Breakdown of Thymic Tolerance —
an Etiologic Link Between Acute and

Chronic Graft-versus-Host Disease

Inauguraldissertation

zur
Erlangung der Wiirde eines Doktors der Philosophie
vorgelegt der
Philosophisch-Naturwissenschaftlichen Fakultat
der Universitat Basel

vo1n

Simone Dertschnig

aus Herznach, AG

Basel, 2014



Genehmigt von der Philosophisch-Naturwissenschaftlichen Fakultét
auf Antrag von

Prof. Dr. Georg A. Holldnder

Prof. Dr. Jean Pieters
Prof. Dr. Christoph Hess

Basel, den 18. Februar 2014

Prof. Dr. Jorg Schibler
Dekan



SUMMARY

Allogeneic haematopoietic stem cell transplantation (HSCT) is the
standard therapy for many disorders of the haematological system. Its use
is limited by the major complication acute graft-versus-host disease
(GVHD). Development of acute GVHD predisposes to chronic GVHD
whose autoimmune manifestations are integral components of disease. It
remains uncertain, however, whether and how autoimmunity is linked to
antecedent alloimmunity. A hallmark of murine acute GVHD is the de novo
generation of autoreactive T cells that suggests breakdown of thymic
tolerance induction. Central tolerance is dependent on the intrathymic
expression of a full scope of tissue-restricted self-antigens (TRA), which is a
distinct property of mature medullary thymic epithelial cells (mTEC"®").
The ectopic expression of TRA in mTEC"" is partly controlled by the
autoimmune regulator (Aire). Since the thymus epithelium is a target of
donor T-cell alloimmunity, I hypothesised that thymic acute GVHD
interfered with the mTEC"®" capacity to sustain TRA diversity. I found
that reductions in mTEC"®" compartment sizes are universal manifestations
of thymic acute GVHD in murine models of haploidentical, fully MHC-
disparate and MHC-identical allogeneic HSCT. Moreover, acute GVHD
weakens the platform for central tolerance induction because individual
TRA are purged from the total repertoire secondary to a decline in the
Aire mTEC"®" subset. The most substantially reduced TRA are enriched
for genes specific for known target tissues of chronic GVHD. I provide
direct evidence in a transgenic mouse system using ovalbumin (OVA) as a
model neo-TRA that the de novo production of TRA-specific CD4" T cells
during acute GVHD is a consequence of impaired ectopic TRA expression.
OV A-specific CD4" T cells are present in the periphery in mice with acute
GVHD. Peritransplant administration of an epithelial cytoprotective agent,
fibroblast growth factor-7, maintains a stable pool of Aire ' mTEC"®", which
is due to enhanced proliferation of cells within the total mTEC
compartment. In parallel, Fgf7 improves the TRA transcriptome despite
acute GVHD. Taken together, these data indicate the presence of an
etiologic link between acute GVHD and autoimmunity during subsequent
chronic GVHD. The present results also suggest that approaches for
epithelial cytoprotection may prove to prevent the emergence of thymus-
dependent autoreactive T cells.
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1. INTRODUCTION

1.1 Haematopoietic Stem Cell Transplantation

1.1.1 Current Status

Haematopoietic stem cell transplantation (HSCT) has developed
into the standard therapy for several disorders of the haematopoietic
system." In 2011, more than 35,000 transplantations were performed
annually in Europe, of which 42% were allogeneic and 58% autologous
procedures.*” The main indications for allogeneic HSCT were malignancies
of the haematopoietic system, in particular acute myeloid and
lymphoblastic leukaemias (AML and ALL, respectively), myelodysplastic
syndromes (MDS) and non Hodgkin lymphoma (Figure 1). Autologous
HSCT was mainly performed to treat lymphoid neoplasias and non-Hodgkin
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and Hodgkin lymphomas.”™ The success of allogeneic HSCT therapy
depends on a multitude of parameters, including the type and stage of the
underlying disease, patient age, genetic disparity between donor and host,
type and intensity of the pretransplantation conditioning regimen, and the
presence of transplant-related toxicities (TRTs).®” For instance, allogeneic
HSCT is highly efficacious for patients with AML or ALL, since long term
leukaemia-free survival can be achieved in 20-60% of these patients.
Increased disease-free survival with allogeneic HSCT therapy can even be
obtained in older patients (>65yrs): Here, the 5-year survival is <2% when
treated with chemotherapy alone,® whereas treatment with allogeneic HSCT
increases the 5-year survival rate to 33%.” For patients with MDS

allogeneic HSCT is the only therapy with curative potential.
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Figure 1. Indications for HSCT in Europe in 2011. (A) Proportions of disease
indications for an allogeneic HSCT in Europe in 2011. (B) Proportions of disease indications
for an autologous HSCT in Europe in 2011. AML = acute myeloid leukaemia; ALL = acute
lymphoblastic leukaemia; MDS = myelodysplastic syndromes; NHL = non-Hodgkin

lymphoma; HL. = Hodgkin lymphoma.
Adapted from Passweg et al., Bone Marrow Transplantation (2013)5

1.1.2 Principles of allogeneic HSCT

Patients that are chosen for HSCT therapy first undergo preparative
cytoreductive conditioning with chemotherapy and/or total body
irradiation (TBI). This treatment has several purposes as it serves, firstly,
to reduce tumour burden in case of cancer treatment; secondly, to suppress
the recipient’s immune system and thus prevent rejection of the donor
graft; and lastly, to ablate the recipient’s haematopoietic system in order to
create space in the stem cell niche and to enable proper engraftment of
donor HSC. The preparative conditioning therapy can be applied in
different intensities, resulting in either reduction or full ablation of the

" The use of reduced intensity regimens

host’s haematopoietic system.
(RIC) instead of myeloablative treatments was a major advance in
allogeneic HSCT. The principle of RIC is to treat with an intensity that is
high enough to prevent graft rejection, but that induces less tissue injury."
Conditioning is followed by allogeneic HSCT whose goal is two-fold: firstly,
to replace the patient’s diseased haematopoietic system with new HSCs

stemming from a genetically disparate healthy donor, and secondly, to



exploit the immunotherapeutic effect of the donor graft (i.e. graft-versus-
tumour effect, GVT; see below, section 1.2.3).

HSCs can be harvested from different sources. HSC mobilised by
granulocyte colony-stimulating factor (G-CSF) into the peripheral blood
(PB) are the preferred source for transplantation today (peripheral blood
stem cells; PBSC; 99% of autologous and 71% of allogeneic HSCT).*¢
Alternative sources for HSCs used clinically are bone marrow (BM) and
umbilical cord blood (UCB).

1.1.3 Successful Outcome of HSCT

The rates for 1-year and disease-free survival following allogeneic
HSCT have significantly improved over the last few years.">" For allogeneic
HSCT to be successful, three main objectives need to be fulfilled. Firstly,
the underlying disease needs to be cured. The use of cytoreductive
conditioning in combination with the capacity of donor T cells to mediate
an anti-tumour effect is essential for tumour control. Secondly, the patient
should not experience transplant-related toxicities (TRTs) that arise as a
consequence of conditioning and donor T cell immunity that is directed
against healthy host tissues. Unfortunately, TRTs are still major obstacles
of allogeneic HSCT that hamper therapeutic success.'” TRTs include
acute and chronic graft-versus-host disease (GVHD, see below chapter 1.3)
and organ failure caused by the preparative conditioning regimen.'®'” When
present, such adverse events put the patient at risk for transplant-related
morbidity and mortality. Thirdly, immunity needs to be efficiently
reconstituted in patients receiving HSCT. This is important, since the
cytoreductive conditioning not only elicits an anti-tumour effect, but also
compromises the patient’s innate and adaptive immune responses. This
effect predisposes the HSCT recipient to opportunistic infections, increases
the risk for malignancy relapse and the development of secondary
malignancies, and hence, contributes to poor clinical outcome.'®* Timing
and quality of immune reconstitution following allogeneic HSCT have
therefore a significant impact on the patient’s well-being. Acute GVHD
increases the likelihood to be diagnosed with an opportunistic infection.*
Hence, this particular TRT is a confounding factor for the re-establishment

of immune competence. The following two chapters will first present
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knowledge concerning (i) the immune regeneration after transplantation
and (ii) the immunopathophysiology of GVHD, and then address (iii) the

known mechanistic relationships between these two events.

1.2 T-cell Reconstitution post-HSCT

1.2.1 Overview

Following cytoreductive treatment and allogeneic HSCT, there are
two complementary pathways that restore immune competence. Firstly,
residual host-derived haematopoietic cells and mature cells present in the
donor graft undergo clonal expansion in peripheral host tissues secondary to
homeostatic and alloantigenic stimuli; and secondly, myeloid and lymphoid
cells are generated de nmovo from the donor HSCs. Whereas the innate
immune system, including monocytes, granulocytes and natural killer (NK)
cells, is restored within a few weeks, the regeneration of the adaptive
immune system takes months (B cells) to years (T cells) to be completed.*"
» Adequate T cell regeneration is pivotal for the patient’s survival. The
absence of competent T cell immunity is associated with an increased risk
for wviral, bacterial and fungal infections."*** The speed of T-cell
reconstitution depends on several in part interconnected factors, as diverse
as recipient age and gender, underlying disease, type of conditioning,
genetic disparity between donor and host, HSC source, acute and chronic
GVHD, opportunistic infections and relapse of malignancy.* Two pathways
act in parallel to contribute to the regeneration of the T cell pool. First,
donor graft- and residual host-derived mature T cells undergo peripheral
clonal expansion in a thymus-independent manner. The second pathway
comprises the de novo generation of T cells from the transplanted HSCs in

a functionally intact thymus (Figure 2).
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Figure 2. T-cell reconstitution after allogeneic HSCT. T-cell regeneration post-HSCT
is accomplished by two pathways. 1) Thymus-independent pathway. Residual host and
mature donor T cells expand initially in response to homeostatic signals or cognate antigen.
Alloreactive donor T cells can mediate both GVHD and GVT, but contribute also to the
peripheral T cell compartment. Peripheral expansion of pre-existent T cells results in a
conversion to memory phenotype, skewing of the TCR repertoire and contracted pool size.
2) Thymus-dependent pathway. The de novo generation of naive T cells from
haematopoietic progenitors requires a functional thymus. The thymic microenvironment is a
three-dimensional network that attracts T cell progenitors and supports their survival,
expansion, differentiation and selection. Naive, pathogen specific, non-self reactive T cells
emerge from the thymus to the periphery.

Adapted from Krenger et al., Blood (2011)36

1.2.2 Thymus-dependent T cell regeneration

The primary site for T cell development during fetal and early
postnatal life is the thymus.”* The cellular architecture of the thymus is
highly conserved between vertebrate species and is organised in subcapsular
region, cortex, cortico-medullary junction and medulla. Since the thymus

does not contain numbers of HSC sufficient for permanent T-cell
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regeneration, the thymus therefore needs to be continuously replenished
with T cell progenitors from the BM via the blood circulation.”” Once these
progenitors enter the thymus at the cortico-medullary junction, they pass
through different maturation steps during which they develop into mature
T cells (Figure 3).*

Outer cortex

Inner cortex

Medulla

Haematopoietic
precursor

Figure 3. Thymic crosstalk — TEC-thymocyte interactions. The thymus is organised
in discrete cortical and medullary areas. T cell progenitors enter the thymus at the cortico-
medullary junction and their development can be followed by different expression of cell
surface markers. Interactions between thymoytes and the thymus stroma are important to
drive T-cell maturation.

Adapted from Anderson et al., Nature Reviews Immunology (2001)“



The Thymic Lymphoid Compartment

T cell progenitors that have entered the thymus bear a CD3 CD4
CDS triple negative (TN) phenotype and are commonly referred to as early
thymic precursors (ETPs). Throughout their differentiation, ETPs interact
with the thymic microenvironment (discussed in more detail below).” The
initial developmental stages of the TN ETPs are identified by the surface
expression of CD25 and CD44 (double negative (DN) 1: CD25CD44"; DN2:
CD25'CD44"; DN3: CD25 CD44; DN4: CD25CD44; Figure 3).* DN
thymocytes that are located in the thymic cortex and restricted to the a/f
TCR lineage rearrange their T'crb locus and then assemble the TCRp and
pre-TCRa (pTa) chains. This results in the expression of the pre-TCR
complex on the cell surface, which is associated with CD3.*® The expression
of the CD3:pre-TCR complex induces extensive proliferation, expression of
the surface proteins CD4 and CDS8 and hinders further f-chain
rearrangement. These CD4"CD8" double positive (DP) thymocytes then
rearrange the a-chain locus, which results in expression of a complete,
randomly chosen TCRaf:CD3 complex with an antigen specificity. At the
DP stage, thymocytes undergo a first selection process, termed positive
selection, to assure TCR reactivity to  self-peptide/self-major
histocompatibility complex (MHC) complexes. The latter are presented by
thymic stroma cells and thymocytes with sufficiently high affinity are
selected and consequently receive further differentiation signals,” whereas
no interactions induce apoptosis (“death by neglect”) of DP. Positively
selected thymocytes with a TCR restricted to MHC class II express CD4 on
the surface, whereas CDS8 is expressed on thymocytes with a TCR restricted
to MHC class I (CD4" single positive (SP) and CD8" SP, respectively).”
Only 3-5% of thymocytes receive a survival signal and migrate from the

132 where they are subject to thymic negative

cortex to the medulla,
selection. In this process, SP thymocytes are checked for reactivity to self-
peptides, among them many antigens with tissue-specific expression of
proteins (i.e. tissue-restricted antigens, TRA). These self-antigens are
presented by medullary thymic epithelial cells (mTEC) and dendritic cells
(DC) (discussed in more detail below). SP thymocytes with a TCR that
binds with an inadequately high affinity to the self-peptide/ MHC complexes
are removed from the repertoire by apoptosis.” Positive and negative

selection processes together shape the T cell repertoire such that the
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adaptive immune system is competent to react to a seemingly unlimited
diversity of foreign antigens (“nonself”’) whilst not being responsive to self-
antigens (“self?’).”® This pivotal mechanism to assure self-tolerance is termed
central (i.e. thymic) T cell tolerance induction. Before being exported to the
periphery, thymocytes go through post-selection maturation in the

medulla.*

The Thymic Stromal Compartment

The thymic stroma is a three-dimensional network composed of
different cell types. Major components of this scaffold are thymic epithelial
cells (TEC), but mesenchymal cells and cells of haematopoietic origin such
as DCs and macrophages are also present. Together they build a unique
structural and functional microenvironment that attracts T cell progenitors
and supports their survival, expansion, differentiation and selection.”®* The
TEC compartment itself is composed of phenotypically, functionally and
structurally different cortical and medullary subsets, which are completely
replaced every 10 to 14 days.”® Several surface and intracellular markers
characterise the TEC subsets of the murine thymus. The major markers are
cytokeratins (CK) which include CK5, CK14, CK8 and CKI18. Cortical
TEC express CK8 and CK18 and can be further defined by flow cytometry
by their expression of epithelial cell adhesion molecule (EpCam; CD326)
and Ly51.%"% In addition to the expression of both MHC class I and class
IT molecules, cTEC have the unique ability to support positive selection by
antigen-processing and antigen-presentation capacities that are different
from other cell types like mTEC and DCs present in the thymus.” The
mTEC subset is characterised by its expression of CK5 and CK14.%*%
Recent progress further allowed a more precise identification of mTEC by
flow cytometry. These cells express EpCam (CD326) and are reactive with
Ulex europaeus agglutinin-1 (UEA-1), but do not express Ly51 and
CD45.7%5%%57 Gimilar to ¢cTEC, mTEC express both MHC class I and class
I1.* Since mTEC are major contributors to thymic negative selection they

are of central importance to generate a self-tolerant T cell repertoire.
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Negative Selection in the Thymus Medulla

The medullary TEC compartment contains cells at different
maturational stages that can be classified according to the expression of
costimulatory molecules, such as CD40, CD80, CD86, the intensity of MHC
class II expression and the intracellular expression of the transcription
factor Autoimmune Regulator (Aire).”*®® While immature mTEC express
low levels of CD40, CD80, CD86 and MHC class II (referred to as
mTEC""), mature mTEC express high levels of CD40, CD80, CD86 and
MHC class II (mTEC"") and express Aire at either low or high levels. A
large array of TRA is produced by mTEC and presented to developing
thymocytes either by mTEC themselves or by DCs via cross-presentation.®
These TRA encode for antigens normally present in the periphery.®*™
During mTEC maturation, TRA expression levels increase, as mTEC"s"
show the highest extent of TRA diversity.” The process of TRA expression
is called promiscuous gene expression (pGE). TRA expression by mTEC
“mirrors the peripheral self” and is crucial for induction of central
tolerance.”™™ Expression levels in mTEC are 50- to 170-fold lower when
compared to the corresponding peripheral tissues.”™ Given the fact that
each TRA is only expressed by 1-3% of mTEC, which are dispersed in the
medulla,” the process of TRA presentation needs to be efficient. It is still
poorly understood how mTEC"" transcribe and translate these
promiscuous genes. One control mechanism that drives TRA expression is
mediated via the transcription factor Aire (Figure 4). Within the thymus,

Aire is expressed in mature mTEC"s" 767

and lack of appropriate Aire
expression predisposes to autoimmune disease. In humans, mutations in the
Aire gene cause Autoimmune polyendocrinopathy-candidiasis ectodermal
dystrophy (APECED; also known as autoimmune polyendocrine syndrome
type 1, APS-1),"*™ a rare monogenic autoimmune disease that affects
multiple organs.**® Aire mTEC"®" are typically post-mitotic and acquire
features that are characteristic for professional APCs (e.g. high expression
of MHC class II, CD40, CD80, CD86).”"* Mice deficient for Aire (Aire-
knock out) show autoimmune manifestations that mimic the human
APECED including the presence of autoantibodies against various tissues
and mononuclear cell infiltrations of several organs.**™ Gene expression
analysis of mTEC isolated from Aire-knock out (Aire””) and Aire-wild type
(Aire” ") mice revealed that a fraction of ~30% of TRA is controlled by
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Aire.”*™ Among them are for example insulin, salivary protein 1, and fatty
acid-binding protein.” Importantly, inadequate Aire gene dosage or the
absence of Aire expression and the loss of TRA diversity is associated with
impaired negative selection.” Consequently, T cells bearing a high-affinity
TCR for a specific Aire-dependent TRA can emerge in the periphery.®®
The precise molecular mechanisms how Aire promotes TRA expression are
still unsolved. Transcriptional regulation via epigenetic modifications is

likely to be a candidate mechanism.*™

Figure 4. Aire promotes
\ negative selection of self-reactive

( & | thymocytes. Aire induces the
be expression of a broad array of TRA,

/_‘\ X which are processed and presented by

mTEC themselves or DCs via cross-

presentation. Inadequate binding of

the TCR with a TRA/MHC complex

results in  clonal deletion  of
Thymocyte thymocytes.

Adapted from Mathis et al., Annual

Review of Immunology (2009)87

Clonally deleted
thymocyte

Efficient tolerance induction is only achieved when thymocytes are
exposed to the whole spectrum of self-antigens present in the thymic
medulla. Hence, this process needs to be tightly regulated.®® Small
interruptions such as a reduced number of mature mTEC and ensuing
distraction of the three-dimensional network can obstruct this process.®*
Thymic negative selection is not 100% efficient. Additional mechanisms are
in place that contribute to assure self-tolerance and prevent autoimmunity.
For example, natural regulatory T cells (T,,) that are characterised by
their CD4"CD25" phenotype and the intracellular expression of the
transcription factor Foxp3 are generated in the thymus.”” Recent data has
demonstrated that the mTEC compartment provides a developmental niche
for T,

the latter.™*%

cells and is therefore critically required for the proper generation of
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OVA — a tool to study thymic negative selection

To study negative selection specially adapted mouse models are
required that include the thymic expression of neo-self-antigen (model
TRA). RIP-mOVA mice express membrane-bound ovalbumin (mOVA;
OVA 535;) under the control of the rat insulin promoter (RIP).” In these
mice, mOVA is expressed in the pancreas but the transgene is also
ectopically expressed in the thymus specifically in mTEC.” Rag2-deficient
OT-II mice have a transgenic Va2VB5 TCR specific for OV Ay, in the
context of MHC class II (I-A").”' In bone marrow chimeras the developing
OV A-specific thymocytes are deleted in a thymus of a RIP-mOVA mouse.
This indicated that negative selection is mediated by thymic OVA
expression.” In contrast, OT-II thymocytes are not negatively selected in a
wildtype thymus and emerge to the periphery. This experimental system
allows the investigation of central tolerance to a known antigen and
consequently the identification of autoreactive T cells that have escaped

negative selection.

1.2.3 Thymus-independent T cell regeneration

Early T cell competence following allogeneic HSCT is provided both
by residual host T cells that have survived conditioning and by mature
donor T cells present in the non T cell depleted (non-TCD) graft (Figure
2).7M0% Donor-derived T cells are the major contributors to T cell
competence in cases of high-intensity conditioning."™'® After use of RIC
residual host T cells also play a prominent role in complementing early T
cell immunity.'"'"!"? Under physiological conditions T cells either expand in
response to stimulation by cognate antigen or undergo homeostatic
proliferation in case of lymphopenia.''"'"® The diversity of the T cell pool
generated through homeostatic peripheral expansion, largely depends on the
diversity of the mature T cells that served as the source for expansion.
Interactions with pathogens skew the repertoire because of oligoclonal
expansion of pathogen-specific T cells, which may acquire a memory
phenotype.'® Thymus-independent T cell immunity is largely transient and
characterised by clonal exhaustion of cells caused by extensive replication

and increased sensitivity to apoptosis.””'**!"*!® The transferred donor T
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cells not only defend against post-HSCT infections, but also provide
tumouricidal activity, which is termed graft-versus-tumour (GVT) effect,'"”
and may cure malignancies in the context of allogeneic HSCT."® 1In the
case of leukaemia, this phenomenon is referred to as the graft-versus-
leukaemia (GVL) effect.""” Donor T cells and histocompatibility differences
between donor and host are pivotal for the GVT effect.” In MHC-
mismatched transplantation settings, alloreactive donor T cells react
against both MHC molecules and antigens presented by the MHC molecule.
However, in MHC-matched settings genetic differences between donor and
recipient are restricted to minor histocompatibility antigens (miHAs).'
The epitopes that promote the GVT effect are also mostly expressed on
normal, non-malignant host cells and promote a GVH reaction (see chapter
1.3).""” However, unique tumour associated antigens and miHA specifically
expressed in haematopoietic cells, such as HA-1 and HA-2, can serve as
preferential targets of GVT responses without developing GVHD."”"'* GVT
and GVHD are thus tightly linked processes.

