cells that promote hematopoietic engraftment. Proc Natl
Acad Sci U S A 104:8415-8420

Joffre O, Santolaria T, Calise D, Al Saati T, Hudrisier D, Romagnoli P, van Meerwijk JPM
(2008) Prevention of acute and chronic allograft rejection with CD4+CD25+
Foxp3+regulatory T lymphocytes. Nat Med 14:88-92

Hoffmann P, Ermann J, Edinger M, Fathman CG, Strober S (2002) Donor-type
CD4(+)CD25(+) regulatory T cells suppress lethal acute graft-versus-host disease after
allogeneic bone marrow transplantation. J Exp Med 196:389-399

Cohen JL, Trenado A, Vasey D, Klatzmann D, Salomon BL (2002) CD4(+)CD25(+)
immunoregulatory T Cells: new therapeutics for graft-versus-host disease. J Exp Med
196:401-406



11

88.

89.

90.

9

—_

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

104.

105.

106.

107.

The Immunogenicity of Stem Cells and Thymus-Based Strategies 221

Adeegbe D, Levy RB, Malek TR (2010) Allogeneic T regulatory cell-mediated
transplantation tolerance in adoptive therapy depends on dominant peripheral suppression
and central tolerance. Blood 115:1932-1940

Lui KO, Boyd AS, Cobbold SP, Waldmann H, Fairchild PJ (2010) A role for regulatory T
Cells in acceptance of embryonic stem cell-derived tissues transplanted across an MHC
barrier. Stem Cells 28:1905-1914

Ildstad ST, Sachs DH (1984) Reconstitution with syngeneic plus allogeneic or xenogeneic
bone marrow leads to specific acceptance of allografts or xenografts. Nature 307:168—170

. Gruver AL, Hudson LL, Sempowski GD (2007) Immunosenescence of ageing. J Pathol

211:144-156

Gray DHD, Seach N, Ueno T, Milton MK, Liston A, Lew AM, Goodnow CC, Boyd RL
(2006) Developmental kinetics, turnover, and stimulatory capacity of thymic epithelial
cells. Blood 108:3777-3785

Min H, Montecino-Rodriguez E, Dorshkind K (2004) Reduction in the developmental
potential of intrathymic T cell progenitors with age. J Immunol 173:245-250

Naylor K, Li G, Vallejo AN, Lee W-W, Koetz K, Bryl E, Witkowski J, Fulbright J, Weyand
CM, Goronzy JJ (2005) The influence of age on T cell generation and TCR diversity.
J Immunol 174:7446-7452

de Mello-Coelho V, Savino W, Postel-Vinay MC, Dardenne M (1998) Role of prolactin and
growth hormone on thymus physiology. Dev Immunol 6:317-323

Andrew D, Aspinall R (2002) Age-associated thymic atrophy is linked to a decline in IL-7
production. Exp Gerontol 37:455-463

Hince M, Sakkal S, Vlahos K, Dudakov J, Boyd R, Chidgey A (2008) The role of sex
steroids and gonadectomy in the control of thymic involution. Cell Immunol 252:122-138
Linton PJ, Dorshkind K (2004) Age-related changes in lymphocyte development and
function. Nat Immunol 5:133-139

Rossi SW, Chidgey AP, Parnell SM, Jenkinson WE, Scott HS, Boyd RL, Jenkinson EJ,
Anderson G (2007) Redefining epithelial progenitor potential in the developing thymus. Eur
J Immunol 37:2411-2418

Sutherland JS, Goldberg GL, Hammett MV, Uldrich AP, Berzins SP, Heng TS, Blazar BR,
Millar JL, Malin MA, Chidgey AP, Boyd RL (2005) Activation of thymic regeneration in
mice and humans following androgen blockade. J Immunol 175:2741-2753

Gill J, Malin M, Sutherland J, Gray D, Hollander G, Boyd R (2003) Thymic generation and
regeneration. Immunol Rev 195:28-50

Dudakov JA, Goldberg GL, Reiseger JJ, Vlahos K, Chidgey AP, Boyd RL (2009) Sex
steroid ablation enhances hematopoietic recovery following cytotoxic antineoplastic therapy
in aged mice. J Immunol 183:7084-7094

