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Abstract

Non-HLA gene polymorphisms contribute to the immune response,
leading to complications of haematopoietic stem cell transplantation
(HSCT). A systematic approach using 4,321 microsatellite (MS) markers
typing for 2,909 immune response genes (‘immunogenome’) on pooled
DNA of 922 Japanese donors and recipients of HSCT was used to identify

recipient and donor risk loci for graft-versus-host disease (GVHD).

Splitting the population into discovery and confirmation cohorts (460/462
pairs), DNA pools were created for a 2-step pooled DNA screening.
Fisher's exact test for 2x2 (each MS allele) and 2xm Chi Square tests
were performed, comparing allele frequencies of recipient/donor pools
with GVHD grade 0-1 with those of GVHD grade 2-4.

The independent, 2-step pooled DNA screening process has effectively
reduced false-positive associations. In the final pooled DNA analysis, 17
(recipient) and 31 (donor) MS loci remained associated with risk or
protection from GVHD and were further investigated by individual
genotyping in the combined cohorts.

Ten of these loci were confirmed to have consistent associations with
GVHD; of these, two associations remained when applying multiple
testing correction and multivariate statistics: D6S0035i (MAPK14,
p=0.00035, OR=0.68) and D1S0818i (ELTD1, p=0.000078, OR=1.52).

These findings implicate important new immunoregulatory genes with the
process of moderate to severe acute GVHD. These data show that
genetic susceptibility to GVHD following HSCT is complex and depends
on multiple recipient and donor risk loci. Large-scale genomic screening
with microsatellites on pooled DNA, here described for the first time in a
HSCT population, is a useful method for the systematic evaluation of

multigeneic traits.
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1.1. Haematopoietic Stem Cell Transplantation

and Graft versus Host Disease

Graft versus Host Disease (GVHD) and its consequences remain the
single most important contributor to morbidity and mortality in patients
following haematopoietic stem cell transplantation (HSCT). Despite
progress made in Human Leukocyte Antigen (HLA) matching, and the use
of pharmacologic immunosuppression as GVHD prophylaxis after
myeloablative transplantation, moderate to severe acute GVHD (grades II-
IV) occured in 25% to 60% of matched related donor transplant recipients,
and up to 45% to 70% in unrelated donor recipients (Horowitz, 2004,
Andre-Schmutz et al., 2002, Grewal et al., 2003, Laughlin et al., 2001,
Morishima et al., 2002). The unpredictability of occurrence and severity of
GVHD is the main obstacle today that prevents the wider application of
HSCT.

The first successful human bone marrow transplant (BMT) was performed
1959 by Thomas in the US on a patient with leukaemia, using syngeneic

bone marrow from his identical twin (Thomas et al., 1959) .

The history of BMT began with the work of Jacobson and Lorenz in the
early 1950’s, demonstrating that infusion of marrow or spleen cells could
‘rescue’ mice after a lethal radiation dose (Jacobson et al., 1949, Lorenz et
al., 1951).

Later in the 1950’s, van Bekkum and De Vries established murine models
that provided fundamental knowledge of the biology of marrow
transplantation (van Bekkum and De Vries, 1967). Bilingham was the first
to describe a condition that was initially termed ‘Secondary Disease’
(because it occurred after successful engraftment), ‘runt disease’ or
‘wasting disease’, and later re-named ‘Graft-versus-Host Disease’, after it
became clear that this was an immunological reaction of donor T-cells
against host tissues (Billingham and Brent, 1959). In 1957, Uphoff (Uphoff,

16



1957) was the first to suggest a genetic cause for the graft-versus-host
reaction in allogeneic transplants.

In 1958, a first classification of HLA groups as the most important marker
of an individuals biological identity was established (van Rood et al., 1958,
Dausset, 1958). The capability of the immune system to generate
antibodies against antigens on the leukocyte surface was already
described in 1954 (Miescher and Fauconnet, 1954). Dausset
demonstrated that MHC (Major Histocompatibility Complex) genes (which
encode for HLA) were required for the presentation of peptide antigens to
T-cell receptors, playing an important role in transplant immunology. In
humans, the MHC cluster on chromosome 6 was identified as the coding
region for HLA. Further research lead to the detection of the different gene
loci (HLA A,B,C,DR, DP, DQ) and a large number of HLA alleles (Shiina et
al., 2004). Two main pathways of antigen recognition were detected: A
direct response, in which CD8+ cytotoxic T-cells interact with HLA, and an
indirect response in which CD4+ T-cells are activated to induce a delayed-
type hypersensitivity reaction, cell-mediated toxicity and alloantibody
production. Major events were the discovery of the role of lymphocytes and
the thymus in the ontogeny of the immune system (1961), the delineation
of the human MHC (1963), distinction of B/T-cell subsets (1968) and
demonstration of the MHC restricted nature of the adaptive immune

response (reviewed in: (Thomas, 1994).

In the 1960’s, studies in canine models laid the foundations for
conditioning regimens, GVHD prophylaxis and genetic matching.
Observations included that total body irradiation (TBI) did not cure
leukaemia nor did it prevent GVHD or bone marrow recovery. HLA
mismatch was likely to result in rejection or GVHD, and methotrexate was
introduced as an immunosuppressive agent (Thomas et al., 1962). By the
end of the 1960’s, the supportive care had also seen significant

improvement.

The increasing knowledge of histocompatibility lead to a renewed interest
in allogeneic transplantation, using fully or partially matched siblings as

donors. While some success was achieved in the transplantation of

17



patients with immunodeficiency (Gatti et al., 1968), the initial results of
BMT for leukaemic patients were not encouraging (Thomas et al., 1975a,
Thomas et al., 1975b). The reason for this was thought to be patient
selection: BMT was seen as a ‘last resort’ for patients with advanced
disease, or after multiple chemotherapy failures. A small percentage of
patients, however, achieved long-term cure, indicating that BMT had the
potential to cure even very advanced disease. Outcome for leukaemic
patients improved greatly from the late 1970’s onwards after the
introduction of transplantation after first remission, or in early first relapse
(Thomas et al.,, 1979a, Beutler et al.,, 1979). The increased use of
allogeneic bone marrow lead to the first bone marrow donor registries (UK
1975, US 1984).

Transplant conditioning regimens, given as an immunosuppression and for
tumour eradication, had come a long way from the early, simple TBI
regimen to the reduced intensity conditioning (RIC) regimens of today.
Observations with TBI, as well as cyclophosphamide (CY) as single
therapies in the 1950’s and 1960’s were such that leukaemia relapsed
rapidly after transplantation. The combination of TBI and CY lead to the
first observed long term remissions in the mid 1970’s (Thomas et al.,
1975a, Thomas et al., 1975b). Introduction of newer chemotherapeutic
agents such as busulphan, and fractioned irradiation have reduced toxicity
and improved survival. Nevertheless, these myeloablative regimens
proved still far too toxic for elderly patients or those with co-morbidities, in
which transplant-related mortality (TRM) would reach unacceptable high
levels. The last two decades have opened up transplant opportunities for
this age and risk group by the development of RIC regimens (Koh and
Chao, 2008).

Whilst immunosuppressive regimens achieved far-reaching control of
transplant rejection, GVHD and its consequences remained the single
most important complication of stem cell transplantation. Studies in animal
models and observations in human patients clarified important checkpoints
in the pathophysiology of GVHD (Korngold and Sprent, 1978, Shilomchik,
2007). In the 1980’s, even with HLA matched sibling donors up to 50% of

18



recipients developed GVHD. In the 1960’s and 1970’s, methotrexate and
steroids were first used for treatment, later for prevention with only limited
effect (Thomas et al.,, 1979b). The introduction of cyclosporin A, an
inhibitor of T-cell activation and proliferation, in 1980, used in combination
with a short course of methotrexate, resulted in improved prevention of
GVHD (Deeg et al., 1982). T-cell depletion, first described in the early
1980’s (Martin et al., 1985), was found to prevent GVHD, however, at the
expense of the loss of the GVL (Graft versus Leukaemia) effect, risk of
graft failure and delayed immunologic recovery. Newer agents used in
prophylaxis include Tacrolimus and Sirolimus, believed to be more potent
in blocking T-cell proliferation, and Mycophenolate Mofetil, active against

both T-cells and B-cells.

Over the last two decades, improved techniques of molecular genetics

replaced the HLA serum typing with genotyping, allowing for matching at

19

individual allele level, further reducing the incidence of GVHD (Little, 2007).

Advanced molecular techniques also permitted the identification of minor
histocompatibility antigens (mHags), which play an important role in
otherwise fully HLA-matched transplants (Goulmy, 2006). The process of
GVHD also seemed to be modified by polymorphisms in immunoregulatory
genes (Mullighan and Bardy, 2007). Presence of active infection
represented a risk factor for GVHD, while in turn GVHD (and its treatment)

produced profound immune suppression, increasing the risk of infection.

The concept of the GVL effect was first pointed out in the 1950’s (Barnes
et al., 1956), and observed in mouse experiments during the 1960’s. It was
first described in human patients in the mid-1970’s when it became
apparent that patients with GVHD had a reduced risk of leukaemia relapse
(Weiden et al., 1979). Around the same time, animal experiments
demonstrated that the GVL effect could be separated from GVHD (Bortin
et al., 1979). The introduction of post-transplant donor lymphocyte
infusions (DLI) in the second half of the 1980’s was the first established
method with the aim to enhance the GVL in patients with haematological

and other malignancies. The potential of DLI to induce long-lasting



remission was demonstrated, however, at the expense of increased GVHD

and prolonged bone marrow suppression (Kolb et al., 1990).

Current directions in progress in BMT can be described as four big areas.
Firstly, there is continuing improvement in supportive care, anti-infectious
therapy, and reduction of toxicity of induction regimens. Secondly, the
study of clinical and genetic (HLA and non-HLA) risk factors may lead to a
more reliable prediction of transplant complications. Thirdly, separation of
GVL from GVHD and fourthly, enhancement of immune reconstitution,
could be summarized under the term ‘Adoptive Immunotherapy’. Some
methods applied, amongst others, include in vivo and in vitro tumor-
specific alloimmunization, the use of immunomodulatory cells (T-regulatory
cells, dendritic cells, Mesenchymal stem cells), cytokines, growth
hormones, non-specific immune regulators and monoclonal antibodies to
suppress GVHD, enhance GVL and stimulate the reconstitution of a
healthy immune function. With GVHD being the major hurdle of the
application of HSCT for other indications, advances in its control are likely

to expand the future role of HSCT.