18



1.3 Graft-versus-host Disease

1.3.1 Clinical Features of Graft-versus-host Disease

The development of novel transplantation strategies has contributed
to the expansion of indications for allogeneic HSCT. However, GVHD
remains a major complication and limits the use of transplantation
therapy.'® GVHD manifests in an acute and/or chronic form. Acute GVHD
is classified in a classic and a late-onset form according to the time when
symptoms are visible.”” Acute GVHD predominantly affects the skin (81%
of patients), gastrointestinal tract (GI; 54%), and liver (50%) (Figures 5

and 6) . 126,128

Figure 5. Acute GVHD of the skin (grade I).
Taken from Ferrara et al., Lancet (2009)126

The severity of acute GVHD depends on the extent of organ
involvement and is graded as follows: grade I (mild); II (moderate); III
(severe); and IV (very severe).”” Five-year survival for grade III acute
GVHD is 25%. Grade IV disease diminishes long-term survival to 5%.""
The development of acute GVHD depends on several factors, including
genetic differences between donor and host, donor’s sex, and the stem cell
source replete with donor T cells."®** While the incidence of acute GVHD
in patients receiving fully-matched sibling donor grafts varies from 35 to
45%,"* recipients of one-antigen HLA-mismatched unrelated donor grafts
have an incidence of acute GVHD occurrence of up to 60-80%."*

Chronic GVHD is the major cause for non-relapse death occurring
late after allogeneic HSCT."® Additionally, its presence prolongs the need
for immune suppressive therapy.'**™* Two forms of chronic GVHD were

defined; a classic type without features of acute GVHD and an overlap
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syndrome with features of both, acute and chronic GVHD (Figure 6)."*"'*

The overlap syndrome can arise in two different ways. Firstly, chronic
GVHD occurs progressively, thus the acute form merges into chronic
pathology. Secondly, chronic GVHD can appear quiescently, when fully
resolved acute GVHD is followed by the chronic form. However, classic
chronic GVHD is initiated de novo. The occurrence of chronic GVHD varies
widely between 6-80%," %! with a mortality of 30%.'* Older recipient
age and the presence of prior acute GVHD predispose to chronic
GVHD."!:12 Chronic GVHD is a multiorgan pathology that affects the
skin, eyes, mouth, gut, liver, lungs, joints and genitourinary system, which
results in organ failure and decreased survival."*'*" According to the
number and severity of organs involved, chronic GVHD is scored as mild,

moderate or severe.139‘148

Acute GVHD: Chronic GVHD o Figure 6. GVHD
Red skin rash, Gl symptoms, liver Skin, eyes, mouth, gastrointestinal, liver, . . .
musculoskeletal, lung, genitourinary classification. Clinical
NIH manifestations determine
Mild .
; Moderate whether the syndrome is
1 Severe ; :
1 J
Clasilc acuis < Cisasic chroric considered as acute or chronic
i

GVHD.
Adapted from Pavletic et al.,
Hematology (2012)149

- Chronic
overlap
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1.3.2 Pathophysiology of acute GVHD

The use of mouse models was crucial for the understanding of the
pathophysiology of acute GVHD." The development of acute GVHD can
be summarised to occur in three sequential steps: 1) activation of host
APCs; 2) activation, expansion and differentiation, and trafficking of donor
T cells; and 3) target tissue destruction by cellular and inflammatory

126

effectors (Figure 7).
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’ Conditioning: tissue damage

Figure 7. Pathophysiology
of acute GVHD. The
development of acute GVHD
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Prior to transplantation, the underlying disease and cytoreductive
conditioning cause damage to patient’s tissues. The latter respond to this
damage with the secretion of “danger signals”, including proinflammatory
cytokines, such as tumour necrosis factor-a (TNF-a) and interleukins 1 and
6 (IL-1 and -6, respectively), and chemokines. Furthermore, expression of
adhesion molecules, costimulatory molecules, and MHC antigens on host
APCs is increased. Together, these danger signals result in the activation of
host APCs."?1%

The central step of the GVH reaction is the second phase, in which
donor T cells proliferate and differentiate upon recognition of signals from
host APC.""" Donor /host disparities in MHC class I initiate a CD8-driven
GVHD response, while differences in MHC class II result in stimulation of
CD4" T cells.”” However, recipients of HLA-identical grafts can still
develop acute GVHD mediated by both CD4" and CD8" T cells because of
genetic disparities outside of the MHC loci referred to as minor
histocompatibility antigens (miHA)."”' The combination of signals
mediated by antigen-specific receptors and costimulatory molecules results
in the activation of donor T cells and consequently their expression of
cytokines. T-helper 1 (Tyl) cytokines, which include interferon-y (IFN-y),
IL-2 and TNF-a, but also Ty2 cytokines (IL-4, -5, -10, and -13), are
extensively released during acute GVHD. A unique combination of

chemokines expressed by host tissues that target receptors expressed on
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donor T cells regulates the migration of alloreactive T cells from lymphoid
tissues to specific target tissues. Once migrated to target tissues,
alloreactive effector T cells can mediate tissue damage through both direct
cytotoxicity and the recruitment of additional leukocytes, such as NK
cells.'™

The third phase of acute GVHD is a complex cascade of cellular
mediators, such as cytotoxic T cells and NK cells, and soluble inflammatory
agents, such as TNF-a, IFN-y, IL-1 and nitric oxide.” These molecules
work synergetically to amplify local tissue injury and further promote
inflammation and target tissue destruction. IFN-y has an ambivalent role in
acute GVHD and can either enhance or reduce the disease.'®'"" But my lab

has demonstrated a central role for IFN-y in thymic injury (see 1.3.7).'%

1.3.3 Pathophysiology of chronic GVHD

In comparison to acute GVHD, the pathophysiology of chronic
GVHD is less well understood. This restriction is due to a limited
availability of suitable mouse models."™ Four mechanisms may likely
contribute to the development of chronic GVHD. Firstly, cytokines such as
transforming growth factor-p (TGF-f) may play a crucial role in chronic
GVHD, since neutralisation of TGF-p in experimental models ameliorated
the manifestations of chronic GVHD.'® Secondly, the role of B cells in the
pathophysiology of chronic GVHD is supported by both experimental and
clinical data. For example, experimental models showed that the
development of a chronic GVHD syndrome with cutaneous sclerosis and
glomerulonephritis phenotype is dependent on the presence of both, donor
CD4 T and B cells.'® Patients treated with a anti-CD20 antibody showed
improvement of clinical symptoms of chronic GVHD, indicating a role for B
cells.'"™ Thirdly, a defect in the T,
development of chronic GVHD. Acute GVHD affects the development of
T, cells, which might be capable of preventing chronic GVHD.'”
Experimental data from different GVHD models showed that donor and
host T,
GVHD.'***71%  (Clinical data from chronic GVHD in humans are not
levels and increased GVHD

risk is likely.'®'™ Lastly, defective thymic negative selection has been

population was associated with the

cells were able to prevent or even reverse already existing

consistent, but an association between low T,
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implicated in the development of chronic GVHD. Thymic damage caused
by prior acute GVHD (discussed in more detail below) has been reported to
impair negative selection of developing thymocytes in mice.'” Evidence that
the disruption in the thymic microenvironment plays a role for the typical
autoimmune syndrome observed in chronic GVHD has been gained from
experimental transplantation models. The de novo generation of
autoreactive T cells from donor HSC is a hallmark of murine acute
GVHD."™™ These autoreactive T cell clones can mediate the evolution
from the acute to the chronic GVHD form."™"™ Moreover, thymic damage
in the course of acute GVHD has been connected to a severely altered TCR

0

repertoire selection.'™ Taken together, the impairment of the T,,

development and thymic negative selection provide two possibilities how
acute GVHD can predispose to chronic GVHD. Since some studies'*'
showed that chronic GVHD recipients do not necessarily have a defect in
thymic negative selection, and that transplantation of healthy thymic tissue
did not ameliorate chronic GVHD, thymus-independent pathways can also
give rise to autoreactive T cells breaking the tolerance and mediating
chronic GVHD. Supporting this notion, Zhao et al.'®® showed that
autoimmune-like chronic GVHD can be induced in euthymic, T cell-
deficient athymic, and thymectomised MHC-matched recipients by donor
CD4" T cells. As a possible mechanism, mature donor CD4" T cells that
are transferred in the donor stem cell graft show both, host and donor
reactivity, and are activated and expanded by alloimmune response. This
results in a skewed TCR repertoire that is able to mediate autoimmune
manifestations in the absence of effective T-cell regulation.'® After being
activated, these donor T cells contribute to the development of
autoimmune-like manifestations characteristic of chronic GVHD."*'% A
crucial role for donor APCs in the evolution from alloreactivity to
autoreactivity was suggested in this context."™ In a first phase of GVHD,
donor T cells recognise alloantigen presented on host APCs. However, these
APCs are replaced by donor APCs, which present host alloantigen via the
indirect pathway of allorecognition to donor T cells. During this transition,
breaking of self-tolerance occurs and donor T cells acquire the ability to

recognise both host and donor.
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1.3.4 Prophylaxis and Treatment of GVHD
Prevention of GVHD

The primary strategy to prevent GVHD is to suppress the patient’s
immune competence.”®® Since T cells play a central role in initiating GVHD
many clinical studies used T-cell depletion (TCD) in order to effectively
prevent GVHD. TCD can be done either by negative selection of T cells ex
vivo; by positive selection of CD34" stem cells ex vivo; and/or by antibodies
targeting T cells in vivo.'” Unfortunately, TCD is associated with high
rates of graft failure, malignancy relapse, and opportunistic infections.®!*"'*
At present, no therapy or combination of therapies exist to effectively
prevent clinical acute GVHD. The current standard prophylaxis of acute
GVHD is a combination of immunophilin ligands, such as cyclosporine and
tacrolimus, and/or antimetabolites, such as methotrexate.'” Since both
beneficial anti-tumour effects and deleterious anti-host effects responses are
based on T-cell immunity, a generalised immunosuppression will inhibit
both effects equally. The separation of GVT and GVH responses is hence a
major challenge to transplant immunologists. The use of RIC results in
diminished conditioning-caused tissue damage and consequently the
secretion of inflammatory cytokines is decreased. This could explain the
reduced frequency of severe acute GVHD after RIC compared to full
myeloablative conditioning.'”'” Current approaches to prevent chronic
GVHD are strategies to deplete donor T cells before HSCT. The efficacy of
this approach is low and the overall survival is not increased, however,
clinical studies suggest the use of in vivo T-cell depletion to prevent chronic
GVHD.HMA']QE)

Treatment of GVHD

Despite preventive efforts, GVHD develops in a large number of
patients and treatment is required. The gold standard for acute GVHD
treatment are steroids, which have potent anti-lymphocyte and anti-
inflammatory activity."*'"**'® However, to treat steroid-refractory acute
GVHD other therapy options need to be available, including

antilymphocyte antibody, infusion of mesenchymal stromal cells,
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extracorporeal photopheresis or the blockade of the inflammatory cytokine
TNF-0."'* To control acute GVHD, often multiple agents are used in
combination.  Still, treatment responses remain incomplete and
complications occur frequently, which puts the patient at risk of morbidity
and mortality. Chronic GVHD is treated with a variety of
immunosuppressive drugs. The treatment response varies dramatically not
only among patients, but also among the patient’s different organs, which
makes chronic GVHD difficult to treat. Prolonged treatment with steroids

is highly toxic and predisposes the patient to higher risk for infections.'?*'%

1.3.5 Post-transplant immune deficiency

Post-transplant immune reconstitution is affected by several factors
including advanced age of the patient, type of preparative conditioning
regimen, use of TCD stem cell grafts, genetic differences between donor and
host, presence of GVHD, and immunosuppressive drugs in order to prevent
or treat GVHD. GVHD impacts on the restoration of the patient’s immune
competence in two separate ways; firstly, GVHD directly affects the

197,198

thymus, and secondly, treatment of GVHD with immunosuppressive

drugs impairs immune reconstitution.'”**"*

1.3.6 Immune reconstitution in the presence of acute
GVHD

The presence of acute GVHD has been inversely associated with the
capacity to reconstitute immune competence. In both patients with and
without acute GVHD immune competence drops post-transplantation. At
one year post-transplantation total T cell counts are only slightly higher in
patients without acute GVHD compared to patients suffering from acute
GVHD. However, the reconstitution of mnaive CD4" T cells
(CD45RA"CD62L") is significantly delayed in patients suffering from acute
GVHD (Figure 8)."9720%207
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Figure 8. Acute GVHD delays
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In addition to the total cellularity, the quality of the TCR repertoire
is also affected. The generation of a polyclonal repertoire is restricted in the
presence of acute GVHD and takes longer than the usual 1-2 years in
patients without complications."”” Since the thymus is essential for the
generation of a naive polyclonal T cell pool, these data argue for a defect in
thymus-dependent T cell development.

1.3.7 Thymic GVHD

Morphological changes in the lymphoid and epithelial components of
the thymus have been observed in transplanted patients more than 30 years
ago, which led to the identification of the thymus as a target of GVHD.*™
' The histological features of thymic dysplasia caused by acute GVHD
include the depletion of cortical and medullary thymocytes, changes in
number and composition of the different TEC subpopulations,
disappearance of the corticomedullary demarcation, phagocytosis of cellular

debris, and the elimination of Hassall’s bodies.*?

In parallel to the
destruction of the thymic architecture, deficits in thymopoiesis are
observed. This results in a distorted TCR repertoire and lower thymic

output in comparison to healthy controls,'¥"205206:213-215

Pathomechanism of Thymic Injury — Preclinical Mouse Models

Preclinical mouse models of allogeneic HSCT can provide insight

into the pathophysiology of thymic GVHD. Thymic dysplasia induced in
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experimental mouse models resembles the typical features observed in
human thymic GVHD (see above).'®'™?!%2!'T The impact of radiation and
chemotherapy on thymic structure and function are well described.”™®
However, the mechanisms by which an alloreaction causes thymic injury are
still incompletely understood. To investigate the effect of acute GVHD on
thymic structure and function independently of conditioning, experimental
transplantation model that do not necessitate radiation are required. In a
haploidentical transplantation model, parental T cells (for example:
C57BL/6; H-2") are infused into a F, strain (for example: BDF1; H-2").
Since host immune cells recognise the donor T cells as “self” (in the example
given they share the b haplotype), there is no risk of graft rejection and
pre-conditioning can be omitted. Donor T cells react in turn against the
other parental alloantigens presented on host cells (in the example provided
H-2%), which leads to the destruction of thymic tissue in addition to tissue
injury of typical GVHD target organs.'® In this system, the reduced thymic
cellularity in the context of acute GVHD is primarily a consequence of the
depletion of the most abundant DP thymocyte population. There are two
independent mechanisms that contribute to this defect. Under physiological
conditions, cell numbers of the most immature thymocytes increase 20- to
50-fold during progression of TN to DP thymocytes.”*** However, in the
presence of acute GVHD the proliferation of TN thymocytes is impaired,
resulting in an elevated frequency of stage I TN thymocytes compared to
stage III TN thymocytes.”" Hence, acute GVHD causes a failure of survival
and further maturation of thymocytes to the DP stage. The second
mechanism that accounts for the profound loss of the DP population is the
increased apoptosis of DP thymocytes themselves.”® As an underlying
mechanism, alloreactive donor T cells target the host thymic
microenvironment, thereby indirectly causing impairments in thymopoiesis
and thymic output.'®*? Donor T cells infiltrate the recipient’s thymus in
the absence of pre-conditioning and their number corresponds to the degree
of the defect in thymopoiesis.”' Recent detailed analysis of the thymic
stromal network in the course of acute GVHD revealed that TEC undergo
apoptosis in response to IFN-y secreted by donor T cells (Figure 9).'0%%%2%
IFN-y activates STAT1 and consequently initiates apoptosis in TEC.'®
These data suggest that TEC are competent to directly prime naive
allogeneic donor T cells.'® The approach of depletion of host APCs would
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therefore not be sufficient to protect the recipient from TEC injury caused

by alloreactive T cells.

‘ ,\ Alloreactive
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Figure 9. Alloreactive T cells cause
TEC injury in acute GVHD.
Alloreactive T cells present in the donor
graft infiltrate the host’s thymus (1)
where they recognise alloantigens
presented by TEC. This results in their
activation and secretion of IFN-y (2),
which in turn upregulates STAT1 in
TEC. Upregulation of STAT1 in TEC
leads to an apoptotic programme and
consequently TEC death (3). The loss of
TEC results in a defective support of T
cell development and therefore decreased
thymopoiesis (4). Consequently, less
mature T cells emerge to the periphery
and post-HSCT immune deficiency arises
(5).

Adapted from Weinberg KI., Blood
(2007)*%

Thymic dysfunction during acute GVHD - a link to chronic

GVHD?

A hypothesis can be formulated that impairment of TEC function in

early acute GVHD, and consequently the impaired TCR selection, provide

an etiological link between alloreactivity of acute GVHD and the

autoimmunity features observed in chronic GVHD. Hence, measures that

protect, repair, and enhance TEC function may become the focus of future

treatment strategies to prevent thymic acute GVHD and consequently post-

transplantation immune deficiency and autoimmunity.
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1.3.8 Strategies to Improve post-transplant Immune

Deficiency

Since thymic injury in the course of acute GVHD contributes to
deficits in post-transplantation T-cell regeneration, strategies that seek to
boost thymic function hold promise for ameliorating immune deficiency
following allogeneic HSCT. Interventions may include therapies that act
directly on TEC in order to increase their numbers, and consequently, to
enlarge the availability of developmental niches within the thymic stromal
network.” Various concepts to stimulate thymus function have been
proposed that include for example growth hormone or androgen blockage,
interference with signalling pathways as for example p53 inhibition and
stimulation of Flt3 signalling, and exogenous administration of cytokines
and growth factors such as IL-7, IL-22, and fibroblast growth factor-7
(Fgf7).”" Since my studies dealt with Fgf7, I focus here on this epithelial

growth factor.

Fibroblast growth factor-7

Fibroblast growth factor-7 (Fgf7; also known as keratinocyte growth
factor, KGF; Palifermin, Kepivance®)) is an epithelial growth factor that
belongs to the family of fibroblast growth factors.”®® Palifermin, which is a
recombinant human Fgf7, is currently an approved drug for the prevention
of oral mucositis in patients undergoing HSCT.”*' Fgf7 induces
differentiation and proliferation in a variety of epithelial cell tissues via
binding and activation of its receptor FgfR2IIIb, which is a splice variant of
the Fgf receptor 2.%** This receptor is expressed on several epithelial tissues
in the intestine, skin, lung, liver, and thymus.”® Within the thymus,
FgfR2IIIb is expressed on TEC,*'° but not on haematopoietic cells.?" In the
thymus, Fgf7 is endogenously produced by mesenchymal cells and by
mature thymocytes of the af-lineage.”*® Experimental studies with mice
deficient for FgfR2IIIb revealed an important role for Fgf7 during thymus
organogenesis.”"*® The fact that thymic Fgf7 production is sustained
throughout life and FgfR2IIIb is expressed on both immature and mature
TEC argues for a continued requirement of Fgf7 by the postnatal thymic

239,240

stromal compartment. Fgf7 has the capacity to correct thymus

29



senescence’” and to repair thymus injury caused by irradiation.’

Exogenous postnatal administration of Fgf7 results in enhanced

proliferation of the TEC compartment and consequently in increased
239

thymopoiesis (Figure 10).

Figure 10. Fgf7 increases thymic
size and cellularity. Fgf7
administration directly acts on TEC and
increases the number of both cortical
and medullary TEC. As a consequence,
enlarged TEC compartment boosts
thymopoiesis, which results in an
increase in CD4"CD8" DP and mature
CD4" and CD8" SP T cells.

Adapted from Chu et al, Blood
(2007)*%*

Moreover, the increased thymopoiesis correlates with enhanced
thymic export. Applied in experimental mouse models of acute GVHD, Fgf7
preserved normal function and architecture of the TEC subpopulations.®'®
Importantly, regular T cell development is supported despite the presence
of alloreactive donor T cells. Moreover, thymus protection by Fgf7 prevents
the emergence of self-reactive T cells from the thymus to the periphery,'®
and promotes faster immune recovery following transplantation.**® These
data indicate that early Fgf7 administration corrects thymic injury caused
by acute GVHD, and therefore supports and boosts normal thymic T cell
development and output. Nevertheless, Fgf7’s impact on the immune
reconstitution in humans following allogeneic HSCT has not been

established yet and further studies are needed.
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2. HYPOTHESES AND AIM OF THE
THESIS

The overall hypothesis underlying this thesis postulates that GVHD-
mediated injury to the thymus, in particular to the thymic epithelial cell
compartment, is a major limitation responsible for defective T-cell immune
reconstitution after allogeneic HSCT. This defect results in adverse effects

as diverse as post-transplantation immune deficiency and autoimmunity.

The aim of the present study was to address whether altered TEC
function as a consequence of acute GVHD is causative for the autoimmune
syndrome typically seen in chronic GVHD. To address this question, I have
tested several specific hypotheses: 1) acute GVHD causes a loss of mTEC
number and integrity, 2) impairment of the mTEC compartment alters
intrathymic ectopic self-antigen expression which is required for normal
central tolerance induction, 3) lack of appropriate thymic negative selection
causes autoreactive T cells to emerge during acute GVHD, and 4) TEC

cytoprotection consequently allows normal mTEC function.
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3. MATERIALS AND METHODS

3.1 Mice

Female C57BL/6 (B6; H-2"), (C57BL/6xDBA/2)F, (BDF,; H-2""),
Balb/c (H-2%), CBy.PL(B6)-Thy1"/ScrJ (Balb/c-Thyl.1; H-2%), 129/Sv (H-
2"), B6.SJL-Ptprc*Pep3”/BoyJ (B6.CD45.1; H-2") and C57BL/6-Tg(Ins2-
TFRC/OVA)296Wehi/WehiJ (RIP-mOVA; H-2") mice were kept in
accordance with federal regulations. B6.OT-II-Rag2/ CD45.1 mice (OT-
I1.CD45.1; H-2") were bred at Benaroya Research Institute at Virginia
Mason, Seattle, USA.

3.2 BMT and GVHD induction

Thymic acute GVHD was induced in unirradiated or total body
irradiated (TBI) recipients. In an unconditioned haploidentical allo-HSCT
model, acute GVHD was induced in 8-week old non-irradiated BDF, (H-2"")
mice by i.v. injection of 15x10° B6.CD45.1 (CD45.1"; H-2") splenic T-cells
as described.'™* As controls, 15x10° syngeneic BDF; splenic T-cells were
infused into syngeneic recipients which were age-matched with recipients of
allogeneic donor cells. The same haploidentical transplantation model was
studied following myeloablative conditioning. Acute GVHD (b—bd) was
induced in 8-week old lethally irradiated BDF, mice (1000 cGy) by i.v. co-
injection of 2.5x10° B6.CD45.2 splenic T-cells and 5x10° B6.CD45.1 T-cell
depleted (TCD) bone marrow cells. As controls without disease, recipients
of 5x10° B6.CD45.1 TCD bone marrow cells alone were used. In a fully
MHC-disparate transplantation model, acute GVHD (d—b) was induced in
9-week old lethally irradiated B6 mice (975 c¢Gy) by i.v. co-injection of
3x10° Balb/c-Thyla (H-2%) splenic T-cells and 5x10° Balb/c TCD bone
marrow cells. As controls without disease, recipients of 5x10° Balb/c TCD
bone marrow cells were used. In a MHC-matched, minor histocompatibility
antigen-mismatched transplantation model, acute GVHD (b—b) was
induced in 8-week old lethally irradiated B6 mice (1000 cGy) by i.v. co-
injection of 4x10° splenic T-cells and 7x10° TCD bone marrow cells from
129/Sv (H-2") donors. As controls without disease, recipients of 7x10° TCD
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bone marrow cells were used. To induce thymic acute GVHD into RIP-
mOVA mice, Balb/c T cells (3x10°) isolated from the spleen were
transplanted into total body irradiated (TBI)-fully MHC-mismatched RIP-
mOVA recipients (H-2° — H-2"). Control mice (no GVHD) received T-cell
depleted Balb/c-Thyl.l bone marrow (10x10°) only. Four weeks after
generation of [Balb/c — RIP-mOVA| chimeras (GVHD or GVHD'),
recipients were reirradiated and transplanted with T-cell depleted OT-II
bone marrow (5){106 TCDBM; CD45.1) mixed with B6 TCDBM (15x10°%
CD45.2). OV A-specific T cells stemming from the OT-II BM were analysed
4-6 weeks after the 2" HSCT in the thymus and periphery (spleen and
lymph nodes). These OV A-specific T cells were defined as CD4", CD45.17,
Vo2', V5.