3. Heng TSP, Goldberg GL, Gray DHD, Sutherland JS, Chidgey AP, Boyd RL (2005) Effects

of castration on thymocyte development in two different models of thymic involution.
J Immunol 175:2982-2993

Sutherland JS, Spyroglou L, Muirhead JL, Heng TS, Prieto-Hinojosa A, Prince HM,
Chidgey AP, Schwarer AP, Boyd RL (2008) Enhanced immune system regeneration in
humans following allogeneic or autologous hemopoietic stem cell transplantation by
temporary sex steroid blockade. Clin Cancer Res 14:1138-1149

Dudakov JA, Goldberg GL, Reiseger JJ, Chidgey AP, Boyd RL (2009) Withdrawal of sex
steroids reverses age- and chemotherapy-related defects in bone marrow lymphopoiesis.
J Immunol 182:6247-6260

Goldberg GL, Sutherland JS, Hammet MV, Milton MK, Heng TSP, Chidgey AP, Boyd RL
(2005) Sex steroid ablation enhances lymphoid recovery following autologous hematopoietic
stem cell transplantation. Transplantation 80:1604—-1613

Goldberg GL, Alpdogan O, Muriglan SJ, Hammett MV, Milton MK, Eng JM, Hubbard
VM, Kochman A, Willis LM, Greenberg AS, Tjoe KH, Sutherland JS, Chidgey A, van
den Brink MRM, Boyd RL (2007) Enhanced immune reconstitution by sex steroid



222

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

J. Morison et al.

ablation following allogeneic hemopoietic stem cell transplantation. J Immunol
178:7473-7484

Goldberg GL, Dudakov JA, Reiseger JJ, Seach N, Ueno T, Vlahos K, Hammett MV, Young
LF, Heng TSP, Boyd RL, Chidgey AP (2010) Sex steroid ablation enhances immune
reconstitution following cytotoxic antineoplastic therapy in young mice. J Immunol
184:6014-6024

Erickson M, Morkowski S, Lehar S, Gillard G, Beers C, Dooley J, Rubin JS, Rudensky A,
Farr AG (2002) Regulation of thymic epithelium by keratinocyte growth factor. Blood
100:3269-3278

Alpdogan O, Hubbard VM, Smith OM, Patel N, Lu S, Goldberg GL, Gray DH, Feinman J,
Kochman AA, Eng JM, Suh D, Muriglan SJ, Boyd RL, van den Brink MRM (2006)
Keratinocyte growth factor (KGF) is required for postnatal thymic regeneration. Blood
107:2453-2460

Rossi SW, Jeker LT, Ueno T, Kuse S, Keller MP, Zuklys S, Gudkov AV, Takahama Y,
Krenger W, Blazar BR, Holldnder GA (2007) Keratinocyte growth factor (KGF) enhances
postnatal T-cell development via enhancements in proliferation and function of thymic
epithelial cells. Blood 109:3803-3811

Rossi S, Blazar BR, Farrell CL, Danilenko DM, Lacey DL, Weinberg KI, Krenger W,
Hollinder GA (2002) Keratinocyte growth factor preserves normal thymopoiesis and
thymic microenvironment during experimental graft-versus-host disease. Blood
100:682-691

Kelly RM, Highfill SL, Panoskaltsis-Mortari A, Taylor PA, Boyd RL, Hollander GA,
Blazar BR (2008) Keratinocyte growth factor and androgen blockade work in concert to
protect against conditioning regimen-induced thymic epithelial damage and enhance
T-cell reconstitution after murine bone marrow transplantation. Blood 111:5734-5744
de Mello-Coelho V, Villa-Verde DM, Dardenne M, Savino W (1997) Pituitary hormones
modulate cell-cell interactions between thymocytes and thymic epithelial cells.
J Neuroimmunol 76:39-49

Youm Y-H, Yang H, Sun Y, Smith RG, Manley NR, Vandanmagsar B, Dixit VD
(2009) Deficient ghrelin receptor-mediated signaling compromises thymic stromal cell
microenvironment by accelerating thymic adiposity. J Biol Chem 284:7068-7077

Dixit VD, Yang H, Sun Y, Weeraratna AT, Youm Y-H, Smith RG, Taub DD (2007) Ghrelin
promotes thymopoiesis during aging. J Clin Invest 117:2778-2790