SUMMARY

e The history of HSCT spans five decades, during which the
procedure has become more effective and safe.

e Progress in timing, genetic matching, conditioning
regimen, GVHD prophylaxis and clinical care has widened

the applicability and indications of HSCT
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1.2 Pathophysiology and pathobiology of GVHD

1.2.1. Overview

Pathophysiologically, GVHD involves the recognition of target tissues as
being foreign by immunocompetent donor cells, resulting in the induction of
an inflammatory response. Acute GVHD has been described in three
different phases: (l) presence of a profoundly damaged host milieu prior to
contact with donor tissue, characterized by excessive endo- and epithelial
damage due to preparing chemotherapy regimes, irradiation, damaged
and dying malignant cells and infections, (lI) donor T cell activation by host
antigen-presenting cells (APC), and (lll) the inflammatory response
consisting of activation of donor cytotoxic T cells, natural killer cells (NKC)
and monocytes. Cytokine toxicity and viral and bacterial infections also
contribute to the inflammatory response (Ferrara and Levine, 2006,
Ferrara et al., 1999).

1.2.2. GVHD phase 1: Preceding tissue damage, pre-transplant

conditioning, and activation of antigen-presenting cells

Preceding local tissue damage

The damage to recipient tissues caused by conditioning regimens and
previous chemotherapy or radiation, the underlying malignancy, and
concurrent infections had a major impact on the incidence and severity of
acute GVHD (Xun et al., 1994, Perez-Simon et al., 2005, Couriel et al.,
2004, Gratama et al., 1987). The local micro-environment of inflammatory
mediators determined the degree and specificity of APC activation, and
subsequently, induction of naive T-cells. An important mechanism
appeared to be the increased cytokine secretion in the local environment,
leading to increased expression of adhesion molecules and MHC,
increased antigen presentation by APC, increased antigen recognition by T
cells, and subsequently increased T cell activation and proliferation. TNF,
IL1 and IL6 were the most important cytokines involved in stimulating local
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tissue inflammation in GVHD (Nestel et al., 1992, Imamura et al., 1994,
Remberger et al., 1995, Cooke et al., 1998)

Tissue insults by toxic effects of chemotherapeutics, irradiation, dying
diseased cells, or infection with bacterial, viral, fungal or protozoal
pathogens, were causing a mixed pattern of cells either weakened by
stress, or cell apoptosis and cell necrosis with disruption of tissue
architecture. Those tissues which were environmentally exposed, or
rapidly dividing and renewing, such as the epithelia of the liver, intestinal
tract and skin, were the most vulnerable.

There is evidence that the initial immune response to the tissue damage
were triggered by endogenous stress or danger signals, powerful enough
to induce activation of local APC in a paracrine fashion (Lotze et al., 2007,
Skoberne et al., 2004, Gallucci et al., 1999, Gallucci and Matzinger, 2001).
In contrast to pathogen-associated proteins, which induce a specific
immune response, endogenous proteins from injured tissue represented a
potentially unlimited source of self-antigen. While apoptotic cells were
engulfed in quiescence and their antigens presented to T-cells without co-
stimulation, hence inducing tolerance; proteins from necrotic cells
presented as antigens lead to T-cell activation (Shlomchik, 2007).
Nevertheless, a mouse model (Teshima et al., 2002) demonstrated that
alloantigen presentation on host epithelium was not a requirement for
acute GVHD, but that GVHD could be abrogated by TNFa blockade,

supporting the notion of the importance of the cytokine micro-environment.

Activation of host APC

The first circle of augmentation of the pro-inflammatory response occurred
still in the injured tissue itself. When local APC became activated, they
secreted further pro-inflammatory cytokines like tumour necrosis factor
alpha (TNFa), interleukin 1 (IL-1), granulocyte-macrophage stimulating
factor (GM-CSF) and Interferon gamma (IFNy) (Ferrara et al., 1999), which
in turn recruited more epithelial cell and APC for cytokine secretion.
Increased cytokine concentrations eventually reached systemic circulation,
providing a powerful chemoattractant stimulus. Increased cytokine

expression stimulates the excretion of chemokines and their receptors,
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which had an important role in dendrictic cell (DC) activation and
maturation, as well as CD8+ T-cell homing to GVHD target tissues (New et
al., 2002, Mapara et al., 2006). This micro-climate, in turn, attracted and
activated DC and other antigen-presenting cells and broke the ground for
mature donor T-cells, which after transplantation recognised increasingly

expressed MHC molecules and/or mHags (Matzinger, 2002).

The consequences of tissue damage and subsequent immune system
activation were even more imminent in the intestinal mucosal surface.
Here, local TNFa secretion negatively affected the surface integrity (Laster
et al., 1988), enhancing the potential injuries caused by intramucosal
displacement of bacterial endotoxins and lipopolysaccharides (LPS), which
could potentiate even further the pro-inflammatory cytokine production by
gut-associated macrophages and lymphocytes (Nestel et al., 1992). The
intestinal Peyer's Patches (PP) had been identified as a key lymphoid
compartment for the development of acute GVHD (Murai et al., 2003) by
demonstrating that acute GVHD was abrogated in mice which were PP-
deficient or whose T-cell homing had been interrupted by C-chemokine
receptor 5 (CCRS5) -blockade; suggesting that GVHD induction was
determined by the local inflammatory environment, rather than tissue-
specific mHags. On the other hand, PP were redundant, hence T-cells
primed elsewhere in the body were capable of inducing intestinal GVHD
(Welniak et al., 2006).

APC were either tissue-specific and residing (e.g. Langerhans’ cell in skin,
Kupfer cell in liver) or circulated through the body’s blood and lymphoid
system in their naive and immature form. Their key function for the
adaptive immune system was their capability of inducing a specific,
adaptive immune response by presenting a specific antigen to naive or
memory T-cells through their MHC receptor. DC, the most important APC
in GVHD induction, could be activated in a specific (antigen, foreign-
recognition) or non-specific (micro-environmental stimuli, danger
recognition) manner. The antigen was internalised and processed in
endolysosomes to peptide which was loaded onto MHC molecules.
Physiologically, immature DC relentlessly sampled endogenous antigen,

which was presented to T-cells rendering those tolerant to self-antigen.
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Antigen recognised as ‘non-self, however, lead to DC maturation and
antigen presentation to T-cells accompanied by appropriate co-stimulatory
signals. DC were able to suppress the response of T-regulatory cells, and
control the blood flow to the lymph node into which they home. In the
lymph node, the matured DC interacted with naive or memory CD4 T-cells
through the MHC/T-cell receptor (TCR) ‘immunological synapse’, resulting
in effective activation and proliferation of an antigen-specific T-cell clone
(Lee and lwasaki, 2007).

It was thought that in early GVHD, tissue antigen was presented to the
infused donor T cells by host DC which were critical, and sufficient, to
induce a GVHD response (Shlomchik et al., 1999, Duffner et al., 2004).
Host Langerhans cells in the skin had been shown to be critical mediators
of skin GVHD (Merad et al., 2004). Antigen presentation by host APC to
donor T-cells, also called direct recognition, was the predominant mode of
allorecognition in the MHC mismatched transplant setting (Ruggeri et al.,
2002).

Removal of APC from their specific organ could potentially abrogate GVHD
in the same organ (Zhang et al., 2002b). The same authors suggested that
host APC localised in specific target organs recruited mature donor T-cells,
while DC and macrophages homed to lymph nodes and other secondary
lymphoid organs were critical for the activation of a cytotoxic CD8+T-cell
response.

Of the different subsets of APC, DC probably was the most critical one in
the development of GVHD, supported by its role as the most important
‘professional’ APC, and also by observation in experimental GVHD
settings (Duffner et al., 2004, Zhang et al., 2002a).

APC regulation in the context of GVHD is not fully understood. TBI as part
of an HSCT conditioning regimen, in combination with G-CSF exacerbated
APC activation (Morris et al., 2009), while yd T-cells, host Natural Killer T-
cells (NKT), natural killer (NK) cells and B cells reduced activation

(Paczesny et al., 2009a).
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1.2.3. GVHD phase 2: Activation of donor T-cells

Activated host APC relocated into secondary lymphoid organs, where
following HSCT they met donor T cells. Donor T-cells recognized antigen
presented by host APC (foreign antigen or the host MHC receptor itself -
direct presentation) or donor APC (recognition of the foreign antigen -
indirect presentation) (Shlomchik, 2003, Sayegh and Carpenter, 1996).
Donor T-cells required co-stimulation of their T-cell receptor in the binding
to the MHC receptor of the APC in order to become activated (Appleman
and Boussiotis, 2003), with CD28, ICOS, CD40, OX40 (activation) and
CTLA4 (inhibition) being the most important co-stimulatory molecules

(Paczesny et al., 2009a).

Different subsets of T-cells had varying roles in induction of GVHD. The
two main subsets, CD4+ and CD8+ T cells were both capable of inducing
GVHD. In the absence of HLA mismatch, this potency was determined by
host mHags which could lead to specific T-cell clones in either CD4+ or
CD8+ subset (Goulmy, 2006, Wu and Ritz, 2006). Selective elimination of
either subset from grafts did not lead to a reduction in GVHD, and research
on selecting specific antigeneic clones for elimination is ongoing
(Bondanza et al., 2006).

Naive donor T-cells (CD62L+ CD44+) also had the potential of inducing
GVHD (Anderson et al., 2003). Non-alloreactive donor memory T-cells
(CD62L-) did not induce GVHD, but were able to mediate GVL effects
through memory transfer (Zheng et al., 2008). Alloreactive donor T-cells,
however, were a main cause of GVHD (Zhang et al., 2005).

Regulatory T-cells (Treg) had been the focus of more recent research.
Several studies had demonstrated that Treg are capable of suppressing
the expansion of activated donor T-cells, and therefore reduce the risk of
GVHD, whilst preserving GVL reactions (Yan and Da, 2006, Salomon et al.,
2006, Ruggeri et al., 2002). Host and donor NKT also had GVHD-reducing
properties (Pillai et al., 2007), by shifting cytokine responses to a T-helper
type 2 (Th2) profile (Lowsky et al., 2005), or eliminating host APC (Morris
et al., 2005).