3.3 Fgf7 treatment

Recombinant human Fgf7 (palifermin, Kepivance®), Biovitrum,
Sweden) was injected i.p. from day -3 to day +3 after allogeneic HSCT at a
dose of 5 mg/kg/day.*'02**%

3.4 Flow cytometry reagents

For six- and seven colour flow cytometric analyses, the moAbs
directed against the following murine proteins were used: CD4 (clone RM4-
5 and GK1.5), CD8 (53-6.7), CD45.1 (A20), CD45 (30-F11), CD90.1
(19E12), I-A” (AF6-120.1), I-A/I-E pan MHCII (clone M5/114.15.2), Ly51
(6C3/BP-1, clone 6C3), H-2K" (AF6-88.5), H-2K" (SF1-1.1), Va2 (B20.1),
TCRb (H57-597), H-2K" (25-D1.16), CD44 (IM7), CD73 (TY/11.8), FR4
(eBiol12A5), Foxp3 (FJK-16s) and 5’-bromo-2’-deoxyuridine (BrdU, clone
3D4; Mouse Anti-BrdU Set). These reagents were obtained from BD
Biosciences Pharmingen (San Diego, CA) or eBioscience (San Diego, CA).
The moAbs against EpCam (CD326; clone G8.8), and Aire (clone 5H12)
were obtained from The Developmental Studies Hybridoma Bank
(University of Iowa, IA) and Dr. H. Scott (Melbourne, Australia),”
respectively. UEA1 lectin was purchased from Vector Laboratories
(Burlingame, CA, USA) and 7-amino-actinomycin D (7-AAD) was obtained
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from BD Biosciences. Primary moAbs were conjugated to either biotin,
fluorescein isothyocyanate (FITC), phycoerythrin (PE), cyanin 5 (Cyb),
allophycocyanin (APC), Alexa Fluor®)700 or the tandem dyes PECyb5,
PECy7, PerCPCy5.5, APCCy7 (BD Biosciences, eBioscience, BioLegend,
San Diego, CA). Biotin-conjugated primary moAbs were detected using
secondary anti-rat polyclonal antibodies conjugated to
streptavidin/APCCy7 or streptavidin/PerCPCy5.5 (BioLegend, San Diego,
CA).

3.5 Analysis of the mTEC"e" compartment by flow

cytometry

Thymi were isolated at the indicated time points after
transplantation and enzymatically digested with
collagenase/dispase/DNAse I (Roche Diagnostics, Switzerland). For RNA
isolation and detection of Aire expression in mTEC, the enzymatic digests
were incubated with biotin-conjugated EpCam (G8.8) followed by anti-
biotin magnetic microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany)
and enrichment of EpCam’® stromal cells by positive selection on an
AutoMACS Pro (Miltenyi). For analysis of BrdU incorporation, mice were
either injected intraperitoneally (i.p.) twice with 1mg BrdU 16 and 8 hours
prior to analysis, or were fed from day -3 to 3 after HSCT with drinking
water supplemented with 0.8mg/ml BrdU. The first method aims to analyse
cell cycle during a short time window, whereas the latter provides
information about the kinetics of cell proliferation.** For both BrdU
analysis methods the enzymatic digests were incubated with anti-CD45
magnetic microbeads (Miltenyi) followed by depletion via negative selection
of CD45" cells. Depending on the experimental goal, enriched cell
preparations were stained with different combinations of primary moAbs
against surface and intracellular proteins and the lectin UEA1. Prior to
intracellular staining, cells were fixed and permeabilised using the BD
Cytofix/Cytoperm  Fixation/Permeabilization ~Kit (BD  Bioscience)
according to the manufacture’s guidelines. For intracellular Foxp3 staining,
cells were fixed and permeabilised using the Foxp3/Transcription Factor
Staining Buffer Set (eBioscience) according to the manufacture’s
instructions. Non-fixed labelled cells were stained with DAPI; (4',6-
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Diamidine-2'-phenylindole dihydrochloride; Roche Diagnostics, Switzerland)
and were analysed or sort purified using a FACSAria® flow cytometer
(Becton Dickinson, Mountain View, CA) and FACSDiva (Becton
Dickinson) and FlowJo software (Tree Star Inc, Ashland, OR). MHC class
I and class II"®" mTEC were defined as DAPICD45EpCam Ly51°
UEA1"MHCIT"™ and MHCII"®" cells, respectively (Table 1). For the
purpose of RNA isolation, non-fixed viable (DAPT) cells were sorted on ice
to a purity of >99% and immediately processed. To analyse -cell
proliferation, cells were also treated with DNAse I (Sigma, St. Louis, USA)
followed by BrdU staining and re-staining of tandem dyes.

3.6 Immunofluorescence confocal microscopy

For analysis of Aire expression in TEC, thymi were isolated at 2, 4
and 7 weeks after transplantation (which corresponded to recipient ages of
10, 12 and 15 weeks) and frozen in OCT. Sections (8 pm) were cut on a
cryostat, dried and fixed with acetone (-20°C). Primary antibodies were
biotin-conjugated cytokeratin (CK)-18 (Ks18.04, Progene GmbH,
Heidelberg, Germany), CK14 (rabbit) (Covance, Princeton, NJ, USA), and
Aire/Cy5 (5H12, provided by H. Scott, Adelaide, Australia). Secondary
reagents were streptavidin/Cy3 (BioLegend) and goat anti-rabbit IgG A488
(Invitrogen). Sections were stained with DAPI and mounted with
hydromount. All images were captured on a Zeiss LSM 510 Meta Laser
Scanning Confocal Microscope system (Carl-Zeiss AG, Feldbach,
Switzerland). Isotype controls were used in all experiments. Images were
acquired with a 20x Plan-Neofluar air objective with NA 0.5 at room
temperature. The microscope used photomultiplier tubes (PMT) for
detection. Overlays of blue (Cy5), red (Cy3), and green (Alexa488)
stainings were coloured by computer-assisted management of confocal
microscopy data generated with Zeiss LSM 510 software version 3.2. Image

analysis was done using the software ImageJ (http://imagej.nih.gov/ij).
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3.7 Quantitative PCR

RNA was isolated from sorted mTEC"" using the RNeasy Micro
Kit (Qiagen, Switzerland) according to the manufacturer’s protocol. RNA
was transcribed into cDNA with the SuperScript III Reverse Transcriptase
(Invitrogen) according to the manufacturer’s instructions. Real-time PCR
was performed on a Rotor-Gene 3000A (Qiagen) using SensiMix SYBR Kit
(Bioline, London, United Kingdom) for quantitative expression analyses.
Primer sequences were:
EpCam:
forward, 5-TGAGGACCTACTGGATCATC;
reverse, 5-TATCGAGATGTGAACGCCTC;
Foxnl:
forward, 5’-TCTACAATTTCATGACGGAGCACT;
reverse, 5-TCCACCTTCTCAAAGCACTTGTT;
GAPDH:
forward, 5-GGTGAAGGTCGGTGTGAACG;
reverse, 5~ ACCATGTAGTTGAGGTCAATGAAGG;
salivary protein 1 (Sptl):
forward, 5-GGCTCTGAAACTCAGGCAGA;
reverse, 5-TGCAAACTCATCCACGTTGT;
major urinary protein 1 (Mupl):
forward, 5-CTATCCAATGCCAATCGCTG;
reverse, 5-GATAGGAAGGGATGATGGTGG;
casein y (Csnls2a):
forward, 5-ATTACACCTTCCCAAATGCT;
reverse, 5-CAGTTAATACGGCTCCACAG;
Ovalbumin (OVA):
forward, 5’-TGCCTTTCAGAGTGACTGAG;
reverse, 5-GAAGCCATTGATGCCACTC;
autoimmune regulator (Aire):
forward, 5’-TGTGCCACGACGGAGGTGAG;
reverse, 5-GGTTCTGTTGGACTCTGCCCTG
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3.8 DNA microarray analysis

To determine gene expression profiles in mTEC"" cells, biotin-
labelled and fragmented cRNA from sorted cells was hybridized to DNA
microarrays (Affymetrix Mouse Expression Set MOE430A). MIAME
compliant microarray data was generated by analysis of triplicates for each
of the experimental conditions which included syngeneic (bd—bd) and
allogeneic (b—bd) transplantation with or without Fgf7 treatment. RNA
from sorted mTEC"" (approximately 1000-3000 cells per sample) was
isolated on 2, 4 and 7 weeks after transplantation using the RNeasy Micro
Kit (Qiagen, Switzerland) according to the manufacturer’s protocol. High
quality RNA was confirmed with the Experion RNA HighSens Analysis Kit
(Bio-Rad, Reinach, Switzerland). cRNA target synthesis was done starting
from a minimum of 1.16 ng total RNA using the Ovation Pico WTA
System (NuGEN Technologies, The Netherlands) following standard
recommendations. Following second reverse transcription, fragmentation
and labelling of amplified cDNA were performed using the WT Terminal
Labelling Kit (Affymetrix, Santa Clara, CA). Synthesis reactions were
carried out using a PCR machine (TProfessional, Biometra, Goettingen,
Germany). DNA was loaded on Mouse Gene 1.0 ST Array (Affymetrix),
hybridised for 17 hours, washed and stained using Affymetrix protocol
FS450 0007. The GeneChips were processed with an Affymetrix GeneChip
Scanner 3000 7G. DAT images and CEL files of the microarrays were
generated using Affymetrix GeneChip Command Control 3.0.0.1214. Data
quality controls were led using Expression console 1.1 (Affymetrix).
Affymetrix CEL files were normalised®” and data were log,-transformed
using Partek® Genomics Suite v.6 software (Partek Inc, St. Louis, MO). To
select differently expressed genes a one-way ANOVA model was applied.
Genes were filtered on the basis of an adjusted p-value lower than 0.01.
Microarray data of triplicate samples of pure mTEC"®" preparations are
available under accession number E-MEXP-3745 at
http:/ /www.ebi.ac.uk/arrayerpress.
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3.9 Bioinformatics

Bioinformatics was done using R software (R Foundation for
Statistical Computing, Vienna, Austria, http://www-r-project.org). Gene
expression data from the public databases Mouse GNF1IM and MOE430
Gene Atlases (http://biogps.org) were taken as a starting point for the
identification of TRA among the total number of transcripts expressed in
mTEC""  cells. Using  data  from  the GEO  platform
(www.ncbi.nlm.nih.gov/geo, GEO series accession number GSE85) and the

literature,® 7"

genes were annotated as ubiquitously expressed genes (Ub)
and TRA, respectively. We initially used the same algorithm for Aire-
dependent and independent TRA as previously described.®™ Briefly,
transcripts with expression in <5 different tissues in combination with a
lower threshold of 5-fold signal intensity of the average of all tissues were
designated as tissue restricted. The annotated gene lists were further
curated by incorporating recent sequencing data generated from thymic
epithelial subpopulations (data not shown). Transcripts whose expression
levels increased or decreased greater than three-fold in relation to the
control group (corresponding to relative expression values of <0.33 and
>3.0, respectively) were considered to be altered in consequence of acute
GVHD. To test hypothesis of transcript distribution, O/E analyses were
performed. In this ratio, O is the observed number of events, and E is the
expected number of events.® Using hypergeometric statistical analysis, the
accuracy of the O/E ratio was tested. Pearson’s correlation coefficient
(Pearson’s r) was calculated including only 50% of the genes that had a
inter quartile range (IQR) higher than the median of the IQR values of all
genes. IQR is a measure of statistical dispersion. Tissue representation of
TRA was analysed using the public databases Mouse GNF1M and MOE430
Gene Atlases (http://biogps.org). For display of heatmaps, signal intensities
(log,) were colour coded and plotted for selected genes.
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3.10 Statistical analysis

All values are depicted as mean = SD. The nonparametric unpaired
Mann-Whitney U test was used for two-group comparisons, whereas for
multiple group comparisons Kruskal-Wallis one-way ANOVA with Dunn’s
post test was performed using GraphPad Prism version 6 for Mac OS X
(GraphPad Software, San Diego California USA, www.graphpad.com,).
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4. RESULTS

4.1 Impaired ectopic expression of tissue-
restricted antigens in the thymus during
murine acute GVHD

4.1.1 Identification and characterisation of medullary
thymic epithelial cell subsets by flow cytometry

Advances in the understanding of thymic epithelial cell (TEC)
biology have allowed for a more precise identification of the terminally
differentiated, postcycling medullary TEC (mTEC) that are responsible for
central tolerance induction. This EpCam UEA1" cell subset is distinguished
from other immature or mature epithelial subsets in the thymic cortex and
medulla by its expression of Aire, lack of Ly51 surface protein and its high
surface density of MHC class IT (mTEC"®" cells) (Figure 11, Table 1).%°7626

Phenotype Table 1. Surface markers to
Marker identify TEC subsets. Depending on

the experimental goal, thymic cell

DAPI

CD45 preparations were stained with different
EoC - . combinations of primary moAbs against
pLam i s surface and intracellular proteins and
UEA-1 + + the lectin UEA-1

Lyb51 - -
MHCII +/++ +++

Aire - -/+
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Figure 11. Identification and characterisation of medullary thymic epithelial cell
subsets by flow cytometry. I used a modified isolation method for thymic stromal cells
which preferentially enriched for medullary thymic epithelial cells (mTEC).* (A) Gating
strategy for mTEC"#" cells. The flow cytometry plot on the far right shows the mature MHC
class II"¢" and the immature MHC class II"¥ mTEC subpopulations as cells with CD45
EpCam Ly51UEA-1"MHCII"®" and MHCIT®"/™ phenotypes, respectively. (B) Gating
strategy for identification of postcycling mTEC that are responsible for central tolerance
induction and express Aire. The flow cytometry plot on the far right shows intracellular Aire
staining of CD45EpCam'Ly51 UEA-1" mTEC. Doublet discrimination was applied in all
flow cytometry analyses.

4.1.2 Induction of thymic acute GVHD

To study the effect of acute GVHD on mTEC number and function,
I used four different murine models of lethal acute GVHD with or without
pre-transplantation conditioning. Firstly, to investigate thymic acute
GVHD independently of total body irradiation or other preconditioning
regimens, I employed a haploidentical transplantation model (Figure 12A).
In this model, acute GVHD was induced in 8-week old non-irradiated BDF,
(H-2"") mice by i.v. injection of 15x10° B6.CD45.1 (CD45.1"; H-2") splenic
T cells (designated as B6—BDF, group, b—bd) as described.”” BDF,
recipients injected with 15x10° BDF, splenic T cells served as syngeneic
controls (BDF,—BDF, group, bd—bd).
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Figure 12. Induction of thymic acute GVHD in two haploidentical HSCT
models. (A) In an unconditioned haploidentical allogeneic HSCT model, acute GVHD was
induced in 8-week old non-irradiated BDF, (H-2"!) mice using B6.CD45.1 (CD45.1"; H-2") as
donors (B6—BDF, group; b—bd, ®). As controls, BDF, mice were transplanted with
syngeneic donor cells (BDF,—BDF, group; b—=bd, O). The flow cytometry dot plots depict
surface expression of CD4 and CD8 on host thymocytes. Cell analysis was restricted to live
thymocytes as defined by forward/side scatter and exclusion of cells staining positive for
propidium iodide. The numbers shown in each quadrant represent frequencies (% of the
respective populations, mean + SD). The figure represents combined data from four separate
experiments; with an aggregate of 11 mice analysed for each group. Infiltration of donor-
derived CD45.1" T cells into host thymi is given as frequency (% among total thymic cells)
and absolute cell numbers (x 10° mean + SD). *p<0.05, Mann-Whitney U-test, acute
GVHD versus syngeneically transplanted mice without disease. (B) Acute GVHD (b—bd)
was induced in 8-week old lethally irradiated BDF, mice by co-injection of T cells and T-cell
depleted (TCD) bone marrow from B6.CD45.2 and B6.CD45.1 donors, respectively (TCD+T
group, @). Control recipients without disease received TCD bone marrow only (TCD group,
O). The flow cytometry dot plots depict surface expression of CD4 and CD8 on donor bone
marrow derived thymocytes and analysis was done as above. Donor T cell infiltration is
given as fraction (%) of CD45.2 " H-K""K* T cells among thymocytes (mean & SD).
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The development of thymic acute GVHD was assessed by flow cytometric
analysis of host thymocyte development and donor T-cell infiltration into
the host thymus as a function of age. Here, 10, 12 and 15 week old
recipients corresponded to 2, 4 and 7 weeks post-transplantation,
respectively. In allogeneically transplanted recipients, the frequency of the
CD4/CD8 double positive (DP) population was decreased from ~88% in
syngeneic controls to ~50% at all time points (Figure 12A, middle panel). In
contrast, an increase in the portion of single positive (SP) thymocytes was
observed when compared to syngeneic controls (~1% to ~8% and ~6% to
~18% for CD8 SP and CD4 " SP, respectively). This aberrant thymopoiesis
was characteristic for the presence of thymic acute GVHD and reflected
enhanced apoptosis of CD4 CD8 DP thymocytes.”®" Since GVHD-
dependent changes in thymocyte maturation correlates directly with the
number of infiltrating donor T cells,” I next investigated frequencies and
absolute numbers of donor T cells present in recipients’ at 10, 12 and 15
weeks of age. Donor T cells were detected as early as 2 weeks after
transplantation (Figure 12A, right panel) and remained present in thymi for
the whole observation period. Next, the same haploidentical transplantation
model was studied following myeloablative conditioning: Eight-week old
BDF, mice were lethally irradiated (1000 c¢Gy) prior to i.v. co-injection of
2.5x10° B6.CD45.1 splenic T cells (H-2") and 5x10° B6.CD45.2 T-cell
depleted (TCD) bone marrow cells (TCD+T group) (Figure 12B). Similar
to the non-irradiated haploidentical model, I observed defective
thymopoiesis (Figure 12B, middle panel) and the presence of donor T cells
(Figure 12B, right panel) in thymi of mice with acute GVHD. To confirm
these data in other clinically relevant transplantation models, I further
investigated a fully MHC-disparate transplantation model. To this end,
acute GVHD (d—b) was induced in 9-week old lethally irradiated B6 mice
(975 ¢Gy) by i.v. co-injection of 3x10° Balb/c (H-2") splenic T cells and
10x10° Balb/c-Thyla TCD bone marrow cells (TCD+T group) (Figure
13A). Consistent with the observations before, intrathymic T-cell
development was aberrant and donor T cells infiltrated the thymus in the
presence of acute GVHD. Lastly, a MHC-matched, minor histocompatibility
antigen (miHA)-mismatched transplantation model was analysed (Figure
13B). Here, defective thymopoiesis (higher frequencies of CD4 and CD8 SP

thymocytes in the presence of acute GVHD) was also a hallmark of acute
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GVHD but defects were not as pronounced as in the MHC-mismatched
allo-HSCT models described above.
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Figure 13. Induction of thymic acute GVHD in a MHC- and a miHA-
mismatched HSCT model. (A) Acute GVHD (d—b) was induced in 9-week old lethally
irradiated B6 recipients by co-injection of T cells and TCD bone marrow from MHC-
mismatched Balb/c and Balb/c-Thyla donors, respectively (TCD+T group, @®). Control
recipients without disease received TCD bone marrow only (TCD group, O). The same
analysis was performed as in panels A and B. Donor T cell infiltration is given as
percentages of ThylaH-2K?" T cells among total thymic cells ( mean + SD). (B) Acute
GVHD (b—b) was induced in 8week old lethally irradiated B6 mice by co-injection of T
cells and TCD bone marrow from MHC-matched, minor histocompatibility antigen-
mismatched 129/Sv (H-2") donors (TCD+T group, @®). Control recipients without disease
received TCD bone marrow only (TCD group, O). Flow cytometry analysis of total
populations was performed as above.

4.1.3 Acute GVHD impairs mTEC"#" compartment size

Based on the aforementioned identification and characterisation scheme for
TEC subsets and the fact that the thymic epithelium is a target of donor

T-cell alloimmunity,**'®*** I next aimed to investigate whether frequencies
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and absolute numbers of the different TEC subsets were affected by thymic
acute GVHD (Figures 14 and 15). Total numbers of mTEC"" declined
indeed over time in untransplanted adult BDF; and B6 mice, confirming

age-dependent changes of the thymic stroma in normal mice (Figure 15).%
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Figure 14. Flow cytometric analysis of medullary thymic epithelial cell subsets
in presence of acute GVHD. mTEC"®" and mTEC"" were analysed by flow cytometry as
a function of age using the strategy described in Figure 11. (A) mTEC"" and mTEC""
analysis in the haploidentical transplantation model described in Figure 12A. The numbers
shown in each flow cytometry dot plot represent frequency (% mean + SD) of the respective
population among total mTEC. The figure represents combined data of individual mice from
6 separate experiments. bd—bd; syngeneic controls, no acute GVHD. b—bd; allogeneic
HSCT, acute GVHD. The same analysis was performed for three other allogeneic HSCT
models (described in Figures 12 and 13). (B) Haploidentical HSCT model (b—bd) with lethal
irradiation (1000 c¢Gy). TCD; no acute GVHD, TCD + T; acute GVHD. (C) MHC-
mismatched HSCT model (d—b) with lethal irradiation (975 c¢Gy). TCD; no acute GVHD,
TCD + T; acute GVHD. (D) MHC-matched, miHA-mismatched HSCT model (b—b) with
lethal irradiation (1000 ¢Gy). TCD; no acute GVHD, TCD + T; acute GVHD

I then investigated the four mouse models of age-matched allo-HSCT
described in section 4.1.2. Flow cytometric analysis revealed that relative
frequencies of both mTEC and mTEC"" subsets were altered in the

presence of acute GVHD as early as 2 weeks post-transplantation in
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unconditioned recipients of haploidentical HSCT (H-2"—H-2"'; b—bd)
(Figure 14). The induction of thymic acute GVHD progressively reduced
total mTEC“" and mTEC"s" ~10*
syngeneically transplanted animals to <10” cells/mouse in animals surviving
acute GVHD (Figure 15A). This observation was mirrored in allo-HSCT
that included total body-irradiation (TBI) before MHC-identical, MHC-
disparate, or haploidentical transplantation (Figure 15B-D). In these

numbers from cells/mouse in

models, the conditioning initially reduced mTEC"®" numbers independently
of acute GVHD, but cell loss was either more pronounced (b—bd) or more
protracted (d—b; b—b) in the presence of disease. Hence, reduction in
mTEC"" compartment size is a universal manifestation of thymic acute

GVHD, and radiation injury is not mandatory, as suggested before.?*
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Figure 15. Absolute cell numbers of mTEC"5" and mTEC"" are decreased in the
presence of acute GVHD. Absolute numbers of the mTEC compartment were analysed
as a function of recipient age in 4 different murine models of allogeneic HSCT. (A) Acute
GVHD was induced in 8-week old unconditioned BDF, recipients (b—bd, black circles).
Untransplanted BDF, mice (grey squares) or syngenically transplanted mice (bd—bd, open
circles) served as controls. A total of 6 experiments were performed, with 3 to 5 mice per
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group and experiment. (B) Acute GVHD (TCD + T group, black circles) was induced in
irradiated 8-week old BDF, recipients (b—bd). Untransplanted BDF, mice (grey squares)
and recipients of TCD bone marrow only (TCD group, open circles) were used as controls
without disease. (C) Acute GVHD (TCD + T group, black circles) was induced into 9-week
old B6 recipients (d—b). Untransplanted age-matched B6 mice (grey squares) and B6 mice
that received TCD bone marrow only (TCD group, open circles) were used as controls. (D)
Acute GVHD (TCD + T group, black circles) was induced into 8-week old B6 recipients
(b—b). Untransplanted age-matched B6 mice (grey squares) and B6 mice that received TCD
bone marrow only (TCD group, open circles) were used as controls. A total of 3 experiments
were performed. The line graphs show total cell numbers (mean + SD) of mTEC"" (left)
and mTEC" (right) cells as a function of recipient age post-transplantation. *p<0.05,
analysis of variance (ANOVA), acute GVHD versus transplanted mice without acute
GVHD. TCD, T-cell depleted; n.d., not done.