Napolitano LA, Schmidt D, Gotway MB, Ameli N, Filbert EL, Ng MM, Clor JL, Epling L,
Sinclair E, Baum PD, Li K, Killian ML, Bacchetti P, McCune JM (2008) Growth hormone
enhances thymic function in HIV-1-infected adults. J Clin Invest 118:1085-1098
Carlo-Stella C, Di Nicola M, Milani R, Longoni P, Milanesi M, Bifulco C, Stucchi C,
Guidetti A, Cleris L, Formelli F, Garotta G, Gianni AM (2004) Age- and irradiation-
associated loss of bone marrow hematopoietic function in mice is reversed by recombinant
human growth hormone. Exp Hematol 32:171-178

Clark R (1997) The somatogenic hormones and insulin-like growth factor-1: stimulators of
lymphopoiesis and immune function. Endocr Rev 18:157-179

Corpas E, Harman SM, Blackman MR (1993) Human growth hormone and human aging.
Endocr Rev 14:20-39

Alpdogan O, Muriglan SJ, Kappel BJ, Doubrovina E, Schmaltz C, Schiro R, Eng JM,
Greenberg AS, Willis LM, Rotolo JA, O’Reilly RJ, van den Brink MRM (2003) Insulin-like
growth factor-I enhances lymphoid and myeloid reconstitution after allogeneic bone
marrow transplantation. Transplantation 75:1977-1983

Mayack SR, Shadrach JL, Kim FS, Wagers AJ (2010) Systemic signals regulate ageing and
rejuvenation of blood stem cell niches. Nature 463:495-500

Sportes C, Gress RE, Mackall CL (2009) Perspective on potential clinical applications of
recombinant human interleukin-7. Ann N Y Acad Sci 1182:28-38



11

124.

125.

126.

127.

128.

129.

130.

131.

The Immunogenicity of Stem Cells and Thymus-Based Strategies 223

Alves NL, Richard-Le Goff O, Huntington ND, Sousa AP, Ribeiro VSG, Bordack A,
Vives FL, Peduto L, Chidgey A, Cumano A, Boyd R, Eberl G, Di Santo JP (2009)
Characterization of the thymic IL-7 niche in vivo. Proc Natl Acad Sci U S A 106:1512-1517
Andrew D, Aspinall R (2001) I1-7 and not stem cell factor reverses both the increase in
apoptosis and the decline in thymopoiesis seen in aged mice. J Immunol 166:1524-1530
Mackall CL, Fry TJ, Bare C, Morgan P, Galbraith A, Gress RE (2001) IL-7 increases both
thymic-dependent and thymic-independent T-cell regeneration after bone marrow
transplantation. Blood 97:1491-1497

Alpdogan O, Muriglan SJ, Eng JM, Willis LM, Greenberg AS, Kappel BJ, van den Brink
MRM (2003) IL-7 enhances peripheral T cell reconstitution after allogeneic hematopoietic
stem cell transplantation. J Clin Invest 112:1095-1107

Sportes C, Hakim FT, Memon SA, Zhang H, Chua KS, Brown MR, Fleisher TA,
Krumlauf MC, Babb RR, Chow CK, Fry TJ, Engels J, Buffet R, Morre M, Amato RJ,
Venzon DJ, Korngold R, Pecora A, Gress RE, Mackall CL (2008) Administration of rhIL-
7 in humans increases in vivo TCR repertoire diversity by preferential expansion of naive
T cell subsets. J] Exp Med 205:1701-1714

Wils E-J, Braakman E, Verjans GMGM, Rombouts EJC, Broers AEC, Niesters HGM,
Wagemaker G, Staal FIT, Lowenberg B, Spits H, Cornelissen JJ (2007) Flt3 ligand expands
lymphoid progenitors prior to recovery of thymopoiesis and accelerates T cell reconstitution
after bone marrow transplantation. J Immunol 178:3551-3557

Kenins L, Gill JW, Hollinder GA, Wodnar-Filipowicz A (2010) Flt3 ligand-receptor
interaction is important for maintenance of early thymic progenitor numbers in steady-state
thymopoiesis. Eur J Immunol 40:81-90

Kenins L, Gill JW, Boyd RL, Hollinder GA, Wodnar-Filipowicz A (2008) Intrathymic
expression of FIt3 ligand enhances thymic recovery after irradiation. J Exp Med
205:523-531