In the late 1980’s it was discovered that following activation subsets of
mainly CD4+ T-cells had antagonistic cytokine excretion profiles,
described as Th1 (T-helper type 1) and Th2 (T-helper type 2) cells
(Mosmann et al., 1986). Th1 cells secreted pro-inflammatory cytokines like
IL2 (interleukin 2), TNF, IFNy (interferon gamma), while the Th2 (T-helper
2 cell) had anti-inflammatory properties, secreting cytokines like L4
(interleukin 4) and IL10 (interleukin 10). These phenotypes followed each
other over time (in the initial phase of an inflammatory reaction, the
response was predominantly pro-inflammatory, followed by an anti-
inflammatory response to counteract and prevent excessive inflammation).
There is good evidence that genetic polymorphisms resulting in over- or
under-expression of certain cytokines could tilt this balance to either a
more pro-inflammatory or an anti-inflammatory response (see below). In
Phase 2, donor T cells stimulated by APC secrete IL2 and IFNy (Mosmann
et al., 1986), which was central in the control and amplification of the
immune reaction against the foreign antigen. IFNy primed macrophages to
produce and secrete IL1 (interleukin 1) and TNF (Nestel et al., 1992),
induced the skin and gut pathology of GVHD (Dickinson et al., 1991), and
impaired T-lymphocyte function (Huchet et al., 1993). The levels of IFNy
were predictive of GVHD severity (Tanaka et al., 1994). This could be
described as a Th1-type response, promoting GVHD. On the other side,
Th2-type cytokines like IL4 and IL10 had antagonistic effects on IL2 and
IFNy secretion (Seder and Le Gros, 1995), dampening down reactions
leading to acute GVHD and ‘shifting’ the immune response towards
chronic GVHD (Krenger and Ferrara, 1996). Nevertheless, the biology of
cytokines in GVHD is likely to be more complex, as opposing effects of the
same cytokine (e.g. IL2 or IFNy) had been observed, depending on factors

like timing, concentration and tissue location (Wang et al., 1995, Krenger
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et al., 1996, Baker et al., 1995, Yang et al., 1998, Brok et al., 1997). Sun et.

al. (Sun et al., 2007) postulated that “early Th1 polarization of donor T-cells
and Th1 cytokines are critical for GVHD induction, whereas inadequate
production could modulate acute GVHD through a breakdown of negative

feedback mechanisms for activated T-cells”.



IL17 (interleukin 17) Th-cells were a more recently described subset of
CD4+ T-cells, characterized by the production of IL17. Their role in GVHD
remained controversial (Sun et al., 2007, Paczesny et al., 2009a), as
studies had shown that IL17 deficient T- cells enhanced Th1 skewing
augmenting acute GVHD, whereas Th17 cells caused severe GVHD in

vitro.

1.2.4. GVHD Phase 3: Effector phase

Once activated donor T-cells migrate from secondary lymphoid tissue into
target organs, where they cause tissue damage. Potentially any organ is
capable of expressing alloantigen and therefore to become a target organ
for GVHD, however, skin, gut, liver and thymus are the most commonly

affected target tissues.

Recent studies have shed some light onto mechanisms that control the
‘homing’ of alloreactive T-cells into their target tissues. Chemokines
appeared to be one of the key players. Inflammatory chemokines were
expressed by a wide variety of tissues and cells (endothelial cells,
fibroblasts, DC, monocytes, NK cells and T-lymphocytes) and regulated
trafficking of donor T-cells towards the lymphoid organs where they
interacted with APC, as well as target tissues (reviewed in: (Wysocki et al.,
2005). Activated T-lymphocytes expressed chemokine receptors which, at
least in part, determined their destination by homing to tissues where the
according ligands were expressed (e.g.: liver: receptors CXCR3, CCR2,
CCRS5, ligands: CXCL9/10/11, CCL2/3; gut: receptors CXCR3, CCRY,
ligands CXCL9/10/11, CCL25; skin: receptors CXCR3, ligands
CXCL9/10/11, CCL2/5/17).

Other mechanisms of T-cell trafficking included selectins and integrins
(also reviewed in (Wysocki et al.,, 2005). E, P and L-selectin were
expressed in various tissues including on cells of the myeloid and lymphoid
system, and found their ligands, the peripheral node addressins (PNAds)
expressed in chronically inflamed tissue. Integrins were transmembrane

proteins expressed on immune cells which interacted with molecular
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structures in tissues that lay exposed due to tissue damage (e.g. collagen,
laminin, fibronectin) or specific expressed ligands like adhesion molecules
(MADCAM1, VCAM1, ICAM). Expression of MADCAM1 and ICAM1, for
example, was critical for induction of acute GVHD in the PP of the intestine

and in the liver.

Donor T-cells exerted their deleterious effect on target tissues by direct
cytotoxicity (van den Brink and Burakoff, 2002) using different pathways of
apoptosis. CD4+ cytotoxic T-lymphocytes (CTL) applied mainly the Fas-
FasL (TNF-receptor superfamily member 6) pathway (Via et al., 1996). Fas
is widely expressed, its expression is inducible by TNF and IFNy and
therefore enhanced in inflamed tissues. The same cytokines enhanced
FasL expression on CTL, hence this mechanism appeared to be a self-
augmenting cycle of tissue damage, inflammation, CTL recruitment and
apoptosis. CD8+ CTL worked preferentially through the perforine-
granzyme pathway. Perforin is secreted by the CTL causing pores in the
target cell membrane. This allows granzyme to enter and induce a cell-
death sequence. In experimental GVHD, survival was better in
peforin/granzyme deficient mice, but the cytotoxic effect was less
pronounced than for Fas/FasL (Graubert et al., 1997). Experimental
studies for both pathways, by inactivating important components, had
shown that GVHD can be abrogated or delayed in onset (reviewed in: (Sun
et al., 2007)).

Other apoptosis mechanisms include TRAIL (TNF-related apoptosis-
inducing ligand) (Pan et al., 1997), TWEAK (TNF-like weak inducers of
apoptosis) and LTR/LIGHT pathways (Brown et al., 2005).

Much of the tissue damage of the effector phase of GVHD could be
attributed to an excessive release of pro-inflammatory cytokines, the so-
called ‘cytokine storm’. Local tissue damage, due to conditioning or
infection, induced APC activation through TLR and non-TLR pathways,
and caused chemoattraction to macrophages, which in response secreted
TNF and IL1 (Antin and Ferrara, 1992). These cytokines could significantly
augment T-cell activation, which in turn stimulated TNF, IL1 and IFNy

secretion from an array of immune cells. In that sense, the degree of
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priming of immune cells determined the severity of GVHD. In contrast,
tissue damage in itself without the interaction of CTL was capable of
inducing GVHD damage (Teshima et al., 2002).

TNF was the most important cytokine in the effector phase (Reddy and
Ferrara, 2003). It had synergistic and pleiotrophic effects, causing
cachexia, induce APC maturation, recruited T-effector cells, neutrophils
and monocytes, and primed homing by chemokine induction. TNF could
also cause direct tissue damage by inducing apoptosis and necrosis, and
could activate T-cells directly through the receptors TNFR1 (TNF receptor
1) and TNFR2 (TNF receptor 2).

Other effector molecules that had been studied include IL1 and nitric oxide
(NO). IL1 had effects very similar to TNF, but might be more organ specific
to spleen and skin (Abhyankar et al., 1993). NO is a product of activated
macrophages that caused direct tissue insult, and inhibited repair
mechanisms. Development of GVHD correlated with levels of oxidation
products of NO (Nestel et al., 2000, Weiss et al., 1995).

More recently, larger studies of protein components, genetic expression
and genetic polymorphism were aiming to dissect the pathobiology of
GVHD further and identifying molecules (biomarkers) that could predict
GVHD (Hansen, 2008, Kaiser et al., 2004, Mohty et al., 2007, Paczesny et
al., 2008, Srinivasan et al., 2006, Weissinger and Dickinson, 2009).

SUMMARY

e GVHD is the most important cause of adverse outcome of HSCT
and remains largely unpredictable.

e Host antigen recognition by donor T-cells is the key step in the
induction of GVHD.

e However, modulation of this process is very complex and
involves pathophysiological events before, during and after T-

cell activation.
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1.3. The Genetics of HSCT

1.3.1. Self/non-self genetics

Human Leukocyte Antigens (HLA)

The HLA complex is the strongest known determinant of self/non-self
recognition. Six HLA loci are now commonly used for donor/recipient
matching: HLA-A, B, C (HLA class |) and HLA-DRB1, DQB1 and DPB1
(HLA class Il). Disparity between donor and recipient HLA antigens results
in either rejection of the graft (host-versus-graft reaction), or cellular toxicity
of the graft against the host (GVHD and GVL).

Well into the 1980’s, HLA matching was based on serologic typing at
antigen level. Observations from this time (Kernan et al., 1993) showed
that unrelated HSCT had a higher prevalence of GVHD and worse survival,
compared to related HSCT.

The introduction of DNA-based high resolution typing since the 1990’s did
contribute a great deal to the understanding of HLA matching. More than
2,000 different alleles had been identified within HLA class | and Il (Shiina
et al., 2009), and large scale registry studies, primarily in the US and
Japan, had analysed the effects of different mismatch combinations in
unrelated HSCT. For the US registry (Petersdorf et al., 1998), the first
high-resolution data showed that in fact 47% of serologically matched
HSCT (HLA-A, B, C, DRB1, DQB1) had one allele level mismatch, and
25% had 2 mismatches. Combined mismatches in HLA class | and class Il
significantly increased the risk of severe GVHD and death. Single class II,
but not class | mismatches increased the risk of GVHD. HLA-DRB1
mismatch was the strongest predictor of GVHD. The first data of high-
resolution typing from Japan were published in the same year (Sasazuki et
al., 1998), coinciding with the US data that combined HLA class | and Il
mismatches carry the highest risk for GVHD and death. However, single
class Il mismatches did not increase the GVHD risk, whereas HLA-A
mismatch had the strongest association with GVHD and death. HLA-C
mismatch was also associated strongly with GVHD, but not with survival
risk. These data were expanded in 2002 (Morishima et al., 2002), showing
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that single mismatches in any of HLA-A, B, C, DRB1 implicated a higher
risk of GVHD, with multiple class | mismatches, in particular involving HLA-
C, resulting in the highest risk. HLA-A and/or B mismatches increased the
risk of death, with combined mismatches of HLA-A or B + HLA-C + HLA-
DRB1 or DQB1 showing the poorest survival.