4.1.4 Acute GVHD impairs thymic Aire expression

Crucial for negative selection of self-reactive T cells is the exposure
of thymocytes to self-antigens including those with highly restricted tissue
expression. Within the thymus, the ectopic expression of many tissue-
restricted peripheral self-antigens (TRA) is a particular property of cells of
the mTEC"®" compartment.”™ "% Expression of TRA is partly under the
control of the transcription factor autoimmune regulator (Aire).” Therefore,
I next investigated whether acute GVHD affected qualitatively and
quantitatively the postcycling medullary TEC subset (Aire' mTEC"") that
expresses Aire and is responsible for central tolerance induction. Confocal
microscope analysis of thymic sections stained with cytokeratin 18 (CK18),
CK14 and Aire confirmed Aire” cells to localise in the thymus medulla
(Figure 16A). Syngeneically transplanted mice (bd—bd) were not different
from age-matched untransplanted control mice (data not shown™).
However, in the presence of acute GVHD in unconditioned recipients
(b—bd) thymic cortical and medullary organisation was lost and Aire" cells
became virtually undetectable with time. Hence, contraction of the total
mTEC"®" pool in b—bd recipients corresponded to a progressive decrease in
the subset that expresses Aire.™"" This observation was confirmed by FACS
analysis of Aire’ cells among the mTEC"®" population (Figure 16B, C). In
12-week-old recipients, residual Aire' mTEC"#" were low in numbers (<300
cells/thymus compared to ~5x10° cells/thymus in animals without acute

GVHD) and were not detectable anymore during progressive disease, owing
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to the smaller than normal frequencies of Aire-expressing cells among
declining mTEC"#" numbers. Taken together, these data demonstrated that
mature medullary thymic epithelial cells were targets of acute GVHD and
that the cells most affected belonged to the subset of Aire-expressing
mTEC"",
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Figure 16. Acute GVHD causes loss of Aire" mTEC"¢" cells. (A-C) Qualitative and
quantitative analysis of thymic Aire expression. Immunohistochemistry and confocal
microscope analysis (A) was performed on thymic frozen sections taken from unconditioned
transplant recipients at ages 10, 12, and 15 weeks (i.e. 2, 4, and 7 weeks after
transplantation; [i-iii] bd—bd, [iv-vi] b—bd). Cytokeratin-18 (CK18, blue) and CK14-positive
cells (red) denote cTEC and mTEC, respectively.®'® The flow cytometry plots in (B) depict
Aire and MHC class 1T expression of DAPTCD45EpCam ' Ly51 UEA-1" mTEC. Numbers
represent frequencies (%) of cells (mean + SD). Total numbers of Aire mTEC"" in thymi
from individual recipient mice (C) was calculated from flow cytometry data (mean £ SD).
(syngeneic HSCT, bd—bd, open circles; allogeneic HSCT, b—bd, black circles). A total of 5
experiments were performed with 3 to 5 mice per group. *p<0.05, ANOVA, acute GVHD vs.
transplanted mice without acute GVHD.
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4.1.5 Acute GVHD impairs TRA expression

Given the intimate associations between Aire-deficiency, TRA
repression, and autoimmunity,”® I next determined whether acute GVHD
interfered with TRA transcription. To this end, I isolated total remaining
mTEC"" cells at HSCT recipient ages of 10, 12 and 15 weeks in the
presence or absence of acute GVHD in unconditioned allo-HSCT recipients.
Gene expression analysis of these cells was performed using DNA
microarray technology. Development of thymic acute GVHD (b—bd)
altered global gene expression profiles in total residual mTEC"#" cell pools
isolated at 2 to 4 weeks after transplantation (Figure 17A, Table 2). An
increase or decrease in expression level greater than three-fold in relation to
the control group (corresponding to relative expression values of <0.33 and
>3.0, respectively) was considered as altered gene expression in consequence
of acute GVHD. To discriminate between TRA and ubiquitously expressed
transcripts (Ub) in mTEC"", T used a special algorithm which had

previously been described.”*™™(

Personal communication by Bruno Kyewski,
Heidelberg, Germany) Here, transcripts with expression in <5 different
tissues in combination with a lower threshold of 5-fold signal intensity of
the average of all tissues were designated as tissue restricted. Recent next
generation RNA sequencing data generated from thymic epithelial
subpopulations (G. A. Hollinder) were incorporated to adjust the
annotated gene lists. Using this method, I classified 10017 transcripts as
TRA among a total of 17336 transcripts analysed (Figure 17A). It should
be noted that due to absence of tissue expression data, not all of the 21759
transcripts present on the microarray chips could be categorised as TRA or
Ub. Several hundred transcripts were expressed at reduced levels (>3-fold
change; relative expression <0.33) in mice with acute GVHD. For
transcripts whose expression was either enhanced or depressed as a
consequence of acute GVHD, I expected that TRA and Ub sequestered
according to the relative frequencies of TRA and Ub in normal adult mice.
To test the accuracy of this hypothesis, O/E analysis was performed, an
easy to interpret and widely used statistic for measuring performance
(Figure 17B).*" In this ratio, O is the observed number of events, and E is
the expected number of events. An O/E ratio = 1 represents an expected
observation, which in my case would be a distribution among TRA and Ub

according to the relative frequencies of TRA and Ub in normal adult mice.
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Using hypergeometric statistical analysis I could demonstrate, however,
that among the transcripts with lowered expression levels (relative
expression <0.33) the O/E ratios were >1.0 for TRA and <1.0 for Ub
(Figure 17B). These data indicated that TRA were significantly enriched
among the downregulated transcripts at both time points (i.e. 2 and 4
weeks post-transplantation). To quantify the observed changes between the

two experimental groups, a correlation matrix was generated (Figure 17C).
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Figure 17. Acute GVHD alters gene expression. Global gene expression was analysed
in entire residual mTEC"®" cell pools isolated from individual recipients at 10, 12, and 15
weeks of age (i.e. 2, 4, and 7 weeks after transplantation). The figure reflects data from 5
independent experiments, with 2 to 4 mice per group and experiment. (A) Gene expression
profiling of mTEC"®" in transplant recipients using Mouse Gene 1.0 ST arrays (Affymetrix).
The x- and y-axes represent relative expression of individual genes (given as log, values of
signal intensity ratios, S.I.) in mice with acute GVHD (b—bd) vs. syngeneically transplanted
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recipients without disease (bd—bd). Data is plotted as a function of recipient age (10 vs. 12
weeks). Genes whose expression levels are enhanced or decreased more than 3-fold relative to
the control group (corresponding to relative expression values given by the S.I. ratios of
<0.33 and >3.0, respectively, or <-1.6 and >-+1.6 on the log, scale) are considered to be
significantly altered in consequence of acute GVHD (threshold is indicated by dashed lines).
Q2 is the lower left quadrant, denoting genes whose expression levels are depressed at both 2
and 4 weeks after allogeneic HSCT (10- and 12-week old recipients). Q1 denotes transcripts
whose expression levels are depressed at 2 but not at 4 weeks after allogeneic HSCT and Q3
denotes genes that are decreased only at 4 weeks. The inserted numbers denote the absolute
numbers of genes in the respective quadrants. Transcripts from a total of 21759 genes are
analysed. Ub (ubiquitously expressed genes, grey segment) and TRA (dark blue segment).
(B) O/E performance analysis (O, observed number of events; E, expected number of
events) of the presence of TRA vs. Ub among the genes with relative expression <0.33 and
>3.0. O/E ratio >1.0 for TRA and <1.0 for Ub; *p<0.001 using hypergeometric statistical
analysis. (C) Analysis of linear relationship of global gene expression between no GVHD
(bd—bd) and GVHD (b—bd) experimental groups for TRA (upper panel) and ubiquitously
expressed transcripts, Ub (lower panel). In a correlation matrix analysis, signal intensities
(log,) of individual transcripts are plotted and the Pearson’s correlation coefficient r between
two variables is individually calculated as a function of recipient age. Numbers in each
quadrant indicate Pearson’s r values between the two groups tested. The asterisk (*) symbol
indicates a p<0.001 value for the quality of any measured Pearson’s r at the given time
point for TRA or Ub. Right panel: Pearson’s correlation coefficient r is shown as a function
of age and time after transplantation for Ub (grey squares) and TRA (blue squares).
*n<0.001 of Pearson’s r.

Here, the variation of each gene was calculated using the inter quartile
range (IQR), a measure of statistical dispersion. Only 50% of the genes that
had an IQR higher than the median of the IQR values of all genes were
included for calculation of the Pearson’s correlation coefficient (Pearson’s
r). A low strength of association of TRA expression between mice with
acute GVHD (b—bd) and syngeneically transplanted mice without acute
GVHD (bd—bd) was indicated by a Pearson’s r = 0.7004 and r = 0.6255 in
10 and 12 week old recipients, respectively (Figure 17C). These low r values
showed that many TRA differed in the presence of acute GVHD in their
expression level from a physiological level. In contrast, a higher r value
indicated that expression levels were closer to normal. This analysis was
done for TRA and Ub according to their definition and demonstrated that r
values for TRA were lower than for Ub at all time points and experimental
conditions employed. Hence, the GVHD-induced alterations were not as
pronounced for Ub as for TRA. I interpreted these data such that a

contraction in TRA diversity during acute GVHD was caused by cellular
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loss of mTEC"®", in particular Aire-positive mTEC. This explanation was
based on the fact that ectopic TRA expression is a stochastic process in
which only a limited number of mTEC"" express a given TRA.®™2% A
comprehensive coverage of TRA expression is therefore only achieved by a
sufficiently large mTEC"®" pool, which is, however, missing under
conditions of acute GVHD. Next, I was interested whether TRA with
lowered expression levels in mTEC"#" during acute GVHD in 10- and 12-
week-old recipients were Aire-dependent. I compared my gene expression
profile with published data from gene expression in mTEC from Aire’-
deficient mice.”” A fraction of the downregulated TRA belonged to the
subset of Aire-dependent TRA (Figure 18A). Impaired Aire-dependent
TRA included for example Scgbla (secretoglobin), Csnls2a (casein g),
Mupl (major urinary protein 1) and Sptl (salivary protein 1). Expression
profile data of selected genes obtained by microarray analysis was verified
by quantitative PCR (qPCR) (Figure 18B). This analysis confirmed the
acute GVHD-induced reduction in expression of the Aire-dependent TRA
Sptl, Mupl and Csnls2a. Among TRA that remained unchanged in the
presence of acute GVHD, around one third was specific for a chronic
GVHD target tissue (Figure 18C, left pie chart). However, the most
substantially reduced TRA were found to be enriched for genes that are
characteristically expressed in tissues known to be targets of chronic GVHD
(i.e. skin, liver, salivary gland, lung, eye and G.I. tract) (Figure 18C, right
pie charts)."” These data led me to propose that a defect in the ectopic
expression of a particular TRA during acute GVHD may result in the
failure to negatively select TCR specific for this TRA and hence to the
emergence of autoreactive T cells, a feature typical for GVHD. This

hypothesis was tested in the work described in chapter 4.2.
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Figure 18. Altered TRA are dependent on Aire and specific for chronic GVHD
target tissues. (A) Aire dependency of TRA with lowered expression levels in mTEC"="
during acute GVHD in 10- and/or 12-week old recipients (the axes are the same as in Figure
17A). Examples shown are the following: Scgblal, secretoglobin; Csnls2a, casein g; Mupl,
major urinary protein 1; Sptl, salivary protein 1. Aire-dependent TRA (yellow circles), Aire-
independent TRA (dark blue circles), and Ub (grey circles). (B) Microarray data of selected
genes is verified by quantitative PCR (qPCR). Expression in syngeneically transplanted
recipients is set as 1 (thick, dashed line) and used as a control. Expression in allogeneically
transplanted recipients is shown as x-fold change over controls as a function of recipient’s
age. Foxnl, forkhead box N1; EpCam, epithelial cell adhesion molecule; Sptl, salivary
protein 1; Mupl, major urinary protein 1; Csnls2a, casein alpha s2-like A (casein g). n.d.,
not done. (C) Tissue representation of TRA reduced during acute GVHD (<0.1 and <0.33
relative expression, respectively, vs. mice without acute GVHD at 10 and 12 weeks of age).
As control, a random set of 200 TRA is used that remained unchanged in the course of acute
GVHD (relative expression ~1).
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Table 2

) Genes downregulated during acute GVHD (relative expression <0.125)

ACCQSSIOH

TRA are

Scgblal

Rgs13
Olfr461
Fabp2
Fabpl
Sptl
Defb3

Retnla
Gnat3

Tm4sf20
1700026D08Ri
k

Saal
Ttr

Lgals2

Reg3b
Ctrbl
Mup2
Bmx
Gpr50
Lipn
Calbl
Svs4

Dynlrb2

Mup7
Pf4

Mup11
Vnn3

NM _ 011681

NM 153171
NM 146382
NM_ 007980
NM 017399
NM_ 009267
NM 013756
NM _ 020509

NM_ 001081
143

NM _ 025453

NM _ 029335
NM_ 009117
NM 013697

NM _ 025622

NM_ 011036
NM _ 025583
NM 008647
NM _ 009759
NM 010340
NM_ 027340
NM_ 009788
NM 009300
NM _ 029297

NM 001134
675

NM_ 019932
NM 001164
526

NM_ 011979

secretoglobin, family 1A, member 1, lung
regulator of G-protein signaling 13, tonsil,
intestine

olfactory receptor 461, sensory system
fatty acid binding protein 2, intestine

fatty acid binding protein 1, liver, intestine
salivary protein 1, salivary gland

defensin beta 3, intestine, lung, other

resistin like alpha, mammary, adipose tissue,
other

guanine nucleotide binding protein, gustatory
system

transmembrane 4 L six family member 20,
intestine

RIKEN c¢cDNA 1700026D08 gene, testis, other
serum amyloid A 1, intestine, liver, intestine

transthyretin, liver, lung, placenta, eye
lectin, galactose-binding, soluble 2, intestine,
stomach

regenerating islet-derived 3 beta, pancreas,
intestine

chymotrypsinogen B1, pancreas, other

major urinary protein 2, liver, lung

BMX non-receptor tyrosine kinase
G-protein-coupled receptor 50, placenta, other
lipase, family member N, adipocytes, other
calbindin 1, brain, kidney, other

seminal vesicle secretory protein 4, prostate
dynein light chain roadblock-type 2, lung,
testis, adipose

major urinary protein 7, lung, mammary glanc

platelet factor 4, platelets, other

major urinary protein 11, genital tract, other

vanin 3, liver
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Rel.

Expression

b—bd vs.
bd—bd

0.037

0.055
0.058
0.058
0.060
0.062
0.066

0.067

0.076

0.077

0.078
0.078
0.080

0.080

0.081
0.084
0.089
0.090
0.090
0.091
0.091
0.091

0.091

0.094
0.094

0.095
0.096

-_

0.030

0.022
0.193
0.041
0.081
0.041
0.180

0.107

0.032

0.118

0.192
0.161
0.159

0.111

0.404
0.252
0.069
0.107
0.480
0.115
0.182
0.234

0.154

0.062
0.172

0.076
0.126



Abpl
Chi3l4

Tcfap2b

Hsd17b6
Regl
Anxal3
Apoa4d

2210415F13Rik

Mup19
Cst10

Klk1b11
Serpina7
Nts

Sis
Mup1l
Mectpl
Earll

Prapl
Gprl28

NM _ 029638
NM 145126

NM_ 009334

NM 013786
NM _ 009042
NM_ 027211

NM_ 007468
NM_ 001083
884
NM 001135
127

NM _ 021405

NM_ 010640
NM_ 177920

NM _ 024435
NM_ 001081
137
NM 001163
011

NM_ 030174

NM 053113
NM_ 009475
NM 172825

amiloride binding protein 1, intestine

chitinase 3-like 4, intestine

transcription factor AP-2 beta, skin, salivary,
eye

hydroxysteroid (17-beta) dehydrogenase 6,
liver, intest.

regenerating islet-derived 1, intestine
annexin A13, intestine

apolipoprotein A-IV, intestine
RIKEN cDNA 2210415F13 gene, intestine

major urinary protein 19, liver, lung

cystatin 10, eye
kallikrein 1-related peptidase b1l, salivary
gland

serine (or cysteine) peptidase inhibitor, liver

neurotensin, intestine
sucrase isomaltase, intestine

major urinary protein 1, liver, lung

multiple C2 domains, transmembrane 1, brain

eosinophil-associated, ribonuclease A family,
11

proline-rich acidic protein 1, intestine

G protein-coupled receptor 128

0.097
0.100

0.100

0.102
0.105
0.105
0.106

0.107

0.107
0.108

0.109
0.115
0.118

0.119

0.119
0.121

0.121
0.123
0.124

) Genes upregulated during acute GVHD (relative expression >4.0)

AcceSSIOn

TRA are

Caspl2
Mpegl

Gm12250

NM 153564
NM 172118
NM_ 010260
NM 144938
NM_ 009808

NM 010821
NM 001135
115

guanylate binding protein 5, IFN-regulated
myosin, light polypeptide 9, regulatory
guanylate binding protein 2, IFN-regulated
complement component 1, IFN-regulated
caspase 12, inflammation, apoptosis

macrophage expressed gene 1

predicted gene 12250
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0.078
0.172

0.088

0.037
0.129
0.134
0.050

0.055

0.087
0.154

0.080
0.056
0.168

0.220

0.094
0.069

0.196
0.256
0.082

Rel.

Expression

b—bd vs.
bd—bd

9.36
8.54
8.10
7.76
7.50
7.26

6.88

-_

3.62
10.36
3.35
2.49
4.74
2.84

4.33



Nfib
Gbp3
Gbp6
Apoll0b
Lifr
Art2b
MpzI2
Kitl
Snord16a

Cxcl12

Sulfl
Rad51
Dcn
Prosl

Myadm
Clcab
Ptn
Prss16
Flna
Irgm1
Pgmb

Heyl

P4ha3
Olfmll

Tnfsf10
Hmmr
Lrrel7
Fgfr2
Osmr
Ccnbl
Mtss1l
Prcl
Scnla

Acta2

NM_ 001113
209

NM 018734
NM 145545
NM 177820
NM _ 013584
NM 019915
NM_ 007962
NM _ 013598

NR_ 028548
NM_ 001012
477
NM_ 001198
565

NM 011234
NM _ 007833

NM_ 011173
NM_ 001093
765

NM_ 178697
NM_ 008973
NM 019429
NM_ 010227
NM_ 008326
NM 175013

NM _ 010423

NM 177161
NM_ 172907

NM 009425
NM_ 013552
NM_ 028977
NM 010207
NM_ 011019
NM 172301
NM 198625
NM 145150
NM_ 018733
NM_ 007392

nuclear factor I/B

guanylate binding protein 3
guanylate binding protein 6
apolipoprotein L 10b

leukemia inhibitory factor receptor
ADP-ribosyltransferase 2b

myelin protein zero-like 2

kit ligand

small nucleolar RNA, C/D box 16A

chemokine (C-X-C motif) ligand 12

sulfatase 1
RAD51 homolog
decorin

protein S (alpha)

myeloid-associated differentiation marker
chloride channel calcium activated 5
pleiotrophin

protease, serine, 16 (thymus)

filamin, alpha

immunity-related GTPase family M member 1

phosphoglucomutase 5

hairy /enhancer-of-split related with YRPW
motif 1

procollagen-proline, 2-oxoglutarate 4-
dioxygenase

olfactomedin-like 1
tumor necrosis factor (ligand) superfamily,
member 10

hyaluronan mediated motility receptor
leucine rich repeat containing 17

fibroblast growth factor receptor 2
oncostatin M receptor

cyclin B1

metastasis suppressor 1-like

protein regulator of cytokinesis 1

sodium channel, voltage-gated, type I, alpha

actin, alpha 2, smooth muscle, aorta
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6.73
6.60
6.52
6.42
5.87
5.70
5.29
5.26
5.25

5.23

5.20
5.15
5.09
5.04

4.92
4.89
4.87
4.84
4.78
4.72
4.56

4.56

4.49
4.38

4.37
4.30
4.26
4.16
4.15
4.13
4.08
4.03
4.02
4.02

9.56
4.05
2.07
1.18
4.20
2.79
1.92
3.95
1.46

2.69

4.94
4.74
4.84
5.08

1.70
1.61
1.86
1.95
3.73
3.92
4.15

3.18

2.90
1.61

0.36
1.55
1.36
2.28
5.12
1.38
1.86
1.43
4.05
1.76



Slfnb NM 183201 schlafen 5 4.00 4.07
1115 NM _008357| interleukin 15 4.00 2.66

4.2 Impaired thymic expression of tissue-restricted
antigens licenses the de novo generation of

autoreactive CD4" T cells during murine acute
GVHD

4.2.1 A transgenic model to study generation of

thymus-dependent autoreactive T cells during
acute GVHD

Because thymic negative selection is sensitive to small changes in
TRA expression,” a reduction in mTEC compartment size and hence TRA
expression may lead to the emergence of thymus-dependent autoreactive T
cells in the context of acute GVHD."™ The de novo generation of
autoreactive T cells from donor HSC is a hallmark of murine acute
GVHD.""'™ These autoreactive clones can mediate the transition from
acute to chronic GVHD in different mouse models of alloHSCT.'™182
There is now much experimental evidence that the thymic epithelium is a
target of donor alloimmunity,'®****** and that thymic acute GVHD
interferes with the capacity of Aire-expressing mTEC"" to sustain TRA
diversity in the course of disease.” However, a direct link between the
weakened platform for central tolerance and the emergence of autoreactive
T cells during acute GVHD, and ultimately the development of an
autoimmune syndrome during chronic GVHD, has not yet been proven. I
decided to study the de nowvo production of TRA-specific T cells in the
thymus during acute GVHD by using a transgenic mouse allogeneic HSCT
model (Figure 19). Here, membrane-bound ovalbumin (mOVA) is expressed
in transgenic mice under the rat insulin promoter (RIP) as a model neo-self-
antigen not only in the pancreas but also in the thymus by both mature

and immature mTEC. This model provided the tool to investigate tolerance
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induction to a known antigen during acute GVHD, thus overcoming the
lack of knowledge with regard to the specificities of the autoreactive effector
T cells in chronic GVHD."*"® T chose the OT-II-RIP-mOVA system
because (1) thymic mOVA expression is restricted to mTEC, (2) TCR
selection against mOVA recapitulates physiological tolerance induction to
TRA in the thymus medulla,”™™%*%%! and (3) a reduction in mOVA
mRNA in mTEC by as little as 30% suffices for the lack of deletion of OT-
IT cells in RIP-mOVA mice.*”

OT-ll and B6
(H-2° CD45.1 and CD45.2)

2" synHSCT donor:
5x10° TCDBM OT-Il (CD45.1)
+ 15x10° TCDBM B6 (CD45.2)

[Balb/c — RIP-mOVA] 1000 cGy

[ ] %1000 cGy
@-& —

4-5 wk 8-10 wk
1stallo HSCT 2r syn HSCT Analysis of OVA-
(@GVHD induction) reactive T cells

1¢t alloHSCT donor:

1x107 TCDBM (H-2°; CD45.2; Thy1.1)
+3x10° T (H-2°; CD45.2; Thy1.2)

15t alloHSCT host: H-2°; CD45.2; Thy1.2

Figure 19. A model to study generation of thymus-dependent autoreactive T
cells during acute GVHD. Balb/c-Thyl.1® TCD bone marrow replete with Balb/c
splenic T cells was grafted into lethally irradiated RIP-mOVA recipients generating
[Balb/c—=RIP-mOVA]| chimeric mice with thymic acute GVHD. Non-GVHD control mice
received Balb/c-Thyl.1" TCD bone marrow only. Four to five weeks after first allogeneic
HSCT (=GVHD induction), recipients were lethally re-irradiated and transplanted in a
second syngeneic HSCT with TCD bone marrow from CD45.17 OT-II (H-2") and wildtype
B6 mice (H-2"). Four to five weeks after OT-II TCD bone marrow transfer, thymi, spleen
and lymph nodes were isolated from RIP-mOVA recipients and OV A-reactive T cell clones
analysed (congenically marked CD45.17; Va2" VB57).

4.2.2 Thymic GVHD induction in RIP-mOVA

recipients

I first investigated whether impaired thymic function was a
hallmark of acute GVHD in lethally irradiated RIP-mOVA recipients of
fully MHC-mismatched HSCT (H-2°—=H-2"). To this end, 8-week old
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lethally irradiated RIP-mOVA mice (H-2" 1000 cGy) were transplanted
with 3x10° Balb/c (H-2%) splenic T cells and 10x10° Balb/c-Thyla TCD
bone marrow cells (Balb/c—=RIP-mOVA; H-2'-H-2"; TCD+T group).
Control mice without disease received TCD bone marrow alone (TCD
group). Two weeks after transplantation, total thymic cellularity was
severely diminished in both B6 and RIP-mOVA recipients from >6x10" to
<5x10°cells in the presence of acute GVHD (Figure 20A, C). This reduced
cellularity was reflected by aberrant thymopoiesis in mice suffering from
acute GVHD. Frequencies of CD4 CD8" DP thymocytes were decreased
from ~90% to ~30% in both, non-transgenic and transgenic mice, whereas
increased frequencies of SP populations were detected (Figure 20B, D, left
panel). This defect was related to alloreactive donor T cells (H-2"" Thy1.1")
infiltrating the thymus. Four weeks after allogeneic HSCT, RIP-mOVA
recipients with or without acute GVHD showed >80% donor chimerism in
thymi (Figure 20B, D, middle panel). Donor bone marrow derived cells
were defined as H-2" H-2" Thyl.1". Due to the persistent presence of
alloreactive donor T cells (splenic T cells; H-2" H-2'" Thy1.1), donor bone
marrow-derived T-cell development (H-2" H-2'" Thyl.1"; Figure 20B, D,
right panel) remained impaired. In total, the experiments demonstrated
that the induction of thymic acute GVHD in transgenic RIP-mOVA mice
did not differ from a non-transgenic fully MHC-mismatched transplantation
model.

59



A B Balb/c—B6 (d—b)
all thymocytes, 2wk 4wk Thy1.1%, 4wk
19 — -
10 o TCD [ o o
4 o TCD+T b !
8
§, 10 o—3 a
s O
2 4y, =
8
[

2 4
. 1004
X
Tn/ 80 [ ] —
2 ° .
g 607 +
= 401 3]
_ ° 8] i
5 = i | il
g - . 8 S 8
© oloe _oee i S AR N = b K A3
2 4 CD4—> Thyl.1— CD4—>
post-HSCT (wk)
Cc D Balb/c—RIP-mOVA (d—b)
all thymocytes, 2wk 4wk Thy1.1*, 4wk
95 — - B =
10 o TCD Lo —
g o TCD+T
E 10°
£ 3
2 1075 =
8
10—
2 4
_ 1007
X
z 804 ° —
Q607 - +
= 404 ° 8 t i
5 ° [t ; 1 4 1l
S 50 | 226413152 | < 211|906 |,
3 0] o o 435/4x1 |Q
° ole ) 2&3:1049:8 o) + £5[4x1 |8

2 4 o CD4— T Thytt—> 0 cpa—»
post-HSCT (wk)
Figure 20. Induction of thymic acute GVHD in RIP-mOV A mice. In a fully MHC-
mismatched transgenic and non-transgenic transplantation model, thymic acute GVHD was
induced in 8-9 week old lethally irradiated RIP-mOVA and B6 mice (H-2"), respectively, by
i.v. co-injection of Balb/c-Thyl.1" TCD bone marrow and Balb/c splenic T cells. Control
animals without disease received Balb/c-Thyl.1® TCD bone marrow only. (A) Thymic
cellularity in B6 recipients is analysed as a function of time post-HSCT (total cells per
thymus) in mice without (TCD group, O) and with acute GVHD (TCD+T group, @).
Donor T cell infiltration is given as percentages of H-2K*'Thyl.1" T cells among total
thymic cells (mean £+ SD). (B) Donor bone marrow engraftment and the development of
thymic acute GVHD was assessed by flow cytometric analysis. Left column: The flow
cytometry dot plots depict surface expression of CD4 and CD8 on total thymocytes at 2
weeks post-transplantation. Middle and right columns: The flow cytometry dot plots depict
surface expression of H-2K" and Thyl.1 on total thymocytes and CD4 and CDS8 expression
on donor bone marrow derived thymocytes at 4 weeks post-transplantation. Cell analysis
was restricted to live thymocytes as defined by Dapi™ staining. The numbers shown in each
quadrant represent frequencies (% of the respective populations, mean + SD). (C-D)
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Transgenic RIP-mOVA mice were used as recipients of a fully MHC-disparate
transplantation model. Acute GVHD was induced as in panel A and the same analysis was
performed as in panels A and B. The figure represents combined data from three separate
experiments with >3 mice analysed per group. *p<0.05, Mann-Whitney U-test.

Next, I intended to corroborate that reduction in mTEC compartment size
- proved to be a universal manifestation of thymic acute GVHD (Figures 14
and 15 of this thesis, and Dertschnig et al.””) - was also a hallmark of acute
GVHD when transgenic HSCT recipients were used. The transfer of
allogeneic T cells into RIP-mOVA mice indeed reduced total mTEC""
numbers from ~5000 (no GVHD) to <1000 (GVHD) cells/mouse after 2
and from ~2000 (no GVHD) to <200 (GVHD) cells/mouse after 4 weeks
(Figure 21). Two weeks after allo-HSCT total mTEC"" numbers were
reduced by approximately 50% when compared to mice without acute
GVHD. This reduction was more pronounced at four weeks after allo-
HSCT. Here, the presence of acute GVHD reduced total mTEC"" numbers
in RIP-mOVA mice from ~5000 to <500 cells/mouse in a manner similar to
non-transgenic recipients. In the haploidentical acute GVHD model (b—bd)
described in chapter 4.1, the loss of mTEC"®" cells was associated with a
reduction among mTEC"" expressing Aire (Aire' mTEC"®"). In the absence
of Aire expression, clonal deletion of OVA-specific CD4 T cells (OT-II) in
RIP-mOVA mice is compromised,”**** hence I compared Aire expression
in thymi isolated from RIP-mOVA mice with and without acute GVHD. In
thymi of recipients of TCD bone marrow Aire” cells were as expected
localised exclusively in the thymic medulla (Figure 22). Transgenic RIP-
mOVA recipients did not differ from age-matched non-transgenic B6
recipients (Figure 22; panel i). However, in the presence of acute GVHD
(TCD+T), Aire-expressing mTEC were neither detectable in non-transgenic
(B6) nor in transgenic (RIP-mOVA) recipients (Figure 22; panels ii and iv).
Taken together, the data presented in this chapter confirmed that acute
thymic GVHD could be elicited in RIP-mOV A recipients as expected. With
respect to impaired thymopoiesis and the defect in the Aire mTEC"®" cell
compartment these GVHD-induced changes were not different from non-
transgenic HSCT systems.
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Figure 21. Acute GVHD causes mTEC defects in RIP-mOVA mice. mTEC"" and
mTEC"" were analysed by flow cytometry as described in Figure 11. (A) Flow cytometry
analysis identifying mTEC"" and mTEC"" in B6 (top panel) and RIP-mOVA (bottom
panel) recipients in the presence and absence of acute GVHD 2 weeks post-transplantation.
The numbers shown in each flow cytometry dot plot represent frequency (% mean + SD) of
the respective population among total mTEC. (B) Absolute cell numbers of mTEC"" and
mTEC"®" were calculated at 2 weeks post-HSCT for B6 and RIP-mOVA recipients. (C-D)
The same analysis as in panels A and B was performed 4 weeks post-transplantation. The
figure represents combined data from 3 independent experiments with >3 mice per group
analysed. *p<0.05, 2-way ANOVA, Sidak’s multiple comparison test.
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TCD TCD+T Figure 22. Aire expression is lost in
: RIP-mOVA mice with acute GVHD.
Immunohistochemistry and confocal
microscope analysis was performed on thymic
frozen section taken from B6 and RIP-mOVA
transplant recipients 2 weeks after HSCT. i)
TCD Balb/c—B6; no GVHD, ii) TCD + T
Balb/c—=B6; acute GVHD, iii) TCD
Balb/c—=RIP-mOVA; no GVHD, iv) TCD +
T Balb/c—=RIP-mOVA; acute GVHD.
Cytokeratin-18 (CK18, blue) and CK14-
positive cells (red) define ¢cTEC and mTEC,
respectively. Aire’ cells are shown in yellow

Balb/c—B6

Balb/c—RIP-mOVA

and localise to the thymus medulla.

m CK18 m CK14 = Aire

4.2.3 Acute GVHD reduces the thymic ectopic

expression of the neo-self-antigen ovalbumin

Given the importance of OVA expression in mTEC for the efficacy

1,72,98,250,252
R,7 ,72,98,250,25 I next

of thymic negative selection of OVA-specific TC
determined whether acute GVHD interfered with global thymic OVA gene
expression in mTEC"" and mTEC™". As expected, there was no OVA
expression detected in non-transgenic B6 mice, neither in mTEC"", nor in
mTEC"". In allogeneically transplanted RIP-mOVA mice without disease
(TCD) OVA expression was detected to the same extent in mTEC"" and
mTEC"" (Figure 23A). These data argued for an Aire-independent
regulation of OVA, since Aire expression was as expected only present in
mTEC"™" (Figure 23B). In allogeneically transplanted RIP-mOVA mice
with acute GVHD (TCD+T) the quantitative PCR data indicated that
OVA mRNA levels were reduced in both mTEC"" and mTEC"®" compared
to the TCD group (Figure 23A). Aire expression was reduced at 2, but not
at 4, weeks post-transplantation in mice with acute GVHD. Taken together,
the data presented in this and the previous chapter demonstrated that
reduced OVA expression was due to loss of OVA-expressing mTEC during
acute GVHD.
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Figure 23. OVA mRNA is decreased in acute GVHD. Expression of OVA and Aire
mRNA was determined by quantitative PCR in sorted mTEC"" and mTEC"®" in B6 and
RIP-mOVA recipients with (black bars) and without (white bars) acute GVHD. (A) OVA
expression in RIP-mOVA recipients without acute GVHD is set as 1 and used as a control.
Expression in RIP-mOVA recipients with acute GVHD and in B6 recipients is depicted as
fold change over control. (B) Aire expression is shown as relative expression normalised to
GAPDH. Analysis was done at 2 and 4 weeks post-transplantation.

4.2.4 OV A-specific T cell clones escape negative
selection during acute GVHD

Since efficient central tolerance induction requires adequate
intrathymic OV A expression levels, the above results suggested that acute
GVHD may affect negative selection of OV A-specific T cells. To directly
test this hypothesis, RIP-mOVA recipients with acute GVHD were lethally
re-irradiated 4-5 weeks after allogeneic HSCT (Balb/c—=RIP-mOVA; H-
29—-H-2") and transplanted in a second syngeneic HSCT with TCD bone
marrow mixture from CD45.17 OT-II (H-2") and CD45.2" B6 mice (H-2")
(Figure 19). As controls, RIP-mOVA recipients without acute GVHD and
non-transgenic B6 mice were used. In these OT-II—=[Balb/c—=RIP-mOVA]
mice (H-2"—[H-2'=H-2"]) the hematopoietic system was fully replaced with
cells stemming from OT-II and wt B6 donor HSC. Except in lymph nodes
of RIP-mOVA mice with acute GVHD, donor chimerism in all cell lineages
was >80% in thymus, spleen and lymph nodes of all experimental groups
(Figure 24).

64



Figure 24. Haematopoietic system is
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As expected, OV A-specific T cells expressing the TCR Va2 Vp5 chains and
the congenic marker CD45.1 were not deleted in thymi of B6 mice without
OVA expression. In these mice, CD45.17 CD4 T cells were detected at
significantly higher frequencies than in RIP-mOVA mice without disease
(Figure 25; 14 vs. 2%, 8 vs. 1%, and 8 vs. 3% in thymus, lymph nodes and
spleen, respectively). In the latter group, adequate clonal deletion of OV A-
reactive T cells resulted from normal levels of thymic OVA expression. In
the absence of thymic OVA expression (OT-II—[Balb/c—=B6]), CD45.1"
CD4 OVA-specific T cells were not deleted in the thymus (10%) however
and emerged in the periphery where they were detected in lymph nodes and
spleen (Figure 25; 7 and 14%, respectively). Hence, the acute GVHD-
dependent loss of OVA expression in OT-II—[Balb/c—=RIP-mOVA]| mice
was sufficient to prevent effective negative selection of OT-II TCR and
allowed the de novo generation of TCR Va2® VB5" CD4 SP thymocytes
(CD45.17).
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Figure 25. OV A-specific T cells are not negatively selected during acute GVHD.
(A) Flow cytometric analysis of thymocytes of B6, RIP-mOVA without acute GVHD and
RIP-mOVA with acute GVHD transplanted with OT-II TCD bone marrow. Flow cytometry
plots depict surface expression of CD4, CD45.1, Va2 and VB5. The numbers shown in each
quadrant represent frequency (mean + SD) of CD4" CD45.1" T cells among total CD4" SP
thymocytes (left column). The numbers in the flow cytometry plots on the right represent

66



frequencies (mean + SD) of Va2Vp5 double positive thymocytes among CD45.1° CD4" and
CD45.1" CD4" thymocytes, respectively. Cell analysis is restricted to live thymocytes as
defined by Dapi™ staining. The frequencies of CD4" CD45.1" thymocytes in all three groups
are summarised in a dot plot (right). The same analysis was performed in (B) lymph nodes
and (C) spleen. The figure represents combined data of two independent experiments with
>3 mice analysed per group. *p<0.05, ANOVA.

4.2.5 De novo generated OT-II T cells display a non-
tolerant effector phenotype

To test whether OVA-specific T cells that were not negatively
selected were functional and non-tolerant, expression of folate receptor 4
(FR4) and CD73 was measured on peripheral T cells. I chose to study these
cell surface proteins since their expression is known to be low on non-
anergic CD4" T cells.” Non-OV A-specific CD4" T cells expressed FR4 and
CD73 at low levels, indicating a non-anergic phenotype in RIP-mOVA mice
either with or without acute GVHD. Because expression of FR4 and CD73
), 5526 1 als0
included Foxp3 as a marker for T,, in the analysis. The ratio T 4T, was
increased from ~2.5 to ~17 in RIP-mOVA mice suffering from acute GVHD
and then re-transplanted with TCD OT-II bone marrow when compared to
RIP-mOVA mice without disease (Figure 26A). Thus, the frequency of T

was diminished among the whole CD4" T cell pool in the spleen in the

was previously reported on CD4" regulatory T cells (T

reg

reg

presence of disease (Figure 26A). OT-II T cells detected in the periphery of
RIP-mOVA mice suffering from acute GVHD did not convert into T,
displayed a FR4 CD73 non-tolerant effector phenotype (Figure 26B).
These data strongly suggested - but did not finally prove - that

and

responsiveness to self-antigen may have been sustained. The OT-II T cells
had increased CD44 expression (Ag-experienced phenotype) and are larger
in size, suggesting that they were capable of responding to self-
peptide/MHC complexes (Figure 27).”* These data suggested that OVA-

specific T cells that were not negatively selected were non-anergic.
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Figure 26. OT-II T cells are non-anergic and represent non-T,, cells. (A)

Intracellular Foxp3 expression was analysed in total splenocytes in recipients without (left)
and with (right) acute GVHD 4 weeks after the second syngeneic HSCT (OT-
II—[Balb/c—=RIP-mOVA]). Flow cytometry plots depict surface expression of CD4 versus
intracellular expression of Foxp3. The numbers shown are frequencies of CD4" Foxp3  and
CD4" Foxp3' cells, respectively. Bar graph shows ratio of Foxp3™ versus Foxp3" CD4 T cells
in RIP-mOVA mice in the presence (black) and absence (white) of acute GVHD. *p<0.05,
Mann-Whitney U-Test. Surface expression of folate receptor 4 (FR4) and CD73 was
analysed in (B) OVA-specific and non specific splenic CD4" Foxp3 T cells, and (C) in OVA-
specific and non specific splenic CD4" Foxp3' T,, cells. The numbers shown represent
frequencies of respective population (mean =+ SD). The figure represents data from one
experiment with >2 mice analysed per group.
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Figure 27. OT-II cells show activated
phenotype. OVA-specific (bottom) and non-
specific (top) CD4" splenic T cells were analysed
for their CD44 expression. Splenocytes were
isolated four 4 weeks after second syngeneic
HSCT (OT-II—[Balb/c—=RIP-mOVA]) from RIP-
mOVA recipients with (right) and without (left)
acute GVHD. The flow cytometry plots depict
surface CD44 expression versus forward scatter
profile. Numbers in the plots indicate frequencies
(mean £ SD) of CD44™ and CD44"="
populations among the indicated T cell
population. The figure represents data from one
experiment with >2 mice analysed per group.

In summary, the data shown in part two of the results provided a

mechanism for how autoimmunity may develop in the context of acute

GVHD. In the presence of disease, a reduction in mTEC pool size causes

loss of an individual TRA that results in a failure to establish central

tolerance to this TRA. In consequence TRA-reactive T cells can be

exported to the periphery of allo-HSCT recipients.
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4.3 Epithelial cytoprotection with fibroblast
growth factor-7 (Fgf7) sustains ectopic
expression of tissue-restricted antigens in the
thymus during murine acute GVHD

4.3.1 Fgf7 sustains the thymic mTEC"" compartment

including Aire expression

Given my observations above, approaches for mTEC cytoprotection
may increase thymus-dependent T-cell production and may also prevent the

180 and thus alter

emergence of thymus-dependent autoreactive T cells
autoimmune outcome. Since previous studies by Rossi et al. *'*** described
that administration of the epithelial growth factor Fgf7 acts directly on
TEC and results in increased thympoiesis, I chose to study the role of Fgf7
on mTEC"" in the course of acute GVHD. Because efficient central
tolerance requires the full scope of TRA, which is only ensured by a
sufficient large enough mTEC"" cell pool, I asked whether the mTEC"s"
compartment size and heterogeneity were sustained by using Fgf7 as a
strategy for epithelial cytoprotection. First, Fgf7’s effect on thymus size and
structure and T cell development was assessed to confirm the previous
findings.”® Fgf7 was administered in a peritransplant manner (i.p. 5
mg/kg/day from day -3 to 3 after allogeneic HSCT) in recipients of
allogeneic HSCT (b—bd +Fgf7) as described.”**’ Confirming previous
data, thymus size was increased in Fgf7 treated mice with acute GVHD
compared to untreated animals (Figure 28A).*'° Furthermore, structural
organisation and thymic T-cell development was normal in those mice,
despite the continued presence of acute GVHD in other target organs. The
protective effect of Fgf7 was independent of the presence of donor T cells,
as suggested previously,”'® since the absolute numbers of thymus-infiltrating
donor T cells were comparable to untreated recipient with acute GVHD
(Figure 28B).
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Figure 28. Fgf7 boosts thymopoiesis and restores thymic architecture. Acute
GVHD was induced by the transfer of B6.CD45.1 splenic T cells to unirradiated BDF,
recipients (b—bd; @). Syngeneically transplanted BDF, mice serve as controls without
disease (bd—bd; O). Fgf7 was i.p. injected into one group of BDF, recipients that underwent
allogeneic transplantation (b—bd +Fgf7; A). (A) Photographic pictures of thymi without
acute GVHD (i; bd—bd), with acute GVHD (ii; b—bd) and with acute GVHD but after Fgf7
treatment (iii; b—bd +Fgf7) (top row). Histopathology of thymic section was analysed by
H&E staining at 2 weeks after transplantation (iv; bd—bd, v; b—bd, vi; b—=bd +Fgf7). M,
medulla; C, cortex. (B) The flow cytometry dot plots depict surface expression of CD4 and
CD8 on host thymocytes. Cell analysis is restricted to live thymocytes as defined by
forward/side scatter and exclusion of cells staining positive for propidium iodide. The
numbers shown in each quadrant represent frequencies (% of the respective populations,
mean + SD). The figure represents combined data from four separate experiments; with an
aggregate of 11 mice analysed for each group. Infiltration of donor-derived CD45.1" T cells
into host thymi is given as frequency (% among total thymic cells) and absolute cell
numbers (x 10°, mean + SD). *p<0.05, Mann-Whitney U-test.
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The TEC compartment was analysed in 8, 10, 12 and 15 week old
recipients (4 days, 2, 4 and 7 weeks post-transplantation). Fgf7 failed to
prevent initial mMTEC"" cell loss in b—bd recipients (Figure 29). However,
Fgf7 maintained stable numbers of mTEC"8" (>4x10° cells/mouse) which
were significantly higher compared to b—bd recipients not treated with
Fgf7 (<10° cells/mouse) for the whole observation time (Figure 29).
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Figure 29. Fgf7 sustains mTEC compartment size. The mTEC compartment was
analysed after Fgf7 administration (i.p. 5 mg/ke/day; day -3 to day +3 after allogeneic
HSCT). (A) mTEC"*" and mTEC"" were analysed by flow cytometry as a function of age
using the strategy described in Figure 11. Bottom row depicts flow cytometry plot of
allogeneically transplanted BDF, recipients that underwent Fgf7 treatment (b—bd +FgfT7).
The numbers shown in each flow cytometry dot plot represent frequency (% mean + SD) of
the respective population among total mTEC. The figure represents combined data of
individual mice from 6 separate experiments. bd—bd; syngeneic controls, no acute GVHD.
b—bd; allogeneic HSCT, acute GVHD. (B) Absolute numbers of mTEC"®" (left) and
mTEC"" are analysed as a function of recipient age in three groups of a haploidentical
transplantation model. Acute GVHD was induced in 8-week old unconditioned BDF,
recipients (b—bd, black circles). Cell numbers in allogeneic recipients that were injected with
Fgf7 are depicted as white triangles. Untransplanted BDF, mice (grey squares) or
syngenically transplanted mice (bd—bd, open circles) serve as controls. A total of 6
experiments were performed, with 3 to 5 mice per group and experiment. *p<0.05, analysis
of variance (ANOVA).
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Cell numbers were comparable to syngeneically transplanted control
animals and to untransplanted, age-matched naive mice. Furthermore,
normal cell numbers of mTEC"" were present in mice with acute GVHD
but treated with Fgf7 (>10* cells/mouse and <10° cells mouse with and
without treatment, respectively). Upon Fgf7 treatment the mTEC"®" subset
expressing Aire was preserved at ~3000 cells/mouse during acute GVHD,
which contrasted the depletion of these cells to numbers as low as 300

cells/mouse in untreated animals with acute GVHD (Figure 30).
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Figure 30. Fgf7 rescues Aire expressing mTEC. Aire expression was qualitatively and
quantitatively analysed in recipients’ thymi. (A) OCT embedded thymi from unconditioned
transplant recipients at ages 10, 12, and 15 weeks (i.e. 2, 4, and 7 weeks after
transplantation) were cut in sections and analysed by confocal microscope. Sections were
stained for Cytokeratin-18 (CK18, blue; cortex), CK14 (red; medulla) and Aire (yellow).
Analyses of allogeneically transplanted mice with Fgf7 treatment are shown in the bottom
row. [i-iii] bd—bd, [iv-vi] b—bd, [vii-ix| b—=bd +Fgf7. (B) The flow cytometry plots display
intracellular Aire and surface MHC class II expression of DAPTCD45EpCam 'Ly51 UEA-1"
mTEC. Numbers represent frequencies (%) of cells (mean + SD). Bottom row shows data of
b—bd +Fgf7 recipients. (C) Based on flow cytometry data absolute numbers of
Aire'mTEC"®" were calculated per individual recipient mouse (mean #+ SD). Syngeneic
HSCT, bd—bd, open circles; allogeneic HSCT, b—bd, black circles; allogeneic HSCT +Fgf7

74



treatment, b—bd +Fgf7, open triangles. A total of 5 experiments were performed with 3 to 5
mice per group. *p<0.05, ANOVA.