Updates on the US registry confirmed a high GVHD risk for a single or
combined HLA-A mismatch, and worse survival with single or combined
HLA-A, B, C and DRB1 mismatches (Flomenberg et al., 2004). Conversely,
allele-level HLA-A, B, C and DRB1 matching had the best survival, while
even a single mismatch of any of those had a measurable effect on
survival (Lee et al., 2007). As in previous studies, no effect of HLA-DQB1
and DPB1 was found.

The Japanese registry has recently advanced into identifying individual
GVHD high-risk allele mismatch pairs (Kawase et al., 2007), assuming that
not all mismatches would actually induce alloreactivity. This study found 29
high-risk allele mismatch combinations in HLA-A, B, C, DRB1 and DPB1.
Following on from this work, high risk and low risk mismatch combinations
for relapse of haematological malignancies were identified and correlated
with high-risk GVHD allele mismatches. Eight mismatch combinations in
HLA-DPB1 and HLA-Cw were found that have a very low relapse risk and
no increased GVHD risk, elucidating the HLA-basis of the GVL effect
(Kawase et al., 2009). The Japanese registry was also the first to describe
highly conserved HLA haplotypes and their association with risk or
protection from GVHD (Morishima et al., 2010)

Other self/non-self genetics: KIR, LILR, mHags

Killer immunoglobulin-like receptors (KIR) are cell surface receptors on NK
cells. Their function is to recognize normal MHC class | receptor
expression on cells, hence normal MHC expression leads to inhibition of
NK cell activity whereas an abnormal expression (‘missing self’) releases
the inhibition and results in killing of the target cell by an apoptotic signal.
KIR are highly polymorphic. In mismatched related HSCT for leukaemia,

this effect (termed the KIR ligand mismatch) could be exploited for a graft-
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versus-tumour effect without a higher risk of GVHD (Ruggeri et al., 2007,
Leung et al., 2004). However, for the unrelated HSCT setting the data
were more controversial. Yabe et. al. (Yabe et al., 2008) and Morishima
et.al. (Morishima et al., 2007) had described the effects of HLA and KIR
matching for the Japanese registry. These data show that KIR2DL ligand
mismatch in the GVHD direction increased the risk for GVHD and mortality,
but dependent on HLA matching, underlying malignancy and

administration of ATG.

Leukocyte immunoglobulin-like receptors (LILR) have a wider distribution
as compared to KIR, but also recognize MHC class | molecules (Sloane et
al., 2004). As KIR, LILR are predominantly inhibitory and also highly
polymorphic. They had a role in controlling the maturation of DC (Young et
al., 2008), and so far unpublished data from the Japanese registry showed
associations of LILR with GVHD and survival (verbal communication

Toshio Yabe, Kouyuki Hirayasu).

Non-HLA recipient proteins that resulted from gene polymorphisms that
were disparate between donor and recipient represented Minor
Histocompatibility Antigens (mHags) (Spencer et al., 2010). Donor T-cells
recognized such antigens and responded with clonal expansion. If a mHag
happened to derive from a malignant protein or cell, the donor T-cell
response could exert a strong and specific graft-versus tumour effect,
which could be beneficial (Goulmy, 2006). However, if the mHag derived
from otherwise healthy tissue, severe GVHD could be the result. In theory,
the potential number of mHags could be as vast as the polymorphic
disparity between donor and recipient (Brickner, 2006), however, only few
mHags induced donor T-cell responses (immunodominance) for reasons
that are not fully understood. Experimental matching for known mHags did
not result in reduction of GVHD (Warren, 2009). Gene polymorphisms on
the Y-chromosome of male recipients of female grafts were potentially a
source of many mHags, and several have been identified; female into male
HSCT had been recognized as having a higher risk of GVHD and mortality
(Randolph et al., 2004).
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More recent efforts had attempted to capture mHags with genome-wide

approaches (Hansen et al., 2010, Ogawa et al., 2008, Kawase et al., 2008).

1.3.2. Non-HLA genetics

Non-HLA genetics in HSCT is defined as the effect of functional gene
polymorphisms that impact on outcome by modulating existing immune or
metabolic responses, rather than having direct involvement in self/non-self
recognition. HSCT outcomes like acute and chronic GVHD, relapse and
survival are not rare events and vary between individuals who may
otherwise be genetically similar; possibly comparable to how phenotypes
of inflammation, infection and immunity vary in a normal population. It was
therefore assumed that the non-HLA genetic effects on HSCT outcome
were determined by common genetic variants.

Studies that were aiming at understanding the pathophysiology of GVHD
(see above) had identified several immunoregulatory key players, like e.g.
cytokines, adhesion molecules, regulators of innate immunity and
chemokines. The first such study was published in 1998, implicating TNF
and IL10 with GVHD (Middleton et al., 1998).

For this study, a systematic literature search was undertaken that identified
248 gene association studies with outcome of HSCT (list: supplementary
file 1.1). At least 105 genes, including cytokines, regulators of innate and
adaptive immunity, drug metabolism genes, DNA repair and metabolic
genes were found to associate with any HSCT outcome (which included
acute and chronic GVHD, relapse, rejection, survival, VOD, infection, drug
toxicity). These findings are summarized in table 1.1. Of these, markers for

49 genes associated with acute or chronic GVHD, described in 141 studies.

Analyzing the methodology of these studies, the vast majority (n=238,
96%) were single cohort candidate gene association studies. Only seven
studies sought independent confirmation of findings within the same
study’s setup (Xiao et al., 2010, Chien et al., 2006, Lin et al., 2003, Bochud
et al., 2008, EImaagacli et al., 2009, Mullighan et al., 2004, Espinoza et al.,

2011), and only three studies used larger scale approaches. Mullally et. al.
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reported a study of 1143 SNP for 220 candidate genes, identifying several
chemokines associating with HSCT outcome (Mullally et al., 2008). JMDP
had conducted a genome-wide association study with SNP markers, which
failed to identify any non-HLA gene association but detected a possible
mHag locus (Ogawa et al.,, 2008). Finally, the NMDP carried out a
genome-wide association study (Hansen et al., 2010) the results of which
have not been finally reported. Imputation of SNP previously associated,
however, confirmed association of IL10 and IL6 with GVHD (Chien et al.,
2012).

Given the rapid evolution of HSCT, it had been difficult in the past to build
large-scale HSCT study cohorts. Limited availability of study subjects
made consideration of demographic or clinical risk factors in study cohort
selection difficult, despite the existence of these risks being well
established in the literature (e.g. patient and donor age (Kollman et al.,
2001, Loren et al., 2006, Wojnar et al., 2006), female donor to male
recipient (Randolph et al., 2004, Gahrton, 2007), diagnosis and staging
(Chaidos et al., 2007, Wojnar et al., 2006), prior chemotherapy (Hahn et al.,
2008), conditioning regimen (Perez-Simon et al., 2005, Hahn et al., 2008),
concurrent infections (Hahn et al., 2008, Ljungman, 2007, Young, 2008)).
Previous studies often relied on study populations displaying different
underlying ethnicities, underlying diagnosis, stem cell sources
(related/unrelated), conditioning regimens and GVHD prophylaxis,
weakening study power and leading to disparate results. HLA matching
and HSCT from sibling donors were the most common measures applied
in the study of non-HLA gene polymorphisms, presuming that reducing the
‘noise’ from genetic mismatching would make small effect-size non-HLA
association more readily identifiable. Very few studies deliberately chose
unrelated or HLA mismatched HSCT, therefore there is a paucity of data
on these settings, although these represent the majority of HSCT. Also,
earlier serotypical HLA matches may have actually represented
mismatches at allele level (Weisdorf et al., 2008), hampering the
comparison of results from different studies. Many of the early studies in
particular lacked statistical power for the allele/genotype frequency

reported; sample sizes <100 were not uncommon.



More recently, the collection of large HSCT cohorts has become reality.
Both NMDP and JMDP have now conducted >10,000 unrelated donor
HSCT, allowing for future studies with better stratification of genetic,
demographic and clinical risk factors. Eventually, the availability of such
study populations would allow for study designs that comply with
recommendations for the design of genetic association studies (Colhoun et
al., 2003, Gambaro et al., 2000, Hirschhorn et al., 2002, McCarthy et al.,
2008, Lander and Schork, 1994, Schork, 1997).
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Gene function gene function gene function gene function
ABO haematopoietic system ESR innate immunity IL15RA cytokine NOS2A innate immunity
ACE other effector Factor V haematopoietic system IL17A cytokine OGGI DNA repair
BAFF haematopoietic system Fas adaptive immunity IL18 cytokine P2X7 Drug metabolism
BP1 other effector FCGR2A adaptive immunity IL1RA cytokine PAI1 haematopoietic system
CASP8 adaptive immunity FCGR3B adaptive immunity IL2 cytokine PARP1 DNA repair
CCL27 chemokines FCRL3 adaptive immunity IL23R cytokine PCAM1 adhesion
CCL3 chemokines FOXP3 adaptive immunity IL4 cytokine PGP Drug metabolism
CCL4 chemokines GRZB adaptive immunity IL4R cytokine PIR innate immunity
CCL5 chemokines GSTA1 Drug metabolism IL6 cytokine Prothrombin haematopoietic system
CCR5 chemokines GSTM1 Drug metabolism IL7R cytokine PTPN22 haematopoietic system
CCR6 chemokines GSTP1 Drug metabolism IMPDH1 Drug metabolism PTPRC haematopoietic system
CCR9 chemokines GSTT1 Drug metabolism LCT metabolic RFC1 DNA repair
CD14 adaptive immunity HFE haematopoietic system LIG3 DNA repair TGFB1 cytokine
CD3EAP DNA repair HLA-E adaptive immunity MADCAM1 adhesion TGFB1R cytokine
CD86 adaptive immunity HLA-G adaptive immunity Mal adaptive immunity TLR1 innate immunity
CPS1 metabolic HMGB1 adaptive immunity MASP2 innate immunity TLR4 innate immunity
CTLA4 adaptive immunity HO1 haematopoietic system MBL innate immunity TLR9 innate immunity
CXCL12 chemokines HP haematopoietic system MBL2 innate immunity TNF cytokine
CYP2B6 Drug metabolism HPA5 haematopoietic system MCP1 innate immunity TNFRSF1 cytokine
CYP2C19 Drug metabolism HPSE haematopoietic system MDR1 Drug metabolism TNFRSF2 cytokine
CYP3A4 Drug metabolism HSP70 innate immunity MIF innate immunity VDR innate immunity
CYP3A5 Drug metabolism ICOS adaptive immunity MPO innate immunity VEGF adhesion
DAAM2 metabolic IFNg cytokine MTHFR Drug metabolism VLA4 adhesion
DARC chemokines IL1 cytokine MUTYH DNA repair XRCC3 DNA repair
DECTIN1 innate immunity IL10 cytokine NKG2D adaptive immunity
DNAM1 adaptive immunity IL12 cytokine NLRP2 innate immunity
ERC2 DNA repair IL13 cytokine NOD2 innate immunity




Table 1.1 (previous page): Genes associated with HSCT outcomes from
248 previous gene association studies. Forty-nine genes (in bold) have

been implicated with acute or chronic GVHD.
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SUMMARY

e The genetics of HSCT outcome, including GVHD, involves
multiple genetic mechanisms.

e Self/non-self recognition strongly predicts GVHD.

e Matching of the Human Leukocyte Antigen (HLA) complex
reduces the risk of GVHD and is widely applied in clinical
practice.

e Other self/non-self recognition mechanisms (e.g. KIR, LILR,
mHag) also influence the risk of GVHD but are less well
understood and not commonly used in clinical practice.