To investigate if increased cell numbers upon Fgf7 treatment were due to
enhanced proliferation within the mTEC compartment, I analysed BrdU
incorporation. I first analysed BrdU incorporation and cell cycle during a
short time window 2 weeks after transplantation. To this end, recipient
mice were intraperitoneally (i.p.) injected with BrdU and analysed 16 hours
afterwards. 11% of mTEC"®" cells were proliferating (in S phase) in
syngeneically transplanted mice, whereas frequency for mTEC"" cells was
slightly lower (9%) (Figure 31A, left panel). This observation was
consistent with published data from normal mice.”” Treatment with the
mitogenic agent Fgf7 did not result in increased proliferation rates of
mTEC"". In mice suffering from acute GVHD without Fgf7 treatment,
26% of mTEC"" were in S phase, whereas prior Fgf7 administration
resulted in only 16% proliferating mTEC"®" (Figure 31A, middle and right
panel). The same observation was made for mTEC" cells. The frequency of
proliferating mTEC"" in untreated mice with acute GVHD was twice as
high as in GVHD-positive animals that underwent Fgf7 treatment (Figure
31A, middle and right panel; 11 vs. 5%). This snapshot analysis revealed
that 2 weeks after transplantation, the mitogenic effect of earlier Fgf7
treatment was not existent. To analyse kinetics of cell proliferation and to
test whether higher turnover within the mTEC compartment was present
earlier, a pulse chase experiment was performed. Here, mice were fed from
day -3 to 3 after HSCT with drinking water supplemented with BrdU (0.8
mg/ml). The time period of BrdU feeding corresponded to the time frame of
Fgf7 therapy. BrdU incorporation into mTEC was analysed at 8.5, 10 and
12 weeks of age (4 days, 2, 4 weeks post-transplantation, respectively).
Consistent with reports that mTEC are continuously replaced in
adulthood,”™ ~5% of mTEC underwent cell division within 1 week in the
b—bd and bd—bd transplant groups (Figure 31B). This frequency increased
to ~15% in mice with acute GVHD but that were treated with Fgf7. Label
retention analyses indicated high turnover of mTEC in response to Fgf7 in
b—bd recipients as BrdU concentration declined to <10% in 12 week old
recipients. This analysis of proliferation history showed that rescue of
mTEC"" numbers was therefore the consequence of enhanced proliferation

within the entire mTEC compartment.
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Figure 31. Fgf7 enhances proliferation of the mTEC compartment. Analysis of
BrdU incorporation. (A) Cell cycle analysis of mTEC"" and mTEC"" 2 weeks after GVHD
induction. BrdU was i.p. injected 16 hours prior to analysis in syngeneically recipients and
untreated or Fgf7-treated allogeneically recipients. Flow cytometry plots depict intracellular
expression of BrdU and 7-AAD (7-Aminoactinomycin D), which marks the DNA. The
numbers represent frequencies of cells in G,/G; (BrdU™ 7-AAD’), S (BrdU" 7-AAD”") and
G,/M phase (BrdU 7-AAD”). (B) Analysis of mTEC proliferation in response to Fgf7.
Eight-week-old BDF, mice were left untreated or were treated with Fgf7 from days -3 to +3
after allogeneic HSCT. All mice simultaneously received 0.8 mg/ml BrdU in their drinking
water. mTEC were analysed for BrdU incorporation at the indicated ages after
transplantation. Left: flow cytometry histogram. Right: BrdU™ cells (%) £SD, *p<0.001,
ANOVA, acute GVHD vs. mice without acute GVHD.

4.3.2 Fgf7 administration sustains a more diverse TRA
transcriptome in mTEChigh during acute GVHD

Because treatment of mice suffering from acute GVHD with Fgf7
restored the mTEC"#" compartment including Aire-expression, I next asked

whether Fgf7 also sustained the heterogeneity of TRA expression by
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mTEC"" (Table 3). To quantify changes of global gene expression patterns
in response to Fgf7, a correlation matrix analysis was performed (see
section 4.1.5). During early acute GVHD, the TRA spectrum was not
preserved by Fgf7 indicated by a Pearson’s r = 0.635 versus bd—bd mice.
However, a broader array of TRA was expressed by 4 and 7 weeks after
allogeneic HSCT as indicated by an expression profile that was closer to
that of age-matched bd—bd controls (Pearson’s r = 0.722 and 0.807,
respectively) (Figure 32A, C). Hence, peritransplant administration of Fgf7
sustained a more diverse TRA transcriptome during acute GVHD.
Furthermore, the Ub expression spectrum was maintained by Fgf7 shown
by higher Pearson’s r values than without treatment (Pearson’s r = 0.8242
for bd—=bd versus b—bd +Fgf7; Pearson’s r = 0.7526 for bd—bd versus
b—bd +Fgf7) (Figure 32B, C). Expression levels of a selection of genes that
were altered by acute GVHD were plotted as a heatmap to illustrate the
effect of Fgf7 (Figure 33). Individual TRA expression patterns were
differentially affected by acute GVHD and Fgf7 as some but not all Aire-
dependent TRA returned to nearly normal expression in the observation
period. An increase in gene expression of three Aire-dependent TRA (Sptl,
Mupl and Csnls2a) was detected in b—bd +Fgf7 mice by qPCR (Figure
34). Epithelial cell adhesion molecule (EpCam), which is specifically
expressed in epithelial tissues™, and forkhead box N1 (Foxnl), whose

¥ served as controls.

expression characterises the thymic epithelial lineage,”
EpCam and Foxnl expression was neither downregulated by acute GVHD,

nor increased due to Fgf7 treatment.
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Table 3.

(A) Genes upregulated in response to Fgf7 during acute GVHD (>5-fold)

Accession# Fold change
b—bd +Fgf7, 15 wk
vs. b—=bd, 12 wk

(rel. expression)

TRA are
shaded
m grey
Gstal NM 008181 glutathione S-transferase, alpha 1 24.07 | 0.302 | 0.028
Mztl NM 175245 testis-specific serine kinase 3 17.39 | 0.972 @ 0.421
Tacl NM 009311 tachykinin 1 16.24 0.509 @ 0.045
Gsta2 NM 008182 glutathione S-transferase, alpha 2 16.06 | 0.301 | 0.041
Gmnn AF068780 serine (or cysteine) peptidase inhibitor 14.63 | 1.459 @ 0.252
NM 001122
Gm10639 660 predicted gene 10639 13.84 0.291 | 0.047
NM_ 001045
Cybbd1 525 cytochrome b5 domain containing 1 13.04 | 0.897 | 0.404
4930420K17R
ik BC147127 ribosomal protein L34 12.76 1.024 | 0.052
NM_ 001081
Spink5 180 SRY-box containing gene 8 11.60 | 0.893 @ 0.018
Apool NM 026565 apolipoprotein L 7e 11.59 | 0.991 @ 0.118
Fam175b NM 198017| gap junction protein, delta 3 11.26 | 1.11/ | 0.106
TATA box binding protein (Tbp).
Tafld AK161656 | assoc. factor 10.96 | 0.455 0.322
dimethylarginine
Ddah1 NM 026993 dimethylaminohydrolase 1 10.53 | 0.765 @ 0.341
similar to Ig kappa chain V-V regior
LOC672291 @ BC128281 MOPC 9.85 0.507 | 0.915
Cecdch8 NM 198645| transmembrane protein 167B 9.69 1.055 | 0.139
Calml4 NM 138304 calmodulin-like 4 9.65 0.198 | 0.052
Defb5 NM 030734 defensin beta 5 9.51 0.145 @ 0.749
1110032A03R
ik NM 023483 RIKEN cDNA 1110032A03 gene 8.94 0.411 @ 0.123
D230041D01
Rik AK141161 RIKEN ¢cDNA D230041D01 gene 8.94 0.563 | 0.404
zinc finger, DHHC domain containing
Cence NM 016746 11 8.40 1.033 | 0.120
Mir677 NR 030442 | predicted gene 9890 8.39 0.888 | 0.479
Igfl NM 010512 insulin-like growth factor 1 8.26 0.311 | 0.070
Tslp NM 021367 thymic stromal lymphopoietin 8.25 0.297 | 0.151
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Rock2
Gea
Spink3

Earl
Apoad

Fam19al
Hnf4g
Retnla

Ucma
Fabp7
5730455013R
ik
A630095E13
Rik

Tl1r]12
Scgblal
Fabp2

1fi205
Fam126b

Rnfl13a2
Polr2j

Clec12b
Olfr98
Thap6

Mir680-2
Igj
Fabp9

Uevld
C130021120R,
ik

Styx

ENSMUST116
446

NM _ 145523
NM_ 009258

NM_ 007894
NM_ 007468

NM 182808
NM 013920

NM_ 020509
NM_ 001113
558

NM 021272
NM 001081
075
NM_ 001033
325

NM 133193
NM 011681
NM_ 007980
NM 172648
NM 172513
NM 025525

NM 011293

NM_ 027709
NM _ 146510
NR_ 028429

NR_ 030448
NM 152839
NM_ 011598

NM_ 001040
695
AK147796

NM 019637

scavenger receptor class A, member 3

grancalcin

serine peptidase inhibitor
eosinophil-associated,
family,1

apolipoprotein A-IV

family with sequence similarity 19

member Al
hepatocyte nuclear factor 4, gamma
resistin like alpha

upper
cartilage matrix

zone of growth plate

fatty acid binding protein 7

RIKEN c¢cDNA 2700078E11 gene

RIKEN ¢cDNA A630095E13 gene
interleukin 1 receptor-like 2
secretoglobin, family 1A, member 1
fatty acid binding protein 2
interferon activated gene 205
family with sequence similarity 126
integrin alpha M

mediator of RNA polymerase

transcription,18
domain family

C-type lectin

member B
dual adaptor for phosphotyrosine
THAP domain containing 6

SH3 domain binding glutamic acid-ricl

p-like 3
cryptochrome 2

fatty acid binding protein 9

Nggl interacting factor 3-like 1

RIKEN cDNA 4930430A15 gene

smu-1 suppressor of mec-8 and unc-5Z

homol.
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ribonuclease A

7.64
7.64
7.32

7.07
6.99

6.93
6.89
6.76

6.75
6.64

6.52

6.25
6.20
6.19
6.03
6.01
5.91
5.86

5.63

5.53
5.52
5.27

5.23
5.22
5.14

5.13

5.13

5.05

1.591
0.596
0.152

0.300
0.106

0.403
0.333
0.067

0.38/
0.399

1.082

0.314
0.472
0.037
0.058
2.099
0.759
0.843

1.561

2.078
1.396
0.600

0.713
1.196
0.268

1.449

0.970

1.099

0.403
0.120
0.040

0.051
0.050

0.153
0.067
0.107

0.09/
0.044

0.207

0.175
0.093
0.030
0.041
0.380
0.15)
0.158

0.093

0.796
0.463
0.372

0.237
0.760
0.085

1.090

1.123

0.319
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Figure 32. Peritransplant administration of Fgf7 sustains a more diverse TRA
transcriptome in mTEC"®" during acute GVHD. The linear relationship of global
gene expression between two experimental groups is tested independently for (A) TRA and
(B) ubiquitously expressed transcripts, Ub. In a correlation matrix analysis, signal intensities
(log,) of individual transcripts are plotted and the Pearson’s correlation coefficient r between
two variables is individually calculated as a function of recipient age. Numbers in each
quadrant (Fgf7 treatment is shaded in grey) indicate Pearson’s r values between the two
variables tested. The asterisk (*) symbol indicates a p<0.001 value for the quality of any
measured Pearson’s r at the given time point for TRA or Ub. (C) Pearson’s correlation
coefficient r is shown as a function of age and time after transplantation for Ub (grey
squares) and TRA (blue squares). *p<0.001 of Pearson’s r.
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Figure 33. Individual TRA expression patterns are differentially affected by
acute GVHD and Fgf7. Expression levels of individual genes expressed in mTEC"#" are
given in a heatmap as colour coded log, value of signal intensities. (A) The map is sorted
according to relative expression of genes in mTEC"" (b—bd vs. bd—bd mice; 12 week old)
and contains all TRA with a relative expression of <0.08 (which equals a 12.5-fold decrease
in signal intensities of all genes) during acute GVHD in age-matched mice. (B) Left panel:
The map is sorted according to relative expression of genes in mTEC"" (b—bd vs. bd—bd
mice; 12 week old) and contains all TRA with a relative expression of <0.3 (~3-fold
decrease) during acute GVHD in age-matched mice. Enhancement of TRA expression in
response to Fgf7 was detectable by higher signal intensities of individual genes. Right panel:
Aire-dependent TRA were sorted as before.
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Figure 34. Quantitative PCR confirms microarray data. Microarray data of selected
genes is verified by quantitative PCR (qPCR). Expression in syngeneically transplanted
recipients was set as 1 (thick, dashed line) and used as a control. Expression in allogeneically
transplanted recipients that were left untreated or treated with Fgf7 is shown as x-fold
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change over controls as a function of recipient’s age. Foxnl, forkhead box N1; EpCam,
epithelial cell adhesion molecule; Sptl, salivary protein 1; Mupl, major urinary protein 1;
Csnls2a, casein alpha s2-like A (casein g). n.d., not done.

I hypothesised that Fgf7 restored TRA expression independently of their
signal intensity and that treatment did not preferentially affect Aire-
dependent TRA. To test this assumption, multidensity histogram analysis
was performed (Figure 35). In this analysis signal intensities of individual
transcripts of Ub, Aire-independent and Aire-dependent TRA were plotted
against transcript frequencies. Only transcripts whose expression levels were
decreased during acute GVHD by greater than 3-fold at 2 and 4 weeks after
allogeneic HSCT (corresponding to genes in lower left quadrant Q2 of
Figure 17A), were included in the analysis. The data demonstrated that
signal intensity distribution was similar for all three gene pools in
syngeneically transplanted mice (bd—bd; Figure 35, top panels). Since
signal intensities did not differ between Ub, Aire-independent and Aire-
dependent TRA, the finding of an enrichment of TRA among
downregulated genes during acute GVHD was independent of signal
intensities, but rather caused by a loss of mTEC"®" (Figure 35, middle
panels). Fgf7 treatment of b—bd mice partially restored both Aire-
dependent and Aire-independent TRA (b—bd +Fgf7; Figure 35 lower
panels). Thus, no preference for restoration of Aire-dependent TRA by Fgf7
was observed. I interpreted this data as such that Fgf7 restored the whole
mTEC"" compartment, and not only Aire' mTEC"®". This resulted in Fgf7
being efficient to restore both, Aire-independent and Aire-dependent TRA.
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Genes with reduced expression levels during acute GVHD (Q2, <0.33 vs. control)
10 wk 12 wk 15 wk

0.61
0.51
0.41

VAN AN A

ol /N A

bd—bd

0.6
0.5

0.4
0.3

] —TRA
’\ Aire TRA
0.21 1
0.1 / 1
\ 4

Ub

b—bd

0.6
0.5 1
04

o LN ~
o1}/ :/ N / N

4 6 8 10 12 4 6 8 10 12 4 6 8 10 12
signal intensity —

b—bd +Fgf7

density ——

Figure 35. Fgf7 administration alters thymic expression of TRA independently
of their signal intensity. Multidensity histogram analyses of TRA and Ub whose
expression levels are decreased during acute GVHD by greater than 3-fold at 2 and 4 weeks
after allogeneic HSCT (10 and 12-week old recipients, respectively). Data shown corresponds
to quadrant Q2 of Figure 17 with a total of 280 tested transcripts. Signal intensities of
individual transcripts in three different gene pools are plotted against transcript frequencies
(density). Ub (grey), Aire-independent TRA (dark blue) and Aire-dependent TRA (yellow).

4.3.3 Fgf7 administration alters thymic expression of
TRA independently of their tissue specificity and
acute GVHD

Finally, based on the aforementioned results regarding the tissue
specificity of downregulated TRA, I asked whether Fgf7 specifically affected
TRA that were expressed mainly in chronic GVHD target tissues. Both the
effects of Fgf7 on TRA in mice without disease (bd—bd) (Figure 36A) and
with acute GVHD (b—bd) (Figure 36B) were analysed. The data clearly
demonstrated that neither in the absence nor in the presence of disease an

enrichment of genes that are typically expressed in tissues known to be
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targets of chronic GVHD was present. Notably, analysis of tissue
representation of TRA whose expression levels were lower during acute
GVHD but normal in response to Fgf7 revealed that genes segregated at
similar high frequencies for their tissue expression profiles as shown on page
52 (Figure 36C). These data demonstrated that the Fgf7 effect was not

specific for genes that are expressed mainly in chronic GVHD target tissues.
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Figure 36. Fgf7 administration alters thymic expression of TRA independently
of their tissue specificity and acute GVHD. (A) Effect of Fgf7 on TRA in mice
without disease (syngeneic transplantation, bd—bd). The pie chart shows tissue
representation of the 220 and 60 TRA whose expression levels are enhanced by >3-fold in
response to Fgf7 at 10 and 12 weeks of age, respectively (2 and 4 weeks after syngeneic
transplantation). (B) Effect of Fgf7 on TRA in mice with acute GVHD (b—bd). The pie
chart shows tissue representation of the 39 and 110 TRA whose expression levels were
enhanced by >3-fold in response to Fgf7 at 10 and 12 weeks of age, respectively (2 and 4
weeks after acute GVHD induction). (C) Effect of Fgf7 on TRA reduced during acute
GVHD (b—bd). The pie chart shows tissue representation of the 190 and 291 TRA,
respectively, whose expression levels are lower during acute GVHD but normal in response
to Fgf7.

Taken together, the data demonstrated that mTEC cytoprotection by Fgf7
sustained the mTEC compartment in the course of acute GVHD and hence
a more diverse TRA transcriptome could be achieved despite ongoing

alloimmunity.
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5. DISCUSSION

Despite advances in experimental and clinical HSCT, acute and
chronic GVHD continue to be major causes of posttransplant mortality and
morbidity."”® Several clinical studies proved acute GVHD to be a risk factor
for chronic GVHD; the latter of which is characterised by autoimmune
manifestations.”**'*"'* In contrast to acute GVHD, the pathomechanism of
chronic GVHD is less well understood. Moreover, clinical data for the
mechanism of the transition from acute to chronic GVHD do not exist at
present. From studies of animal models, four different mechanisms have
been proposed that may alone or in combination contribute to the
pathogenesis of chronic GVHD."" These propositions include 1) a deficiency
in the T,, compartment; 2) a role for B cells and autoantibodies; 3)
activation of the TGF-f pathway; and 4) thymic dysfunction resulting from
prior acute GVHD. Since thymic dysfunction is a characteristic feature of
both clinical and experimental acute GVHD,''"™ " uynderstanding of the
precise mechanism of thymic injury may prove to be crucial for the
understanding of the transition from acute to chronic GVHD. Here,
alterations in the mTEC compartment may serve as a possible explanation
for the emergence of autoreactive T cells in the periphery following
allogeneic HSCT.

The existence of a link between mTEC injury and the emergence of
autoreactive T cells generated in the course of acute GVHD remained
unknown at the start of this thesis project. My study was based on data
that had established TEC as direct targets of allorecognition and, in
response, their apoptosis during acute GVHD.'® Moreover, acute GVHD-
caused TEC injury was shown to impair intrathymic T-cell development
and T-cell export to the periphery.?” I therefore hypothesised that defects
in mTEC function during acute GVHD result in impaired thymic negative
selection and consequently in a peripheral T-cell repertoire that harbours
autoreactive clones at higher levels than normal.

Within my thesis work, I demonstrated that mTEC injury is a
universal event in different murine models of acute GVHD. Mature
mTEC"®" were deleted in the course of disease which resulted in a reduced
size of the entire mTEC compartment (Figure 15). The mTEC"®"
compartment is essential for thymic negative selection, since it has the

unique capacity to express a large array of peripheral self-antigens, which
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are to a great extent controlled by the transcription factor Aire.” I found
that within the mTEC compartment, the Aire mTEC"™" cells were
particularly affected by acute GVHD (Figure 16). In consequence, the
diversity of TRA expression was significantly impaired (Figure 17). Using a
transgenic transplantation model, I was able to demonstrate that loss of
TRA had a biological effect. In this model, purging of an individual self-
antigen (OVA) from the TRA pool failed to induce central tolerance
induction against this specific TRA. OVA-specific CD4™ T cells were
present in the spleen and lymph nodes of mice with acute GVHD as a
consequence of diminished OVA expression in mTEC (Figure 25). I also
investigated the cytoprotective agent Fgf7 as a potent treatment to protect,
repair, and enhance TEC function, resulting in improved thymic negative
selection. Peritransplant administration of Fgf7 restored the mTEC
compartment, including cells that expressed Aire. In consequence, TRA
expression in mTEC"" was sustained despite the presence of allogeneic

donor T cells in the thymus (Figure 32).

Loss of mTEC — a universal manifestation of acute GVHD

The wuse of the non-ablative B6—BDF,; transplantation model
allowed me to distinguish pathogenic influences on TEC caused by acute
GVHD from those that resulted from cytoreductive therapy. I confirmed
previous data from this haploidentical model that the TEC compartment is
affected by alloreactive T cells.'® In this previous study, mostly cTEC were
lost during acute GVHD. However, recent progress in the identification of
TEC subsets provided the tool to investigate the thymic stroma in more
detail. "% T identified the mTEC compartment as the major target of
allorecognition by donor T cells. Since I distinguished immature and mature
mTEC by using detection of MHC class II, my data provides further details
into thymic injury in the course of acute GVHD. The mature mTEC"®"
cells were preferentially affected by acute GVHD as cell numbers were
reduced to almost undetectable levels during the observation period. I could
confirm these data in other models, including haploidentical, MHC-
mismatched and MHC-matched transplantation systems that used TBI as
cytoreductive conditioning. In these models, radiation therapy initially
reduced mTEC"®" numbers independently of acute GVHD, but the presence
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of acute GVHD pronounced this injury further. My data argue for a
reduction of mTEC"®" compartment size as a universal manifestation, and
radiation injury is not mandatory as suggested before.” None of the
experimental models fully reflected the complexity of the clinical situation
as individual experimental models are specifically designed to address only
desired subsets of all the clinical parameters. Seeking to identify specific
autoimmune mechanisms in a multifactorial pathology such as acute
GVHD, a reductionist approach was, however, advantageous, which was
then further strengthened by a comparison of data sets gained from distinct
experimental models.

Both mTEC"" and mTEC"®" numbers regenerated to normal values
upon acute GVHD induction in the haploidentical transplantation model
with TBI (Figure 15B). The reason for this observation was not addressed
but a recent study suggests a role for cytokine-mediated thymic

1.7 Here, radio-resistant DCs were shown to

regeneration after TB
upregulate IL-23 following irradiation and subsequently induce IL-22
expression in thymic lymphoid tissue inducer cells. This mechanism resulted
in IL-22-mediated regeneration of the thymic microenvironment. Hence,
such a regenerative mechanism might apply for the haploidentical b—bd
+TBI model. Such a contention remains to be tested.

My conclusion that loss of mTEC is a universal manifestation of
acute GVHD was consistent with a recent study where TBI treated Balb/c
recipient were transplanted with B6 TCD bone marrow replete either with
donor CD4" or CD8" T cells.?® In this transplantation model CD8" T cells
were more potent in mediating mTEC injury than CD4" T cells but both
donor T cells caused a significant loss in mTEC numbers. In other
experimental systems, mTEC were shown to be highly susceptible to
chemotherapy.” Among all TEC subsets, mTEC"®" were ablated foremost
as a consequence of chemotherapy, which mirrored my observation that

acute GVHD mostly affects these tolerance inducing cells.

Acute GVHD weakens the platform for central tolerance

The above data suggested that negative selection is affected by
acute GVHD, since mTEC provide the platform for central tolerance. I

approached this issue by investigating in more detail the effect of acute
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GVHD on mTEC"®" function. Contraction of the total mTEC"™" pool in
unconditioned b—bd recipients indeed corresponded to progressive decreases
in the subset that expresses Aire. In other systems, e.g. systems that used
ablation of Aire, the absence of Aire is associated with decreased TRA
expression, which leads in turn to impaired negative selection.”"%#
Similar to these systems, gene expression analysis of isolated mTEC"s"
indeed revealed that the development of thymic acute GVHD was
associated with an overall decrease in TRA expression levels (Figure 17).
Since signal intensities of TRA and ubiquitously expressed genes (Ub) did
not differ from each other, the enrichment of TRA among the
downregulated genes was independent of signal intensity but rather caused
by a loss of mTEC"". Not all TRA were reduced to the same extent,
however, and some were not affected at all. I also observed differences in
the profiles of reduced TRA at 2 and 4 weeks post-transplantation but
many TRA were affected by acute GVHD at both time points. This
observation may have been due to the fact that ectopic TRA expression is a
stochastic process.”" Only a limited number of mTEC"#" (1-3%) express a
particular TRA,™ and a comprehensive coverage of TRA expression is
hence only achieved by a sufficiently large mTEC"®" pool. The latter is,
however, missing under conditions of acute GVHD.

Promiscuous gene expression by mTEC is independent of any
spatial or temporal pattern control observed during regular tissue
development and is typically representative of all organs. The size and
complexity of this profile is highly conserved between mouse and man™
thus underscoring the suitability of using experimental models to emulate
the situation in clinical HSCT. Analysis of published data of TRA tissue

1. revealed that

representation in C5H7BL/6 mice from Kyewski et a
approximately one third of TRA represent genes specifically expressed in
the major targets of chronic GVHD such as the skin, liver, salivary glands,
lung, eye, and gastrointestinal tract (Figure 37). This tissue distribution
remained unchanged in age-matched recipients of syngeneic transplants.
However, the most substantially downregulated TRA during acute GVHD
were specific for these tissues that are target organs of human chronic
GVHD. These data suggested the generation of autoreactive T cells specific

for these chronic GVHD target tissues.
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Figure 37. TRA tissue distribution. (A) Left pie chart: Data from Kyewski et al.
(2006)" showing tissue distribution of TRA in mTEC"®" from naive mice. Right pie chart:
Dataset from naive mice displaying only the TRA that are specifically expressed in the
major target tissues of chronic GVHD. (B) Altered representation of panel A which
combines these TRA in one area (left pie chart). TRA tissue representation in naive mice
was then compared to syngeneically transplanted mice (pie chart on the right).

Use of the RIP-mOVA system to study thymic negative selection
in the presence of acute GVHD

Having established that acute GVHD was associated with a defect
in TRA expression, I intended to demonstrate whether there was a
mechanistic link to the emergence of autoreactive T cells. Since the
specificities of the autoreactive T cells in chronic GVHD remain
unidentified, and since even the identification of such would not definitely
prove a causal relationship with impaired thymic TRA expression, I decided
to study ovalbumin (OVA), which can be introduced into the thymus as a
neo-self-antigen. I took advantage of the well established OT-II—=RIP-
mOVA transplantation system.” This system is suitable to study thymic
negative selection mediated by mTEC since firstly, thymic membrane-
bound OVA (mOVA) expression under the RIP-promoter is restricted to
mTEC; secondly, TCR selection against mOVA recapitulates physiological
tolerance induction to TRA in the thymus medulla; ™" %2025! and thirdly,
a reduction in the expression of mOVA mRNA by as little as 30% suffices
for the failure deletion of OT-II T cells in RIP-mOVA mice.”” Thymic
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OVA expression was detected in the mTEC compartment in transgenic
recipients without disease as expected. Unexpected was, however, that
OVA was present in both mTEC"" and mTEC"#", which argued for OVA
being regulated independently of Aire, since only mTEC"" express
Aire.”™™  These data were not consistent with studies showing OVA
expression to be Aire-dependent,*”! but they agreed with another study.™
The first two studies determined OV A expression in total thymic stromal
preparations, however, and not specifically in mTEC.

The induction of acute GVHD in RIP-mOVA mice led to mTEC
injury. Both mTEC"" and mTEC"®" were decreased in absolute cell
numbers similar to the non-transgenic haploidentical transplantation model
used above (Figure 21). In addition, Aire-expressing mTEC"*" were deleted
in the presence of acute GVHD (Figure 22). However, Aire mRNA
expression was not significantly affected by disease. The reason why acute
GVHD only interferes with Aire protein expression, but not with Aire
mRNA expression, remains to be elucidated. Possible mechanisms may
include defects in mRNA translation, stability of protein, or degradation of
the Aire protein. In summary, my data demonstrated that OV A-expressing
mTEC were deleted during acute GVHD, and consequently thymic OVA
expression was reduced. Under physiological conditions, i.e. mice without
acute GVHD, OT-II T cells were efficiently deleted in a RIP-mOVA
thymus and they accounted for frequencies of only 1-3% among all CD4" T
cells in the periphery (Figure 25). However, acute GVHD allowed the
emergence of OT-II T cells to the periphery due to diminished thymic OVA
expression, which resembled the situation in non-transgenic wildtype mice
(no thymic OVA expression). These data indicated that the loss of a single
TRA licenses the de novo generation of autoreactive CD4" T cells during
acute GVHD. Characterisation of OT-II T cells in the periphery with acute
GVHD revealed that they were fully functional and did not acquire an
anergic phenotype. Moreover, an activated phenotype was suggested based
on larger cell size and higher CD44 expression (Figure 27). It is noteworthy
that OT-II T cells detected in the periphery represented Ty cells, i.e.
non-T,,, cells, which was another indication that they were capable of

responding to their antigen. It was, however, not surprising that T,, cells

reg
were found to be diminished in hosts in the presence of acute GVHD, since
T,. development relies on a functional thymus.” Their absence was

reg

consistent with observations from clinical studies where peripheral blood
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T,,, numbers are reduced in patients suffering from acute GVHD.*” This
relationship thus provides a further explanation for the presence of an
autoimmune syndrome following acute GVHD.

I did not test directly if OT-II T cells that escaped negative
selection were capable of responding to OVA, a feature that would be
required for effector function that leads to autoimmune disease. To test
this, CD4" OT-II T cells will have to be isolated directly from the thymus
or periphery and cultured in vitro together with host-derived APCs pulsed
with OVA peptide or protein. Proliferation of OT-II T cells will indicate
their ability to respond to OVA. To test the OT-II response directly in
vivo, the transfer of isolated CD4" OT-II SP thymocytes in a secondary
Rag-deficient  recipient  immunised  with  recombinant  Listeria
monocytogenes bacteria engineered to secrete chicken OVA might also be
helpful.” Another in wivo system that might be useful to answer this
question is the immunisation of the RIP-mOVA host itself.”® RIP-mOVA
mice allow the activation of OV A-reactive T cells in the pancreatic lymph
node, which is the principal site for activation of diabetogenic T cells.””*%*%%4
Primed OT-II T cells are able to infiltrate the pancreas and to attack the
neo-self-antigen OV A, which results in the development of diabetes in these
RIP-mOVA mice. The development of diabetes can be followed by blood
glucose measurements. OT-II T cells that infiltrate the pancreas and cause
insulitis can be detected by histological analyses. It remains to be tested
whether these functional assay systems are applicable and informative in
the GVHD settings.

A caveat of the OT-II system is the unphysiological high frequency
of OVA-specific precursors, which may alter the negative selection
process.” To overcome this limitation, OT-II TCD bone marrow was
transplanted together with B6 wild type TCD bone marrow at a 1:3 ratio.
This strategy ensures proper negative selection of OV A-specific T cells as
would be expected in normal T-cell development. In both, B6 and RIP-
mOVA hosts without acute GVHD, B6 wild type T cells used the Va2 and
VB5 chain randomly at a frequency of 4% as would be expected from a
normally selected diverse TCR repertoire. Interestingly, in RIP-mOVA
hosts with acute GVHD, B6 wild type T cells did not use the VB5 chain.
These data further evidenced that the loss in ectopic TRA expression is
sufficient for the de novo generation and export of TRA-specific CD4™ T

cells in mice.
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Potential mechanism of autoreactive T-cell neogenesis following
allogeneic HSCT

In summary, I propose an etiologic link between the alloreactivity of
acute GVHD and the autoimmunity typically seen in chronic GVHD. Such
a link may be based on an impaired size of the mTEC"®" compartment as a
result of acute GVHD. A potential mechanism how new T cells are
generated following allogeneic HSCT from donor HSC in a thymus-
dependent regenerative mechanism is shown in Figure 38. The top panel A
shows normal thymus function, which is briefly summarised again. T-cell
development requires the seeding of grafted HSCs and subsequent import of
progenitor cells from the host bone marrow (blue symbols) via the blood
circulation into the thymus cortex. In an intact host thymus the T-cell
precursors mature and are positively selected in response to signals
provided by ¢TEC. In parallel to their migration to the thymus medulla, T-
cell precursors differentiate into CD4'" or CD8 T cells which are then
subjected to thymic negative selection. In such a process developing T cells
are exposed to self-antigens, including TRA. An essential prerequisite for
the negative selection of self-reactive T cells is the ability of Aire mTEC"®"
to build a reservoir of a large array of TRA. TRA are presented either by
mTEC themselves, indirectly by thymic dendritic cells, or by both cell
types in parallel. High-affinity TCR ligation of these TRA leads to clonal
deletion (negative selection) of the responding T cells. Aire'mTEC"®" do
not homogeneously express a large pool of TRA, however. Rather, the
expression of individual antigens is restricted to a subset of mTEC"#"
indicating a high level of heterogeneity between mTEC subpopulations.
Hence, Aire' mTEC"®" compartment size contributes to TRA diversity. The
stochastic process of ectopic TRA expression is symbolised in Figure 38 by
the expression of a given TRA by only a limited number of mTEC"" (e.g.
TRA1, 2, 3 in one mTEC"®", TRA3, 4, 6 in another, TRA1, 2, 4, 5 in a
third and TRA7 in a fourth cell). It is believed on the basis of a very
limited set of single cell analysis that a comprehensive mosaic of TRA is
only achieved by the complete mTEC"®" pool which is symbolised by
expression of all TRA (1-7) by the total cell pool. This mechanism ensures
an efficient deletion of a highly diverse self-reactive TCR repertoire (red
symbols). The surviving mature T cells (blue symbols) are exported to

peripheral lymphoid tissues where they constitute the pool of self-tolerant
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but pathogen-specific naive T cells. In panel B of Figure 38 thymus
function in recipients with acute GVHD is shown. In preclinical allogeneic
HSCT models the activation of alloreactive donor T cells (black symbols) is
linked to death of cells residing in the TEC compartment,® including those
mTEC that express Aire. A decrease in the size of the Aire mTEC"®"
compartment results in the transcription of a smaller array of TRA. This
mechanism is symbolised by the loss of TRA4, 5 and 6 in result from death
of two mTEC"®" cells. It is postulated that such reduction in TRA diversity
leads to an enhanced emergence of new T-cell clones that are reactive to
TRA4, 5 and 6 in the periphery. My studies then also demonstrated that
many of those thymic TRA whose expression levels were reduced as a
consequence of acute GVHD represented proteins that are specifically
expressed in known target tissues of chronic GVHD, including salivary and
lacrimal glands (e.g. salivary protein), liver (e.g. urinary protein) and lung
(e.g. secretoglobin) (Figure 18). This proposed mechanism agrees with a
recently published study by Wu et al.”* who showed that the mTEC
compartment is disrupted by acute GVHD resulting in the emergence of

host reactive T cells.
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Figure 38. Hypothesised mechanism of autoreactive T-cell neogenesis following
allogeneic HSCT. (A) Normal thymus function (B) Thymus function in recipients with
acute GVHD (as described in the text)

While my data make the mechanism shown in Figure 38 highly
plausible, it should be noted that the emergence of autoreactive T cells may
not be sufficient to cause an autoimmune syndrome typical for chronic
GVHD. This fact may be due to additional peripheral control mechanisms
that regulate autoimmunity. For example, natural T, are generated in the
thymus and prevent activation of peripheral autoreactive T cells.”* Very
recent data demonstrated that the medullary compartment provides a
developmental niche for natural T,,.”*” Since the mTEC compartment is
affected by acute GVHD, it can be envisaged that there is not only a defect
in T cell development and the essential selection processes, but also in the
intrathymic generation of T, cells. If such a mechanism proves to be true,
a 2-hit model for chronic GVHD will apply.”® This model suggests the

development of chronic GVHD being dependent on the emergence of

94



autoreactive T cells from the thymus to the periphery (Hit 1) in the
cells (Hit 2).

Nevertheless, chronic GVHD and its autoimmune manifestations can
occur also without preceding acute GVHD."™' Either thymic GVHD is

present but not detectable by routine clinical analyses or thymic GVHD is

context of peripheral deficiencies in thymic T

reg

indeed absent. The first possibility would not rule out a role for impaired
thymic negative selection in the development of an autoimmune syndrome.
In contrast to the tools available for the diagnosis of skin, gut, or liver
acute GVHD (physical examination, biomarkers of inflammation, biopsy,
endoscopy), routine diagnosis of acute GVHD of the thymus is not readily
available. The development of minimally invasive tools for diagnosis of
thymic GVHD (e.g. imaging or biomarker based) may be a methodologic
necessity to assess thymic GVHD.? The second possibility implies that
other mechanism than impaired thymic negative selection must exist that
drive the development of an autoimmune syndrome. A recent study
suggested that autoimmunity can occur in the absence of any defects in
thymic negative selection and in the presence of a functional T,
repertoire.”” The authors showed in a novel transgenic mouse model that
during an infection T cells responded to a neo-self-antigen that did not
induce negative selection when promiscuously expressed in the thymus
medulla. This study suggested that a mismatch between the threshold for
negative selection and activation in the periphery during an infection allows
low avidity T cells to emerge from the thymus to the periphery where they
can cause autoimmunity upon restimulation. Other experimental systems
suggested the thymus to be negligible for the generation of autoimmune-like
chronic GVHD."6"*1% Rather mature donor T cells transferred in the graft
are activated and expanded by alloimmune response and contribute to the
development of chronic GVHD and its autoimmune manifestations.
in acute GVHD have

been defined as a major event that leads to the development of

Furthermore, inappropriately low numbers of T

reg

autoimmunity and consequently chronic GVHD.'%
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Fgf7 restores the thymic mTEC"" compartment and sustains the

diversity of TRA expression

To test if factors that foster epithelial cell proliferations and act
directly on TEC are thus effective in restoring the mTEC compartment and
consequently improving the diversity of TRA expression, I chose to study
Fgf7. Fgf7 has before been reported to efficiently enhance the proliferation
of the TEC compartment, and thus to increase intrathymic T cell

9 Murine studies of allogeneic HSCT showed that treatment

239,241

development.
with Fgf7 protects the host thymus and one study was able to
demonstrate a beneficial effect on central tolerance induction.'

The peritransplant administration of Fgf7 to allogeneically
transplanted recipients did not affect the initial drop in mTEC"#" numbers
(Figure 29). Nevertheless, stable cell numbers of mTEC"™" and
Aire mTEC"®" similar to mice without disease were reached later after
GVHD induction and maintained over the whole observation period. This
result was not consistent with a previous study that showed an increase in
all TEC populations as early as 3 days after Fgf7 treatment.” These
experiments were done in wild type mice without acute GVHD. These data
suggested that Fgf7 could only partially compensate the loss of cells caused
by acute GVHD at early time points. Fgf7 mediated its action by
enhancing TEC proliferation early after administration, as shown by BrdU
analyses (Figure 31). In the absence of exogenous Fgf7, 5% of mTEC
underwent cell division within 1 week in the b—bd and bd—bd transplant
group. These data are consistent with reports showing that mTEC are
continuously replaced in adulthood.””® In mice with acute GVHD but
treated with Fgf7 the frequency of proliferating cells in the first week
increased to 15%. High turnover of mTEC in response to Fgf7 was therefore
responsible for the rescue of mTEC"®" numbers. However, it remains
unknown how the stable cell population is maintained at later time points
post treatment, since snap shot analysis of BrdU incorporation 2 weeks
after Fgf7 administration and GVHD induction did not show increased
proliferation compared to HBSS-treated recipients. This raises the question
if Fgf7 has more a protective than a proliferative effect, a point that will
need to be addressed. One possibility to test this issue will be to
administrate Fgf7 before inducing acute GVHD. This prophylactic

intervention may allow Fgf7 to firstly induce a protective effect before
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alloreactive T cells can attack TEC. Another approach will be the long
term follow up of recipients treated with Fgf7. Fgf7 has been shown to act
on TEC progenitors by stimulating their proliferation and differentiation
and on residual mTEC.* It remains, however, unclear what the
contribution of these two populations to the recovery of mTEC"" is.
Interestingly, alloreactive donor T «cells remained present in the host
thymus despite Fgf7 administration. Given the fact that Fgf7’s receptor
FgfR2IIIb is not expressed on T cells, it is not surprising that Fgf7 did not
have a direct trophic or proliferative effect on thymus-infiltrating donor T
cells. An explanation might be that the effect of Fgf7 on the TEC
compartment overcomes the injury caused by alloreactive donor T cells.
Gene expression data from mTEC"™" cells isolated from syngeneically
transplanted mice treated with Fgf7 are available and will provide further
information about the molecular mechanism how Fgf7 protects the thymic
epithelium (microarray data generated during this thesis project).
Preliminary analyses revealed that a number of genes, which were
upregulated upon Fgf7 administration, are involved in cell cycle regulation
and in the control of apoptosis. This work is in progress.

The presence of mTEC"®" and Aire mTEC"#" cell numbers close to
normal numbers observed in recipients without acute GVHD, suggest the
recovery of TRA expression in response to Fgf7. Indeed, gene expression
analysis revealed that peritransplant administration of Fgf7 sustained a
more diverse TRA transcriptome during acute GVHD (Figure 32).
However, 2 weeks after acute GVHD induction, the TRA spectrum was not
preserved by Fgf7, although Aire mTEC"®" had recovered to normal levels
yet. At 7 weeks post-transplantation, a broader array of TRA was
expressed, which resembled the situation in normal (i.e. syngeneically
transplanted) mice. I interpret these data such that the amelioration of
TRA expression is secondary to the recovery of the mTEC compartment.
Individual TRA expression patterns were differentially affected by Fgf7 as
some but not all Aire-dependent TRA returned to nearly normal expression
in the observation period (Figure 33). The molecular mechanism for this
biased profile remains to date unknown. I cannot exclude from my data
that mTEC"#" had also at the individual cell level a decrease in the number
of TRA transcribed. This hypothesis may be testable by the analysis of

single cell mTEC"" transcriptomics.
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To test if different signal intensities and Aire-dependency influenced
the restoration of the TRA pool, multidensity histogram analysis was
performed. Since signal intensities were similar between Ub, TRA, and
Aire-dependent TRA, these data clearly suggested that Fgf7 restored gene
expression independently of signal intensities (Figure 35). Such bias in gene
regulation is indeed not a common observation in gene expression analysis
(personal communication R. Ivanek, bioinformatician). These data also
revealed that there was no significant preferential restoration of Aire-
dependent TRA compared to Aire-independent TRA. I interpret these data
such that Fgf7 restored the whole mTEC"®" pool, and did not favour the
Aire mTEC"". In consequence, both, Aire-dependent and —independent
TRA, are efficiently restored by Fgf7. Confirming the data that TRA
restoration is an arbitrary process, there was no preferential effect of Fgf7
on genes that are expressed mainly in chronic GVHD target tissues
observed (Figure 36).

In summary, these data suggest that normal numbers of
Aire mTEC"®" and TRA diversity after engraftment of donor HSC possibly
result in effective negative thymic selection and support of thymic T,
development. Such a mechanism would prevent the emergence of
autoreactive T cells in the periphery and consequently result in the absence
of chronic GVHD with its autoimmune manifestations. Nevertheless, there
are open questions, which have not been addressed in this study. I did not
investigate the effect of Fgf7 on already established acute or chronic
GVHD. The question arises whether there are enough residual mTEC or
progenitor cells in a recipient with already established thymic acute GVHD
to respond to Fgf7. Does Fgf7 have any positive or negative effects on other
epithelial cells than TEC? Since the Fgf7 administration was not locally
directed at the thymus, Fgf7 might act in addition to TEC also on other
cell types in the periphery.

Whether peritransplant administration of Fgf7 results in a decreased
occurrence of chronic GVHD and autoimmune syndrome in allogeneic
HSCT patients, remains unknown so far. Clinical studies about Fgf7
(Palifermin) are contradictory in this respect. One retrospective study
concluded that Fgf7 decreases the incidence of acute GVHD*® but another
one did not find any ameliorating effect of Fgf7 on GVHD in allogeneic

HSCT.* Moreover, prospective trials could not show differences in acute
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GVHD incidence, severity, survival, and incidence of chronic GVHD
between Fgf7 and placebo cohort in humans.?”**"!

The rationale of my study was to provide mechanistic explanations
and cell biological principles that ascribe how autoimmunity may develop in
the context of antecedent alloimmunity. Fgf7 was used to test the
hypothesis that interventions directed at epithelial cytoprotection maintain
the integrity of the mTEC compartment after transplantation and reverse
the loss of TRA diversity. Since promiscuous gene expression for the
deletion of self-reactive T cells is not the only way how the self-reactive
potential of the immune system is regulated (see above), such
cytoprotection may not necessarily equate to an outright protection from
autoimmunity. While Fgf7 effects the peripheral immune system,”” it may
be incorrect to assume that its administration can prevent autoimmunity
arising from a central in lieu of a peripheral defect in tolerance. However,
interventions focused on mTEC cytoprotection, such as Fgf7, may
contribute to prevent the emergence of thymus-dependent autoreactive T
cells and thus alter autoimmune outcome. Although the successful results of
Fgf7 from animal models have not yet been confirmed in human
transplantation,”™ the present data suggest to focus on new therapies that
treat or prevent chronic GVHD by targeting the thymic microenvironment,

rather than lymphohaematopoietic cells.
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6. CONCLUSIONS

Although, acute GVHD has been implicated as a risk factor for
chronic GVHD, it remains unknown whether and how autoimmunity is
linked to antecedent alloimmunity. My data provide a mechanism for how
autoimmunity may develop in the context of acute GVHD (Figure 38).
This mechanism is based on a contracted mTEC cellularity and
consequently impaired TRA representation due to altered gene expression.
In conclusion, the weakened platform for negative selection might provide
the explanation for the emergence of autoreactive T cells seen in the murine
transplantation models. Because thymic negative selection is sensitive to
small changes in TRA expression, approaches for mTEC cytoprotection, as
shown here with the administration of Fgf7, may prevent the emergence of
thymus-dependent autoreactive T cells. In consequence, this might alter
autoimmune outcome. The identification in chronic GVHD of the yet
undefined specificities of autoreactive effector T cells will allow to test this
argument directly in experimental systems and ultimately in clinical
allogeneic HSCT.
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Epithelial cytoprotection sustains ectopic expression of tissue-restricted
antigens in the thymus during murine acute GVHD

Simone Dertschnig," Gretel Nusspaumer,' Robert Ivanek,' Mathias M. Hauri-Hohl,2 Georg A. Hollander,'®
and Werner Krenger'

1Depanment of Biomedicine, University of Basel and Basel University Children’s Hospital, Basel, Switzerland; zBenaroya Research Institute, Virginia Mason
Hospital, Seattle, WA; and Department of Paediatrics and the Weatherall Institute of Molecular Medicine, University of Oxford, Oxford, United Kingdom

Development of acute graft-versus-host di (aGVHD) predisy to chronic GVHD
with at Ine jif istic of experimental aGVHD is the de novo
generation of autoreactive T cells. Central tolerance is dependent on the intrathymic ex-
pression of tissue-restricted peripheral self-antigens (TRA), which is in mature medullary
thymic epithelial cells (nTEC"9") partly controlled by the autoimmune regulator (Aire).
Because TECs are targets of donor T-cell alloimmunity, we tested whether murine aGVHD
interfered with the capacity of recipient Aire*mTEC™9" to sustain TRA diversity. We report
that aGVHD weakens the platform for central tolerance induction because individual TRAs
are purged from the total repertoire secondary to a decline in the Aire*mTEC"9" cell
pool. Peri pl i ation of an epithelial cytoprotective agent, fibroblast growth
factor-7, maintained a stable pool of Aire*mTEC"9", with an improved TRA transcriptome
despite aGVHD. Taken together, our data provide a mechanism for how autoimmunity may
p in the of ar Inity. (Blood. 2013;122(5):837-841)

Key Points

¢ Acute GVHD predisposes to
autoimmune chronic GVHD,
but it is currently unclear how
autoimmunity is linked to
antecedent alloimmunity.
Loss of central tolerance
induction that occurs via
functional compromise of
thymic epithelial cells may
provide such a pathogenic link.

ions. A ct

Introduction

Self-tolerance of the nascent T-cell receptor repertoire is attained
through negative selection in the thymus.' Essential for clonal
deletion is the exposure of thymocytes to self-antigens, including
those with highly restricted tissue expression. Within the thymus,
the ectopic expression of many tissue-restricted peripheral self-
antigens (TRAs) is a distinct property of mature medullary thymic
epithelial cells (mTEC"&") >3 TRA expression is controlled partly
by the transcription factor autoimmune regulator (Aire).? Deficits
in Aire and/or TRA expression (independent of their causes)
impair negative selection and can consequently cause autoimmune
disease.””