¢ Non-HLA gene polymorphisms modulate innate and
adaptive immune responses, >100 genes have been
reported to associate with HSCT outcomes.

e Results for non-HLA gene polymorphisms are often
inconclusive due to limited study quality, therefore findings

have been applied little in clinical practice.
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1.4. Summary and conclusion; aim of this study

HSCT has become an ever more important treatment option for an ever
wider variety of indications, now moving well beyond malignant and non-
malignant conditions of the haematopoietic system. The procedure itself and
surrounding medical and nursing care has evolved dramatically, improving
cure of the underlying disease and survival, whilst reducing transplant-related
mortality and morbidity.

GVHD remains the single major hurdle in wider application of HSCT. Even
full HLA matching from sibling donors cannot guarantee its prevention,
indicating that other genetic and non-genetic factors are at play which we are
just beginning to understand. The research into the KIR and LILR systems
are likely to provide a better understanding of self/non-self recognition in the
future. A small number of immunodominant minor histocompatibility antigens
will probably give explanation for some strong GVHD and GVI effects. Non-
HLA gene polymorphisms determine the ‘milieu’ in which self/non-self
recognition occurs and may therefore be of important influence on the
strength of the immune responses leading to GVHD or GVT.

Despite an abundance of data from >200 previous studies, effects of many
non-HLA gene polymorphisms remain inconclusive, which is founded in the
generally small effect size of associations of common alleles and genotypes,
and issues with study design (heterogeneous study populations, lack of
statistical power, lack of validation by confirmatory study on a similar
population).

The aim of this study is to elucidate the role of non-HLA gene polymorphisms
for the risk of GVHD in a more robust fashion, by applying recommendations
for high-quality gene association study design. Key elements of the study

include:

e Study population: genetically homogeneous background, control of
clinical confounders, clinically relevant population, adequate sample

size
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Gene targets: More indiscriminate approach (genome-wide/targeted),
rather than a candidate gene approach

More stringent study design: screening and independent confirmation
cohorts



1.5 Outline of study plan/brief history of the project

The idea of this study was conceived in 2004. The author’s plan was to
conduct a high-quality association study in the field of immunogenetics; the
search for an adequate study population led to co-operation with institutions
in Japan.

In 2005, the author spent six months at the Division of Molecular Life
Sciences at Tokai University, Kanagawa, Japan, at the invitation of Professor
Hidetoshi Inoko, a renowned expert in the field of HLA genetics. Tokai
University hosts the DNA sample collection of JMDP and is involved in many
of the registry research projects. During these six months, the author
finalised a proposal for a genome-wide association study into the non-HLA
genetics of GVHD using microsatellite markers, a methodology also
pioneered at Tokai University. Dr Peter Middleton and Dr Andrew Gennery
would act as supervisors for a PhD thesis with Newcastle University, whilst
Professor Inoko would provide local supervision.

After funding for this work was obtained (JSPS post-doctoral fellowship, Kay-
Kendall Leukaemia Fund international fellowship), the work started in Japan
in March 2007. An initial assessment of the availability of DNA samples
(March-June 2007), however, showed that a genome-wide association study
would be unfeasible due to the lack of samples with a sufficient amounts of
DNA. The study plan was adjusted to a targeted genomic screening focusing
on the immune system.

The selection of an appropriate study population received particular attention
in order to control confounding variables (see chapter 2), and a small-scale
pilot study (October-December 2007) using 41 candidate SNP markers was
conducted to ensure that a study based on the selected study population
would be capable of demonstrating small effect-size non-HLA gene
polymorphisms. After this was achieved, the large-scale approach was
carried out. Main steps included the identification of the genes of the
immunogenome and allocation of microsatellite markers (July-December
2007), pooling of DNA samples (January-March 2008 and December-
February 2009), and genotyping of pooled DNA in a screening (April-

41
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December 2008) and confirmatory cohort (March-August 2009), followed by

data analysis and evaluation (until February 2010).



2. METHODOLOGY

2.1 Aim and purpose

2.2 Objectives

2.3 Study question and hypothesis
2.4 Overview of Study design

2.5 Selection of the study population
2.6 Selection of genes and markers
2.7 Preparation of DNA

2.8 Construction of DNA pools

2.9 Procedure of individual sample DNA PCR
2.10 Procedure of pooled DNA PCR
2.11 DNA genotyping

2.12 Data retrieval and processing

2.13 Data analysis
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2.1 Aim and purpose of the study

The aim of this study was to improve health, survival and quality of life of
recipients of matched unrelated donor HSCT for acute leukaemia by
identifying genetic risk factors that increase or decrease risk of GVHD.

This study aimed to identify ‘risk’ and ‘protection’ recipient and donor
non-HLA genetic polymorphisms that contribute to the severity of acute

GVHD, enabling clinicians to stratify the risk of GVHD prospectively.

Findings were expected to be applicable to future patient care:

e identified “risk” alleles in donors/recipients that predict the occurrence
and severity of acute GVHD

e identification of ‘risk’ donors or recipients as a guide for planning
conditioning and GVHD prophylaxis regimens

e identified “risk” genes in donors aid donor selection for reducing acute
GVHD

Potential broader future scope of results:

e contribution to the understanding of genetic pathology of acute GVHD

o facilitating the development of new, specific prophylaxis and treatment
options for GVHD (monoclonal antibodies, gene therapy)

e impact on research and management of similar or related

inflammatory disorders
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2.2 Objectives

2.2.1. Objective

The objective of this study was to investigate allele frequency
differences of microsatellite markers between cases of absent or mild
acute GVHD (grade 0-1, controls) and moderate to severe acute GVHD
(grade 2-4, cases). As cases we considered HSCT recipients (,intrinsic’
risk of GVHD) as well as donors (,graft’ risk of GVHD).

2.2.2 Key objective elements

Variables

Genetic polymorphisms presenting in the form of microsatellite allele
frequency differences between the study groups of different severity of
acute GVHD (grade 0-1 versus 2-4) separately for donors and

recipients.

Outcome parameters

Pooled DNA genotyping outcomes:

Moderate to severe acute GVHD (grade 2-4) was the single outcome of
the two-step pooled DNA screening (discovery and confirmatory
cohorts).

Standard definitions and classifications were used to clinically define
acute GVHD - the modified Glucksberg criteria according to international
consensus (Glucksberg et al., 1974, Rowlings et al., 1997, Przepiorka et
al., 1995).

From a clinician’s perspective, acute GVHD grade 2 was seen as a cut-
off point for starting active and aggressive intervention to stop progress
of acute GVHD (Hara et al., 2007). Acute GVHD grade 2 or more severe
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was associated with increased morbidity and mortality, and reduced
quality of life (Pasquini, 2008, Kanda et al., 2012, Kodera et al., 1999,
Morishima et al., 2007, Sasazuki et al., 1998, Yano et al., 2000).

Individual genotyping: outcomes

Degree of severity of acute GVHD (grade 0 versus 1-4, grade 0-1
versus 2-4, grade 0-2 versus grade 3-4, grade 0-3 versus 4)

Degree of severity of chronic GVHD (absent chronic GVHD versus
limited and extensive disease, absent and limited disease versus
extensive disease)

100 day/one year/three years/five years survival rate, log rank test for
survival

Relapse rate



2.3 Study Question and Hypothesis

2.3.1. Study Question

“‘Are non-HLA microsatellite polymorphisms in unrelated HSCT donor
and/or recipient immune system genes associated with graft versus host

disease?”

2.3.2. Hypothesis

The hypothesis was based on the concept that genetic susceptibility to

GVHD is the result of a complex genetic trait, involving multiple loci:

e GVHD has in part a complex genetic trait, and that common allele
polymorphism of non-HLA genes in the patient and donor genomes
contribute to the development of GVHD; these risk alleles may

be detectable with a systematic genome scanning approach.

e Such non-HLA risk alleles can have an effect size that reaches that
of certain HLA mismatches, hence can be consistent despite variation
in clinical and genetic risk factors over time. Such risk alleles can be

useful for prediction of acute GVHD risk in clinical practice.

Hypothesis:
“‘Allele frequency differences of microsatellite markers are associated

with moderate-severe acute GVHD.”

Null hypothesis:
‘Allele frequency differences of microsatellite markers are not

associated with moderate-severe acute GVHD.”
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2.4. Overview of study design

2.4.1. Key features of a robust genetic association study design

Considering the above methodological issues about genetic association

studies, as discussed in the introduction part of this thesis, a more

robust design should entail:

Study and control cohorts should stem from a genetically
homogenous population

Confounding variables needed to be well controlled

Cases and controls needed to be well defined, phenotypes well
established and graded

Environmental factors that influence gene function well established
Genes and markers selected that are biologically meaningful
Outcomes well defined, consistently reported

Study design addressing error by chance, multiple testing issues:
Design with at least a discovery and independent confirmation cohort,
appropriate rigorous statistics

Sufficiently powered cohorts — adequate sample size

Systematic rather than random/candidate marker approach

2.4.2. Measures to achieve a more robust study design

This study has taken measures to address the above issues by:

Identifying of a study population from a more homogeneous
background

Control of confounding parameters: All known genetic, demographic
and clinical risk factors were carefully analyzed.

‘Modelling’ of hypothetic cohorts were used to design a study cohort

with ideally minimal confounders and maximum statistical power.
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e Definition of phenotypes: Ensuring that GVHD in all subjects of this
study was defined using the modified Glucksberg criteria (Przepiorka
et al., 1995)

e Estimating impact of environmental factors

e Defining the scope of approach: Weighing the advantages and
disadvantages of different options: candidate gene approach, targeted
screening, whole genome screening.

e Addressing type | (incorrectly rejecting the null hypothesis) and type Il
(false acceptance of the null hypothesis) errors by considering issues

of statistical power, reproducibility, multiple testing.

2.4.3. Outline of the study design

¢ Modification of a whole-genome scanning approach with microsatellite
markers (Tamiya et al., 2005).

e Descriptive, retrospective case-control study with two nested cohorts
(discovery/confirmatory) of pooled DNA screening, followed by
individual genotyping of the combined cohorts for confirmation.

e Selection of a genetically and clinically homogenous cohort of
approximately n=1000 donor-recipient pairs (see power calculation)
from the JMDP registry

e Microsatellite markers as screening tool — indiscriminate approach (i.e.
large scale rather than candidate gene approach)

e Focus on immune system genes would be expected to yield targets
with a higher positive predictive value than a more indiscriminate
approach. A review of genome-wide association studies on immune
system disorders had shown that genetic associations are more likely
to be located in immunoregulatory genes (Zhernakova et al., 2009)

e Estimating impact of environmental factors by dividing the cohort into
two subsequent time frames (1993-2000, 2001-2005). HSCT practice
was likely to have changed during these time periods, not all of these

changes may have been recorded in the dataset.



e Introduction of a two-step independent screening, estimate of

statistical power, use of statistical correction for multiple testing.
A phased, 2-step pooled DNA screening: Splitting of cohort of n=1000
pairs into two groups of approximately n=500 pairs each. Within each
group, construction of four DNA pools (Donors GVHD 0-1, Donors
GVHD 2-4, Recipients GVHD 0-1 and Recipients GVHD 2-4) using an
established, highly accurate DNA pooling method. Pooled typing of the
full MS marker set in the 1 screening step, followed by retyping of
positively associated MS markers only in the confirmatory step, to
eliminate pseudo-positive markers.
Individual genotyping of remaining associated MS markers on the
combined cohort of approximately n=1000 pairs, to eliminate artefacts
introduced by DNA pooling.
Analyses planned for pooled genotyping: two directions of analysis:
o Donors GVHD 0-1 with Donors GVHD 2-4 (‘intrinsic risk of
donor to induce severe GVHD in recipient’)
o Recipients GVHD 0-1 with Recipients GVHD 2-4 (‘intrinsic risk
of recipient to develop severe GVHD’)
Significance of allele frequency differences would be determined by
Fisher's Exact Test for each individual marker allele (2x2 test) and for

alleles of a marker (2xm test).

50



Discovery cohort — pooled DNA \
n=460 donor/recipient HSCT pairs - 4 DNA pools
4321 microsatellite markers (20,194 alleles)

Donors GVHD 0-1 Recipients GVHD 0-1
n=276 ) n=276 )
Donors GVHD 2-4 Recipients GVHD 2-4

n=184 n=184

Confirmation cohort — pooled DNA
n=462 donor/recipient HSCT pairs — 4 DNA pools

Donors GVHD 0-1 Recipients GVHD 0-1

n=225 ) n=225 )

Donors GVHD 2-4 Recipients GVHD 2-4
n=237 n=237

Individual genotyping

n=922 donor/recipient pairs (combined discovery/confirmatory cohorts)

Figure 2.1: Overview of the design of this study. In a first screening
step (Discovery Cohort), microsatellite markers representing the
entire immunogenome are typed on pooled DNA of 460 HSCT
recipients and their donors; aiming to detect allele frequency
differences between those recipients and donors of no or low
grade GVHD (grade 0-1) and those of moderate to severe grade
GVHD (grade 2-4). Positive markers only will be taken over to a
second screening step (Confirmation Cohort) with an identical
setup. Markers still remaining associated with GVHD will then be
typed on all individuals of the combined discovery and

confirmation cohorts.



2.4 4. Ethical approval

Ethical approval to this study was granted by the Ethics Committee of
the School of Medicine of Tokai University, approval number No 02-4-1,
9 June 2006.

This study was also approved by a meeting of the Research Committee
of the Japan Marrow Donor Programme (JMDP). Use of DNA samples
and clinical data was explicitly granted. Donors and recipients have
given written informed consent at the time of graft harvesting or
transplantation for DNA samples and data to be used for research

purposes, according to the declaration of Helsinki.
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Summary - study design

e Study cohort from a genetically homogenous population
with little/no admixture, controlled confounding
parameters, well defined phenotypes and outcomes

e Sample size with adequate statistical power

e Confirmatory testing of identified associations in two
independent cohorts

e Targeted genome scanning approach, focusing on
biologically meaningful genes

e Using microsatellite markers in a pooled DNA typing

approach




2.5. Selection of the study population

2.5.1. Analysis of JMDP registry population and cohort selection

The JMDP registry confirmed that all selected HSCT pairs were of
Japanese origin — hence there was no genetic admixture other than that
of the overall Japanese population.

For the purpose of selection of study cohorts, an opportunity was given
to analyze data from the JMDP registry of unrelated donor HSCT
performed between 1993 and 2000 (n=2469 HSCT pairs) for risk factors
of acute GVHD grade 0-1 versus grade 2-4. This was followed by
‘modelling’ of potential study cohorts according to the identified risk
factors, aiming for a clinically meaningful study population with an
optimal control of confounding variables. Given here is a brief summary;
the details of the analysis are available in supplementary file 2.1.
Univariate and backward multivariate logistic regression analyses were
performed on the registry population. Univariate analysis showed that T-
cell depletion, antithymoglobulin (ATG), HLA matching, GVHD
prophylaxis with a tacrolimus-based regimen, standard dose
cyclophosphamide/total body irradiation (Cy/TBI) conditioning regimen,
donor age <30 years, and underlying diagnosis other than acute
lymphoblastic leukaemia (ALL) or chronic myeloid leukaemia (CML) are
all protective of acute GVHD grade 2-4. Multivariate analysis was
performed by stepwise logistic regression, including all the variables
showing associations in univariate analysis. ATG administration, HLA
matching, GVHD prophylaxis with tacrolimus, donor age <30 years and
Cy/TBI standard regimen were upheld in the final step of multivariate
analysis.

Based on these findings, four model cohorts were devised, by selecting
out for the established risk factors in a step-wise fashion. Decision
criteria included the results of multivariate analyses of the models,
clinical meaningfulness of the model, and available sample size.

Eventually, the most suitable model for the discovery cohort was a
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selection by diagnosis (acute leukaemia: ALL and acute non-
lymphoblastic leukaemia (ANLL)), recipient age ( 24 years, <40 years)
and no T-cell depletion; resulting in a cohort of approximately 1000
sample pairs. This selection would include all degrees of HLA matching
and mismatching, and therefore somehow reflect a population as

typically seen in HSCT practice.

2.5.2. Power estimation

A statistical power estimation (conducted by Dr Hirofumi Nakaoka,
details in supplementary file 2.2) showed that a sample size of
approximately 500 pairs per cohort would be required to provide
sufficient statistical power (0.8) to demonstrate effect sizes of an Odd’s
ratio of 1.5 at allele frequencies of 0.3-0.6. Larger effect sizes would
detect lower frequency allele associations (approximately allele
frequency of 0.1 for OR=2.0; allele frequency of 0.05 for OR=2.5).
Associations with an OR between 1.3-1.5 represented the lower limit of

detection for the screening and confirmatory cohorts.

2.5.3. Construction of the actual study cohorts

The next step in constructing the actual study cohorts was an
assessment of DNA sample availability (supplementary file 2.3). This
assessment showed that of the initial Nn=1000 sample pairs, n=112 were
depleted of DNA, and a further n=345 sample pairs were transferred for
use for another study. The DNA content of each available sample was
determined by DNA quantification and multiplication by volume. This
revealed that a genome-wide study would have been unfeasible
because the vast majority of samples would not provide sufficient DNA.
However, for a targeted genome scanning or a candidate gene approach
enough samples would have been available. The options were

discussed amongst all contributors and decided to opt for a targeted
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genomic scanning (of immune system genes) in a two-step pooled DNA
screening design. For the first step, samples of the 1993-2000 registry
cohort would be included, for a second step samples from a later cohort
(2001-2005) would be made available by JMDP.

Based on the estimates made of DNA amount required (see section
2.7.2. below), sample pairs were selected on the basis of DNA amount
availability for both samples per pair (supplementary file 2.3). N=460
pairs were chosen from the 1993-2000 registry cohort for the discovery
cohort (first screening step), following the criteria: Diagnosis (acute
leukaemia: ALL and acute non-lymphoblastic leukaemia (ANLL)),
recipient age ( 24 years, <40 years), full bone marrow as stem cell
source and no T-cell depletion.

The same criteria were used for selection of the confirmatory cohort, this
time incorporating HSCT pairs from the time period 2001-2005. The HLA
matching of the confirmatory cohort were to be ‘adjusted’ to that of the
discovery cohort by pairing of each sample pair for HLA matches and
mismatches at the same HLA locus, or combination of loci.

The characteristics of this population are shown in supplementary file
2.3.
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SUMMARY - cohort construction

e Careful univariate and multivariate analysis of a large stem
population (here: JMDP HSCT registry 1993-2000, n=2469
HSCT) can provide a good understanding of demographic,
clinical and genetic risk factors for the intended outcome (here:
GVHD grade 2-4).

e Designing of hypothetical cohorts with repeat univariate and
multivariate analysis can optimize control of confounding
variables whilst maintaining adequate sample size for good
statistical power.

e The heterogeneous nature of HSCT, lack of large numbers of
study subjects, and variability of HSCT management over time
makes control of confounding variables difficult.

e The cohort construction of this study faced challenges over the
availability of DNA samples, demanding a flexible approach to
cohort and study design.

e The process resulted in devising of two study cohorts with well
established confounders (i.e. diagnosis, HLA mismatch as the
most consistent), and a strategy for a study design

(confirmation by independent cohort).