Acute and chronic graft-versus-host disease (aGVHD and cGVHD,
respectively) remain the primary complications of allogeneic hema-
topoietic stem cell transplantation (allo-HSCT).® aGVHD is initiated
by alloreactive donor T cells and targets a restricted set of tissues,
including the thymus.”® The development of human aGVHD pre-
disposes to cGVHD, whose autoimmune manifestations are integral
components of disease.” It remains uncertain, however, whether and
how autoimmunity is linked to antecedent alloimmunity. A hallmark
of murine aGVHD is the de novo generation of autoreactive T cells
from donor HSC'*!" which can mediate the evolution from acute to
chronic GVHD.'?'® Because the thymic epithelium is a target of
donor T-cell alloimmunity,”®'* we hypothesized that thymic
aGVHD interferes with the mTECM&" capacity to sustain TRA
diversity, thus decreasing the platform for central tolerance. In this

context, interventions directed at epithelial cytoprotection are
expected to maintain posttransplantation mTECM" integrity and
function. To test these 2 interrelated hypotheses, we used murine
allo-HSCT models and investigated the effects of fibroblast growth
factor-7 (Fgf7), which boosts thymopoiesis through its mitogenic
action on TEC.'>!°

Study design

Female C57BL/6 (B6:H-2"), (C57BL/6xDBA/2)F, (BDF,:H-2*"), Balb/c
(H-2%), CBy.PL(B6)-Thy1%/SctJ (Balb/c-Thy1.1;H-2%), 129/Sv (H-2%), and
B6.SJL-Ptprc*Pep3°/BoyJ (B6.CD45.1;H-2") mice were kept in accordance
with federal regulations. Thymic aGVHD was induced in unirradiated or total
body-irradiated recipients'* (supplemental Figure 1). Recombinant human
Fgf7 (palifermin, Kepivance, Biovitrum, Sweden) was injected intraper-
itoneally from day —3 to day +3 after allo-HSCT at a dose of 5 mg/kg
per day.!5:16

Confocal microscopy of thymic sections was performed using a Zeiss
LSM510 (Carl-Zeiss AG, Swilzerla\ncl).l7 The TEC compartment was
analyzed by flow cytometry (FACSAria, Becton Dickinson, Mountain
View, CA). mTEC"" were identified as cells with a CD45"EpCam ™ Ly51°
UEA1"MHCI"" phenotype'”"” (supplemental Figure 2). Global gene ex-
pression profiling was used to establish TRA diversity in transplant recipients.
Microarray data of triplicate samples of pure mTEC"" preparations (Mouse
Gene 1.0 ST Array, Affymetrix, Santa Clara, CA; data available under
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Figure 1. Acute GVHD impairs mTEC"'9" compartment size. The mTEC™S" compartment was analyzed as a function of recipient age in 4 different murine models of allo-
HSCT, as detailed in supplemental Figures 1 and 2. (A) Acute GVHD was induced in 8-week-old unconditioned BDF; recipients (b—bd, black circles). Untransplanted BDF
mice (gray squares) or syngeneically transplanted mice (bd— bd, open circles) served as controls. In 1 group, Fgf7 was administered (b—bd + Fgf7, triangles) as described."®
A total of 6 experiments were performed, with 3 to 5 mice per group and experiment. (B) Acute GVHD (TCD+T group, black circles) was induced in iradiated 8-week-old
BDF; recipients (b—bd, left panel), 9-week-old B6 recipients (d— b, middle panel) or 8-week-old B6 recipients (b— b, right panel) as described in supplemental Figures 1 and 2.
Untransplanted BDF, or B6 mice (gray squares) and recipients of TCD bone marrow (TCD group, open circles) were used as controls without disease in all models. A total of 3
experiments were performed. The line graphs show total numbers (mean = SD) of mTEC"" cells in thymi from individual mice. *P < .05, analysis of variance (ANOVA), aGVHD
versus transplanted mice without aGVHD. TCD, T-cell-depleted; n.d., not done. (C-E) Qualitative and quantitative analysis of thymic Aire ion, as in
Methods. I and confocal mi analysis (C) was performed on thymic frozen sections taken from unconditioned transplant recipients at ages 10, 12, and
15 weeks (ie, 2, 4, and 7 weeks after transplantation; [i-iii] bd—bd, [iv-vi] b—bd, [vii-ix] b—bd + Fgf7). Cytokeratin-18 (CK18, blue) and CK14-positive cells (red) denote cTEC and
mTEC, respectively."*"” Aire* cells are yellow in color and localize to the thymus medulla. Syngeneically transplanted mice (bd—bd: 18 = 4 Aire*mTEC/0.04 mm? medulla) were not
different from age-matched untransplanted control mice (data not shown®). The flow cytometry plots in (D) depict Aire and MHC class Il expression of DAPI"CD45 EpCam™*
Ly51"UEA1* mTECs. Numbers represent frequencies (%) of cells (mean + SD). Total numbers of Aire "mTEC™" in thymi from individual recipient mice (E) was calculated from flow
cytometry data (mean + SD). Groups are the same as in panel (A). A total of 5 experiments were performed, with 3 to 5 mice per group. *P < .05, ANOVA, aGVHD vs transplanted

mice without aGVHD.

accession number E-MEXP-3745 at http://www.ebi.ac.uk/arrayexpress) were
verified by quantitative polymerase chaine reaction. Gene expression data from
multiple published sources***' and from MOE430 and GNFIM gene atlases
(http:/biogps.org) were combined for identification of Aire-dependent and
Aire-independent TRA (supplemental Methods). Bioinformatics was imple-
mented using software from “The R Project for Statistical Computing” (http:/
WWW.I-project.org).

Results and discussion

Total numbers of mTEC"e" declined over time in untransplanted
adult BDF, and B6 mice, confirming age-dependent changes of the
thymic stroma?? (Figure 1A-B). We then investigated 4 mouse models
of age-matched allo-HSCT. In unconditioned recipients of hap-
loidentical HSCT (H-2"—H-2""; b—bd), the induction of thymic
aGVHD'*" (supplemental Figures 1 and 2) progressively reduced
total mTEC"®" numbers to <10° cells/mouse in animals surviving
aGVHD (Figure 1A). This observation was mirrored in allo-HSCT that

included total body-irradiated before MHC-identical, MHC-
disparate, or haploidentical transplantation (Figure 1B). In these
models, the conditioning initially reduced mTEC"" numbers
independently of aGVHD, but cell loss was either more pronounced
(b—bd) or more protracted (d—b; b—b) in the presence of disease.
Hence, reduction in mTECMeh compartment size is a universal
manifestation of thymic aGVHD,” and radiation injury is not
mandatory. Contraction of the total mTEC™" pool in unconditioned
b—bd recipients corresponded to progressive decreases in the subset
that expresses Aire>? (Figure 1C-E). In 12-week-old recipients,
residual Aire "mTEC"e" were low in numbers (<300 cells/thymus)
and later became virtually undetectable, owing to the smaller than
normal frequencies of Aire-expressing cells among declining
mTEC"" numbers.

Given the intimate associations among Aire-deficiency, TRA re-
pression, and autoimmunity,? we determined whether aGVHD inter-
fered with TRA transcription. Development of thymic GVHD (b—bd)
altered global gene expression profiles in total residual mTEC™e"
cell pools isolated at 2 to 4 weeks after transplantation (Figure 2A,
supplemental Table 1). Using a special algorithm (supplemental
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Figure 2. of Fgf7 a more diverse TRA transcriptome in mTEC"" during aGVHD. Acute GVHD (b—bd) was induced in

8-week-old unconditioned recipient BDF, mice as in Figure 1A. Global gene expression was analyzed in entire residual mTEC"S" cell pools isolated from individual
recipients at 10, 12, and 15 weeks of age (ie, 2, 4, and 7 weeks after transplantation). The figure reflects data from 5 independent experiments, with 2 to 4 mice per group
and experiment. (A) Left panel: gene expression profiling of mTEC"S" in transplant recipients using Mouse Gene 1.0 ST arrays (Affymetrix). The x- and y-axes represent
relative expression of individual genes (given as log, values of signal intensity ratios, S.1.) in mice with aGVHD (b— bd) vs syngeneically transplanted recipients without
disease (bd—bd). Data were plotted as a function of recipient age (10 vs 12 weeks). Genes whose expression levels were enhanced or decreased more than threefold
relative to the control group (corr ing to relative exp ion values given by the S.1. ratios of <0.33 and >3.0, respectively, or <—1.6 and >+1.6 on the log, scale)
were considered to be significantly altered in consequence of aGVHD (threshold is indicated by dashed lines). Q2 is the lower left quadrant, denoting genes whose
expression levels were depressed at both 2 and 4 weeks after allo-HSCT (10- and 12-week-old recipients). The inserted numbers denote the absolute numbers of genes
in the respective quadrants. Transcripts from a total of 21 759 genes were analyzed. An annotated list of the genes most affected by aGVHD is given in supplemental
Table 1. Ub (ubiquitously expressed genes, gray squares) and TRA (dark blue squares). (Right panel) O/E performance analysis (O, observed number of events; E,
expected number of events) of the presence of TRA vs Ub among the genes with relative expression <0.33 and >0.3. O/E ratio >1.0 for TRA and <1.0 for Ub; *P < 001
using hypergeometric statistical analysis. A value of O/E = 1.0 represents a distribution among TRA and Ub according to 1s (that is seq i to
the relative frequencies of TRA and Ub in adult mice without disease). (B) The linear relationship between 2 experimental groups was tested for Ub and TRA using
a correlation matrix, as detailed in supplemental Figure 3. The variation of each gene was calculated using the interquartile range, a measure of statistical dispersion.
Pearson’s correlation coefficient r is shown as a function of age and time after transplantation. The asterisk (*) symbol indicates a statistical P value for the quality of each
measured r at any given time point for TRA and Ub, respectively; *P < .001 of Pearson’s r. (C) Tissue representation of TRA repressed during aGVHD (<0.1 and <0.33
relative expression, respectively, vs mice without GVHD at 10 and 12 weeks of age). As control, a random set of 200 TRAs was used that remained unchanged in the
course of GVHD (relative expression ~1). Many repressed TRAs were specific for tissues of the gastrointestinal tract, skin, and eye. Changes in expression of these
genes in response to Fgf7 are given in supplemental Figure 4. (D) Aire dependency of TRA repressed in mTEC™" during aGVHD in 10- and 12-week-old recipients
(quadrant Q2; the axes are the same as in panel A). Examples shown are the following: Scgb1a1, secretoglobin; Csn1s2a, casein y, Mup1, major urinary protein 1; Spt1,
salivary protein 1 (see Table 1). Ai pendent TRA (yellow circles), Aire-independent TRA (dark blue circles), and Ub (gray circles). (E) Analysis of TEC
proliferation in response to Fgf7. Eight-week-old BDF; mice were left untreated or were treated with Fgf7 from days —3 to +3 after allo-HSCT. All mice simultaneously
received 0.8 mg/mL BrdU in their drinking water. mTECs were analyzed for BrdU incorporation at the indicated ages after transplantation. BrdU* cells (%) * SD, *P < .001,
ANOVA, aGVHD vs mice without aGVHD. (F) Expression levels of individual genes expressed in mTEC™" is given in a heatmap as color-coded log, value of signal intensities.
(Left panel) The map was sorted according to relative expression of genes in mTEC"" (b—bd vs bd—bd mice; 12 weeks old) and contains all TRA with a relative expression of
<0.3 during aGVHD in age-matched mice. Enhancement of TRA expression in response to Fgf7 was detectable by higher signal intensities of individual genes. (Right panel) Aire-
dependent TRAs were sorted as listed before.

Methods: “Bioinformatics”), we discriminated between TRA and
ubiquitously expressed transcripts (Ub) in mTEC™", Several hundred
transcripts were expressed at reduced levels (>3-fold change) in
mice with aGVHD (Figure 2A). Notably, the TRA/Ub ratios for
repressed transcripts were significantly higher than would have been

expected to be observed by chance (O/E ratio >1.0 TRA; <1.0 Ub;
P < .001; Figure 2A, right panel)). A low correlation coefficient
between TRA expression in b—bd vs bd—bd mice (Pearson’s r = 0.700
and r = 0.625 in 10- and 12-week-old recipients, respectively)
indicated a sizable number of TRAs being reduced during lethal
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aGVHD (Figure 2B, supplemental Figure 3). We interpreted these
data such that a contraction in TRA diversity during aGVHD was
caused by cellular loss of mTEC"®", in particular Aire-positive
mTEC. This explanation was based on the fact that ectopic TRA
expression is a stochastic process in which only a limited number of
mTECME" express a given TRA.>'® A comprehensive coverage of
TRA expression is therefore only achieved by a sufficiently large
mTECMe" pool, which is, however, missing under conditions of
aGVHD. The most substantially reduced TRAs were found to be
enriched for genes that are characteristically expressed in tissues
known to be targets of ¢GVHD’ (Figure 2C). Many of these genes
belonged to the subset of Aire-dependent TRAs* (Figure 2D,F,
supplemental Figure 3).

Because efficient central tolerance requires the full scope of
TRA, we next asked whether mTEC"e" compartment size and
heterogeneity is sustained by using strategies for epithelial cyto-
protection. Peritransplant administration of the TEC mitogen
Fgf7'! failed to prevent initial mTEC"e" cell loss in b—bd
recipients (Figure 1A). However, Fgf7 maintained stable numbers of
mTEChE", including the subset expressing Aire (~3000 cells/mouse
during aGVHD; Figure 1C-E). Consistent with reports that mTEC
are continuously replaced in adulthood,'®?? ~5% of mTECs underwent
cell division within 1 week in the b—bd and bd—bd transplant
groups (Figure 2E). This frequency increased to ~15% in mice with
aGVHD but that treated with Fgf7. Label retention analyses
indicated high turnover of mTEC in response to Fgf7 in b—bd
recipients (Figure 2E). Rescue of mTEC"'" numbers was therefore
the consequence of enhanced proliferation within the entire mTEC
compartment. During early aGVHD, the TRA spectrum was not
preserved by Fgf7 (Pearson’s r = 0.635 vs bd—bd mice; Figure 2B,
supplemental Figure 3). However, a broader array of TRA was
expressed by 7 weeks after allo-HSCT as indicated by an expression
profile that was closer to that of age-matched bd—bd controls
(r = 0.807). Hence, peritransplant administration of Fgf7 sustained
amore diverse TRA transcriptome during aGVHD. Individual TRA
expression patterns were differentially affected by aGVHD and Fgf7
as some but not all Aire-dependent TRA returned to nearly normal
expression in the observation period (Figure 2F, supplemental
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Figures 3 and 4). However, the molecular mechanism for this biased
profile remains to date unknown.

Taken together, our data provide a mechanism for how auto-
immunity may develop in the context of aGVHD (supplemental
Figure 5). Because thymic-negative selection is sensitive to small
changes in TRA expression,*> approaches for mTEC cytoprotection
may prevent the emergence of thymus-dependent autoreactive
T cells'? and thus alter autoimmune outcome. The identification in
c¢GVHD of the yet undefined specificities of autoreactive effector
T cells®* will allow to test this argument directly in experimental
systems and ultimately in clinical allo-HSCT.
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A 2-hit model for chronic GVHD
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OF MEDICINE

In this
graft-ver:

s-host dis

. . . 1 L
ssue of Blood, Dertschnig and colleagues’ demonstrate in mice that acute
ase (GHVD) results in a marked reduction of autoimmune

receptor—expressing medullary thymic epithelial cells (Aire” mTEC) and
a decrease in the diversity of Aire-dependent tissue-restricted peripheral self-
antigens (TRAs) required for effective negative thymic selection. Both of these

abnormalities are reve:

sed by the peritransplant administration of the epithelial

protectant drug, fibroblast growth factor 7(Fgf7).

hronic GVHD continues to be a major

cause of both morbidity and mortality
after allogeneic hematopoietic stem cell
transplantation (HSCT).2 Chronic GVHD
has been assumed to be caused by the
continuation of the pathogeneic mechanisms
that cause acute GVHD, primarily donor-
derived T lymphocytes specific for
histocompatibility antigens uniquely expressed
by recipient cells.® As a consequence, therapy
for chronic GVHD has traditionally been
directed at suppressing the donor antirecipient
immune response. However, during the last
25 years, a series of murine experiments have
indicated that donor-derived, autoreactive
T lymphocytes (ie, T lymphocytes specific for
antigens expressed by both donor and recipient
cells) are present in murine HSCT recipients
with chronic GVHD and that the chronic
GVHD could be transferred by the donor-
derived T lymphocytes into both donor and
recipient mice.*®

More recently, a clinical trial of low-dose

subcutaneous IL-2 in human HSCT recipients
with established chronic GVHD demonstrated
that an increase in circulating regulatory
T lymphocytes (Treg) resulted in clinical
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improvement, suggesting that deficiencies
in Treg lymphocytes play a role in the
pathogenesis of human chronic GVE D/
Dertschnig et al report that mice with
acute GVHD have a profound decrease in the
frequency of Aire” mTEC, which are
necessary for the thymic production of
naturally occurring Treg lymphocytes. Other
investigators have previously demonstrated
that the diverse expression of TRA by Aire™*
mTEC is required for the effective thymic
elimination of autoreactive T lymphocytes by
negative selection.® Using microarray analyses
of isolated Aire” mTEC, the present
investigators report the decreased expression
and diversity of TRA with a selective decrease
in the TRA associated with the tissues that are
the target organs of human chronic GVHD
(skin, liver, salivary glands, lung, eye, and
gastrointestinal tract). The result of the
restricted diversity of TRA expression would
be the extrathymic presence of autoreactive
T lymphocytes. Their present results suggest
a 2-hit model for chronic GVHD, in which
the presence of extrathymic autoreactive
T lymphocytes (Hit 1) in the context of

immune dysregulation (deficiencies in
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Treg lymphocytes, Hit 2) can result in the
development of chronic GVHD.

The peri-HSCT administration of the
epithelial protectant drug, Fgf7, does not
affect the initial post-HSCT decrease in
mTEC but does hasten the recovery of Aire™
mTEC and improves the diversity of TRA
expression. Fgf7 acts by stimulating the
proliferation and differentiation of TEC
progenitors and the proliferation of residual
mTEC.” The relative contribution of the 2
populations to the recovery of Aire” mTEC is
unclear. The presence of normal numbers of
Aire” mTEC with normal TRA diversity
during the recapitulation of immunologic
ontogeny, which occurs after the engraftment
of donor hematopoietic stem cells, may result
in the presence of adequate numbers of
circulating Treg lymphocytes and effective
negative thymic selection, which would
climinate the peripheral presence of
autoreactive T lymphocytes, and an absence
of chronic GVHD. As such, clinical trials
to determine whether the peritransplant
administration of Fgf7 results in a decreased
incidence of chronic GVHD in human HSCT
recipients are indicated.

The present murine experiments,
however, do not address several potentially
important clinical questions: (1) What would
be the impact of the administration of Fgf7
to patients with established chronic GVHD?;
(2) Do HSCT recipients with established
chronic GVHD have an adequate number of
TEC progenitors and residual mTEC for
the Fgf7 to be effective?; (3) Do the TEC
progenitors and mTEC in chronic GVHD
patients become refractory to the action of
Fgf7?; and (4) Is the loss of Aire” mTEC
during acute GVHD paralleled by a decrease
in TRA diversity, or are they separable
biological processes? If they differ, then some
HSCT recipients may have a deficiency of
Treg lymphocytes without the concomitant
presence of peripheral autoreactive
T lymphocytes, whereas other recipients
may have adequate numbers of
Treg lymphocytes with the presence of
peripheral autoreactive T lymphocytes. Only
HSCT recipients with both the presence of
peripheral autoreactive T lymphocytes (Hit 1)
and deficiencies in Treg lymphocytes
(Hit 2) would be at risk of developing
chronic GVHD. The immunophenotypic
identification of functional human Treg
lymphocytes will aid in the evaluation of
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human chronic GVHD; however, the inability
to identify immunophenotypic human
autoreactive T lymphocytes is still a major
limitation to our better understandingln
Finally, the present results suggest that
the focus of future research into new
therapies to prevent or treat chronic
GVHD should be directed at the thymic
microenvironment rather than at
lymphohematopoietic cells.
Conflict-of-interest disclosure: The author declares
no competing financial interests. M
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The endothelial protein C receptor

and malaria
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In this issue of Blood, Moxon et al provide novel insight into the pathogenesis of

cerebral malaria, linking loss of the endothelial protein C receptor (EPCR) on
brain vessels, caused by cytoadherent infected erythrocytes, with localized
coagulation, inflammation, and disruption of endothelial barrier function.'

alaria is caused by parasites of the genus

Plasmodium, of which P falciparum is
the most virulent.> One of the most fatal
manifestations of P falciparum infection is
cerebral malaria, which especially affects
children <6 years of age and is responsible for
an annual death toll of nearly a million infants
in Africa alone. In recent years, the cycle of
coagulation and inflammation has emerged as a
pivotal component of malaria pathogenesis.®
In normal homeostasis, activation of coag-
ulation is compensated by concurrent
induction of anticoagulant mechanisms.*
In areas of excessive activation of the clotting
cascade, thrombin acts as a feedback in-
hibitor of coagulation by binding to the
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endothelial receptor thrombomodulin (see
figure). The thrombomodulin-thrombin
complex converts the zymogen protein C into
activated protein C (APC), a reaction that is
greatly accelerated by EPCR.>® APC acts as an
anticoagulant by virtue of its capacity to
proteolytically inactivate clotting factors Va
and VIIIa. When attached to EPCR, APC

in addition can exert anti-inflammatory,
antiapoptotic, and vasculoprotective signals
via protease activated receptor (PAR)1. In case
of impaired function of the protein C system,
high thrombin levels can activate PAR1,
resulting in effects that are opposite to those
transduced by APC, disrupting endothelial
barrier function.
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A hallmark feature of severe malaria is
sequestration of infected erythrocytes in
blood vessels.> The elegant investigations by
Moxon et al provide a long-sought explanation
of why red blood cell sequestration especially
leads to damage in the brain.! In postmortem
studies in children that had died of cerebral
malaria, endothelial sites of adherent
erythrocytes were shown to colocalize with loss
of EPCR. Moreover, the authors developed
a novel approach that enabled examination of
blood vessels with relevance for the brain
vasculature in children with cerebral malaria
directly after admission to the hospital. For this,
they used subcutaneous tissue microvessels as
an ex vivo surrogate for brain endothelium and
demonstrated reduced expression of both
EPCR and thrombomodulin in cerebral malaria
patients compared with healthy controls.
Children with cerebral malaria had higher levels
of soluble EPCR and thrombomodulin in their
cerebrospinal fluid than febrile control patients,
suggesting that the loss of these receptors
at least in part was caused by shedding.
Importantly, in plasma, the balance between
the production of thrombin (measured by the
levels of the prothrombin F1+42 fragment)
and APC was not altered in cerebral malaria
compared with healthy children and children
with mild febrile disease or uncomplicated
malaria, indicating that at the systemic level,
coagulation activation was compensated.
Together, these data strongly suggest that
cerebral malaria is associated with a localized
disturbance of coagulation and inflammation
caused by a local loss of EPCR and
thrombomodulin initiated by sequestration of
infected erythrocytes, changes that damage
the brain due to the already low constitutive
expression of EPCR and thrombomodulin in
healthy brain vessels.'”

Another recent study has implicated EPCR
in the pathogenesis of malaria by a completely
different mechanism.® In malaria, adherence
of red blood cells to endothelium is caused
by an interaction between P falciparum
erythrocyte membrane protein-1 (PfEMP1)
family members, transported to the erythrocyte
membrane as a consequence of parasite
infection, and receptors on the vascular
endothelium.? In this respect, PFEMP1
subtypes containing domain cassettes 8 and
13 are important for sequestration of infected
erythrocytes in severe childhood malaria.”
Turner et al very recently revealed EPCR as
the endothelial receptor for PFEEMP1 domain
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