2.6. Selection of genes and markers

2.6.1 Systematic identification of genes

As outlined above, it was decided to adopt an approach of a targeted
genome scanning, focusing on genes that are biologically meaningful in
the context of GVHD. The pathobiology has been studied in some detail
(Ferrara et al., 2003, Duran-Struuck and Reddy, 2008, Sun et al., 2007).
Key pathophysiological pathways are located within the immune system,

or are driven by immune responses:

e Development and maturation of immune cells

¢ |nnate immunity

e Adaptive immunity

e Lymphocyte receptor repertoires, MHC, tyrosine kinases, protein
kinases

e Pattern recognition — Toll/like Receptors

o Effector pathways of lymphocytes — apoptosis

e Intracellular mechanisms

e Extracellular mechanisms (cytokines, complement, chemokines)

¢ Modifiers of immune responses

The approach was inclusive of genes for which some involvement with
the immune system was described, rather than exclusive of genes
without described immune system involvement; because such a role
may not yet have been investigated for many genes. Exclusion on the
basis of absent evidence would be more arbitrary then inclusion of
genes for which such evidence exists; recognizing, however, that such
an approach had its limitations as potentially relevant genes may not
have been included. The minimum inclusion criteria for admission into
the immunogenome panel were a functional role of the gene in
immunoregulation (i.e. function of the transcribed gene product or a

genetic variation of the gene) and belonging to the same gene family of
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such a gene. Genes that would not fulfil these criteria would not be
included in this study. As the search approach was inclusive and aimed
at identifying those genes that were eligible rather than those that were
not, there was no active process of exclusion. A literature search was
carried out using defined search terms with the objective to compile a
complete ‘Immunogenome’. This literature search included general
textbooks (Janeway et al., 2005, Mak and Saunders, 2006) and used a
wide variety of databases to broaden and deepen the search, as well as
to include the very latest information from recently published journal
papers. Overall information on candidate genes were extracted from
>2000 journal papers.

In addition, genes specifically linked to GVHD and other HSCT

outcomes were traced and categorised:

e Genes associated with GVHD and other HSCT outcomes in previous
studies

e Genes whose expression has been associated with GVHD and other
HSCT outcomes

e Genes that have been associated, by identification of polymorphism or
gene expression, with immune processes that are highly relevant also
in the GVHD pathophysiology

e Genetic susceptibility loci of acute leukaemia (as potential
confounders as these have an impact on survival)

e Genes that may have implications for GVHD or transplant outcomes in
a broader sense, e.g. enzymes and other metabolic genes influencing

immune responses, drug metabolism genes, DNA repair genes, etc.

Gene names were initially compiled in a list, which was standardised to
current nomenclature by identifying the official gene symbol from the
GeneCard and NCBI databases. Additional information, such as the
exact genomic location, was retrieved. Literature searches were ongoing
throughout the duration of the project until completion of genotyping

work (February 2010) to include cutting-edge research and new
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associations. The compiled ‘HSCT-specific Immunogenome’ included
eventually n=3093 genes (see supplementary file 2.4). Finally, this
‘immunogenome’ was compared with a similar collation reported in the
previous literature (Ortutay and Vihinen, 2006), finding that genes from
this previous study were included, but that this study’s gene inclusion

was far more comprehensive than that of the previous one.

2.6.2. Selection of MS markers

With regards to larger scale and genome wide studies Lander et.al.
pointed out that genetically younger, isolated populations have larger
haplotype blocks with wider linkage desequilibrium, requiring fewer
markers, and predicatively less disease alleles (Lander and Schork,
1994).

MS markers for this study were selected from the existing panel of
approximately 30,000 markers routinely used for whole genome
association studies.

This marker panel was collated over several years by a research team at
Tokai University devoloping the above mentioned genome wide
scanning methodology (Tamiya et al., 2005) with MS markers. Almost
70,000 markers were typed on different East-Asian populations
(Japanese, Mongolian, Korean), and eventually 30,000 markers selected
that were highly polymorphic, had a limited average number of alleles
(6.4+/-3.1) and an average heterozygosity of 0.67+0.16. According to
haplotype block structure of East-Asian populations, which was well
preserved in Japanese in particular, an average marker linkage
disequilibrium (LD) of 100 kB was estimated. Markers were also
selected by position, aiming to chart the entire euchromatic genome at
regular 100 kB intervals, thus providing overlapping/double coverage for
each LD region. For 95% of the genome marker coverage with inter-

marker distance of <200kB was achieved.

For this study, markers from this panel were selected that would flank

the candidate gene to provide overlapping cover within the range of LD,
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estimated to be approximately 100 kb. Hence, if the two flanking
markers would be no more than 100 kb apart, full overlapping coverage

for the locus would have been provided.

In this study, of the n=3,093 target genes, n=184 (6%) had to be
excluded because these were located in regions lacking appropriate
microsatellites or their exact genomic location was unclear. For n=34
further genes not represented by the marker panel we identified suitable
microsatellites and designed primers accordingly (appendix 2.2).

The final selection included n=2,909 genes. Because many of these
genes were located in clusters at close proximity, n=2,297 target genes
were selected as representative for the n=2,909 genes (table 2.1).
These gene loci were tagged with n=4,321 microsatellite markers
(supplementary file 2.5). When measuring the distance between the
centre of the gene and the marker start point, for 88% of target genes
full overlapping coverage within a 100 kb range was identified. A further
8% of genes had partial coverage within estimated LD, with one or two
flanking markers at >100 kb but <200 kb range. For 3% of target genes
the range of one or two microsatellite markers was >200 kb (table 2.2).
Each target gene locus was tagged with an average of 1.8 microsatellite
markers. There was a broad variation in the number of markers covering
a gene locus, between a single flanking marker pair covering several
candidate genes in regions of high gene density, and up to ten markers
covering a single, very large gene. It was estimated that the total LD
range of the selected markers taken together may cover up to 15% of
the genome (table 2.3), hence cover substantially more genes than the
selected target genes. From the number of genes within the LD range of
65 microsatellites (associated at an interim step in pooled screening) we
extrapolated that our selection of microsatellite markers may have

covered up to a third of all human genes.
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N= %
Selected immunogenome genes 3,093 100
Unknown gene location/no marker 184 6
Immunogenome genes included in this
study 2,909 94
Target genes selected to represent
immunogenome of 3,093 genes 2,481 100
Included: genes covered with markers
from MS panel 2,263 91.2
Included: genes for which markers were
designed 34 14
excluded: unknown gene location -35 -1.4
excluded: no MS marker available -149 -6.0
Total target genes included in study,
representing 2,909 immunogenome
genes 2,297 92.6

Table 2.1: Gene and marker selection. As many MS markers had

several genes within their LD range, one ‘target gene’ was selected

for each such MS marker. For 7.6% of gene loci appropriate marker

cover could not be established.

Markers markers %

Total markers selected: 4,321

Total genes selected: ,2297

Markers per gene average: 1.88

Markers intronic: 1,320 30.55

Markers outside genes: 3,001 69.45

markers/genes covered with 2 flanking

markers within 100 kb range 3,801 87.97

markers/genes not covered with 2

flanking markers within 100 kb range 516 11.94

markers exact location unknown 4 0.09
4,321 100

Table 2.2: Specification of the degree
provided by the selected MS markers

of LD coverage of genes



n= %
Base pairs human genome 3,164,700,000 100
LD cover 4321 MS markers 432,100,000 13.7
Total number of genes human
genome 30,000 100
Estimated genes covered by
4321 MS markers 10,301 34.3

Table 2.3: Estimation of total gene coverage of the selection of MS
markers for this study. Data on the number of base pairs and genes
of the genome are from the Human Genome Project website. LD of
MS markers assumes 100kb, and the estimated number of genes
covered by this selection is an extrapolation from the number of

genes within the 100 kb LD range of 65 MS markers from this study.

62



63

Summary — genes and markers

e As GVHD is a disorder of immunoregulation, associated
polymorphic genes are more likely to be located in the
immune system. Targeting functional and structural genes
of the immune system would be expected to yield a higher
positive predictive value for such associations than a more
indiscriminate approach.

e A genomic screening of the immunogenome is feasible at
high density with gene-flanking microsatellite markers.

¢ Due to their long range linkage disequilibrium,
microsatellite markers cover large genomic areas around

the target genes.




2.7. Preparation of DNA

2.7.1 Provision of DNA samples

All DNA samples for this study were provided by JMDP, DNA
preparation was not part of this study. In brief, samples were obtained
from patients and donors at the time of HLA matching confirmation and
stored for research purposes with appropriate consent. Tokai University
is hosting the sample collection for JMDP.

Fresh samples were centrifuged and the buffy coat removed, from which
the DNA of nucleated cells was extracted using commercial DNA
extraction sets (QIAmp DNA blood extraction kit®, QIAGEN).

2.7.2 Estimation of DNA requirements for this study

The requirement of DNA amount was determined mainly by two factors:
The number of planned reactions (i.e. the number of microsatellite
markers, approximately n=4,000), and the DNA concentration of the
DNA pool aimed for. The latter one depended on the DNA samples with
the lowest DNA concentration to be included, and had its limitation in the
composition of the PCR mixture. The standard PCR mixture for this
experiment had a total volume of 20 ul, of which 8 pl was dedicated for
the DNA. Dilution of the DNA sample was limited by the need for a
restricted use of TE buffer (as >10 ul buffer per well is known to inhibit
the PCR reaction). In addition, if the total amount of DNA in the reaction
was <40 ng, PCR might become more unstable and the capability to
detect small allele frequency differences of MS markers decreases
(observations by Dr Akira Oka of his own experiments).

As the lowest sample concentrations was approximately 10 ng/ul, the
estimated final DNA pool concentration would be approximately 6-8
ng/ul, therefore total amount of DNA per reaction well is 48-64 ng. Thus,

the amount of DNA required from each sample varied with the total

64



65

number of individual samples in the pool — the higher the number of
individual samples, the lower the amount of DNA required from each
individual as the total amount of DNA per marker plate well was constant.
Based on the measurements of DNA concentrations, estimates of total
amount per sample, and a preliminary estimate of total DNA
requirements for the study, only samples with a total DNA amount of >4
Mg were ‘shortlisted’ for the first pooled screening, and samples with an
amount of >2.5 ug for the second pooled screening (details of the

estimation of DNA amounts required: appendix 2.3).

2.7.3 Measurement of DNA concentration

Amount of DNA available was likely to be limited, given the age of DNA
samples, the large number of previous studies performed on this
collection, and the large amount of DNA required for this study.

In order to preserve the collection for future work, it was agreed with
JMDP that the total DNA amount of each selected sample would be
assessed by measurements of concentration and volume. DNA
concentration of each selected sample would be determined by an
established standardized method for measurement of DNA
concentration (PICO Green®), and volume would be estimated by visual
comparison with a standard volume set (identical sample tubes with

volumes in steps of 50 ul, ranging from 50 - 1000 pl).

For the DNA concentration measurement with PICO green® dsDNA
quantification kit (Molecular Probes, P-7589) a DNA dilution of 1:200
was used according to the maker’s instructions. In preparation, 5 ul of
original DNA was diluted in 995 pl of 1/10 TE buffer pH 7.5. Of this
solution, 100 pl was pipetted onto the measurement plate and incubated
for 3 min with a 100 pl of a 1/200 solution of PICO green fluorescent
reactant. For quality control, a set of different concentrations of a
standard DNA of a known concentration was divised: 1/1000, 1/300,

1/100, 1/30, 1/10 dilutions as well as a control well containing buffer with



no DNA. Three independent measurements were then obtained using a
Flouroskan Ascent CF (Thermo Labsystems) photometer, with settings:
Integration time 20 ms, filter pair: Excitation 485nm, Emission 527nm,
normal beam, single measurement. A customized excel worksheet was

used for quality control and calculation of concentrations.

2.7.4. Estimation of total DNA amount of sample, allocation of pairs

to screening steps

Availability of DNA concentrations and sample volumes were allowing
for a more exact estimation of total available DNA amount per sample.
The total content of a DNA per sample in ng/ul was estimated by a

simple formula:

Total amount of DNA/sample in ng = DNA concentration in ng/ul x

sample volume in ul

Sample pairs were then ranked according to DNA amount in both

partners in descending order, grouping them in three distinct groups:

Total amount >4,000 ng: For inclusion into 1% pooled screening

Total amount >2,500 ng: For inclusion into 2™ pooled screening

Total amount >500 ng: For inclusion into individual typing

Total amount <500 ng: exclusion from the study

Decision on inclusion and exclusion from the study, and allocation to
pools were based on the estimated requirements, the total amount of
DNA available per sample, and the original sample concentration.

Agreement with JMDP on sample handling, in- and exclusion criteria:
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At least a minimum of 500 ng of DNA should remain in each sample,
hence samples with an amount of DNA of 500 ng or less were
excluded from the study.

Samples with a total amount of 4,000 ng or more were included into the
first screening, pipetting 3,500 ng

Samples with a total amount between 2,500 and 4,000 ng were
included into the second screening, pipetting 2000 ng

From samples with a total amount between 1000 and 2500 ng, 500 ng

were pipetted to store for inclusion into individual MS or SNP typing.
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2.8 Construction of DNA pools

2.8.1. Considerations for definition of DNA pools

At the outset, decisions had to be made on defining the pools (‘which
samples to pool together?’) and how large the intended pool was going

to be. Key aspects here are:

o Sufficient statistical power of individual pool: The power calculation
(see above) suggested that a minimum pool size should be in the
range n=200-250 samples (at a cohort size of 400-500).

e The definition of pools should be clinically meaningful

Although it would have been desirable to pool different degrees of
GVHD (e.g. grades 0, 1-2 combined, 3-4 combined) separately, resulting
pool sizes would not have provided a sufficient statistical power. From
the sample numbers available, separating degrees of GVHD into two
groups seemed the only feasible option. Donors and Recipients were
pooled separately but accordingly.

Three scenarios were considered:

e Grade 0 GVHD versus Grade 1-4 GVHD. This approach would have
separated samples at a ~50:50 proportion, in view of statistical power
the strongest option. Drawback: Would not have distinguished
between degrees of GVHD, but only presence of GVHD yes/no.

e Grade 0-1 GVHD versus Grade 2-4 GVHD: Would have separated
samples at a ~2/3: 1/3 proportion. Resulting in acceptable power, and
would have distinguished groups with a survival advantage from
groups with survival disadvantage, also marking the stage of clinical
intervention. Drawback: May not have distinguished risk genes for
severe GVHD very clearly.

e Grade 0-2 GVHD versus Grade 3-4 GVHD: Would have separated

samples at a ~3/4:1/4 proportion. Advantage: Clearly would have
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distinguished severe GVHD. Disadvantages: Reduced statistical
power for severe GVHD group, would have ignored distinction by

survival and point of clinical intervention.

The decision to choose the Grade 0-1 GVHD versus Grade 2-4 GVHD

was based on:

e The aim of the study to provide a risk predicting tool for clinical
decision making — determining which genetic risks separated
recipients with favourable and poor survival perspective, and which
genetic risks separated recipients requiring treatment intervention
from those who did not.

e The acceptable statistical power for this option.

2.8.2. Existing methods of DNA pooling

Methods of DNA pooling and their accuracy compared to individual
typing and family typing for the study of complex genetic diseases had
been described previously (Shaw et al., 1998, Barcellos et al., 1997,
Craig et al., 2005, Hoffjan et al., 2006).

Here a high-accuracy pooling method was applied that was a standard
procedure for genome wide association studies (GWAS) in the same
department (Tamiya et al., 2005, Oka et al., 2003, Collins et al., 2000,
Daniels et al.,, 1998), which had been modified further to increase

accuracy (unpublished, internal validation data available).

In some aspects the application of the pooling method differed from the

application to WGA studies:

e This study cohort consisted of paired samples — therefore inclusion of

both partners was essential to reflect allele frequency differences.
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e Genome wide association studies (GWAS) with microsatellites rarely
used pool sizes >200 samples — there were no data on pooling
accuracy for such a pool size.

¢ DNA amount, concentration and quality was very variable — compared
to previous studies, samples of this study had rather low DNA

concentrations.

The initial preparation of samples consisted of measuring sample DNA

concentration measured by the PICO green® method (described above).

Key features to ensure a high accuracy of DNA pooling were:

e The use of calibrated pipettes for all pipetting
e Repeat measurements with PICO green®, acceptance of a narrow
variation margin (<5%) only for DNA pooling

2.8.3. Practical procedure of DNA pooling

Sequential steps were involved in the pooling process. The pooling

process was divided into four phases.

Phase 1 — Individual sample measurement

e Pipette testing (procedure described in appendix 2.4)

¢ Dividing samples into groups of the intended pools (see above)

e Ranking of samples by DNA concentration in decreasing order

e Dividing of the sample group into sub-groups of 96-well plate format
size

e Choosing a target concentration for each group. To pool equal
amounts of DNA at equal concentration, by definition the final pool
concentration was determined by the lowest sample concentration,

towards which the pooling process aimed. The limitation of this
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approach lay within a minimum concentration of 6 ng/ul required for
pooled DNA PCR. Thus, any samples with a lower concentration had
to be excluded; and caution had to be applied not to dilute low
concentration samples too much to render them unsuitable. As higher
concentrations ranged from ~30 — 200 ng/ul, a step-wise approach in
dilution was applied, diluting the first group of samples to a target
concentration of ~25 ng/ul.

Dilution to this initial target concentration (using non-calibrated
pipettes) and measurement of sample concentration by PICO green
(the PICO green assay set up by using calibrated pipettes) using 1/10
TE Buffer pH 8.0. Three measurements were performed on the same
plate, and an average concentration calculated.

Ranking of tested samples in decreasing order of concentration.
Exporting result file into excel to identify subgroups of samples that lie
within a +/- 2.5% range of concentration — separation of these
samples for small pool construction.

The remaining samples of all subgroups combined were again ranked
in decreasing order of concentration. A new subgroup of plate format
size is identified, a new target concentration chosen, dilution and
concentration measurements performed. Again this subgroup was
ranked by sample concentration, groups for intermediate pool
construction identified and separated.

This procedure was repeated until all samples were allocated to
intermediate pools. This procedure required 3-5 rounds until all or
most samples were resolved. Concentration of the last small pools
often approached required minimum concentration of the final DNA
pool. Occasionally, a very few samples with borderline-low
concentration were allocated into the final DNA pool, rather than one

of the intermediate pools.
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Phase 2 — Construction of intermediate pools

e Using the calibrated pipettes, between 5 and 13 intermediate pools
were created from each group of samples representing a DNA pool.
The average concentration of samples considered for each
intermediate was calculated as a fixed volume to be pipetted into the
intermediate pool. The volume depended on the intended DNA

amount for the final DNA pool.

Phase 3 — Construction of final DNA pool

e The concentration of intermediate pools was assessed by PICO green
measurements (each pool in three independent wells, three
measurements per well, calculation of average)

e Careful, stepwise dilution of intermediate pools was applied to adjust
these pools to an equal concentration within a range of +/- 2.5%

e Intermediate pools were then pooled together using calibrated

pipettes to achieve a final DNA pool

Phase 4 — Adjusting final DNA pool concentrations

e In order to ensure comparable conditions among all pools (i.e.
measurement of true allele frequencies), final DNA pools in each
screening step were also adjusted to an equal concentration, amount
and volume.

e DNA pools were assessed in the same way as intermediate pools by
multiple, repeat concentration measurement.

e Concentration was adjusted by a cautious stepwise dilution (2-3
steps) towards the pool with the lowest concentration, accepting a

range of no more than +/- 2.5%.
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DNA pooling represented the most technically difficult step of this project.

To keep a consistently high standard and avoid human error, these

considerations were applied:

e Use of calibrated pipettes for all pipetting actions (except the initial
sample dilution, see appendix 2.4). All calculations of DNA amount
and sample volumes were based on the actual volumes measured in
pipette testing, rather than the nominal volume on the pipette.

e Careful tracking of all pipetted volumes, correcting at each step for
volumes abstracted for concentration measurements.

e DNA protection by aseptic working conditions, light protection

¢ Adequate mixing at spinning at each handling step

e DNA-saving approach: Dilution to low concentration, early pooling into
intermediate pools to avoid DNA-consuming repeat measurements
(the Tokai standard protocol dilutes all samples to a relatively low
concentration within a narrow margin of variation +/- 5%) before
constructing intermediate pools of equal sample numbers). To
compensate for the possibly induced increased variation, we
decreased the margin of variation to +/- 2.5%.

e The pooling strategy resulted in a number of intermediate pools with a
wider range of concentrations — again, we compensated by applying a
more narrow margin for concentration variation (+/-2.5% for
intermediate and large pools)

e Requirement for DNA top-up of low concentration samples for
inclusion — for a small number of samples, top-up with highly
concentrated original DNA was necessary to increase concentration to

a level suitable for inclusion.
Results of the pooling process
Due to the requirement of highest attainable accuracy, pooling of DNA

was a time consuming process. Construction of each DNA pool took

between 3 and 6 weeks.
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Table 2.4 summarizes the eight DNA pools constructed, and Figure 2.2

illustrates a typical process of pool building.



1st Screen

average DNA  amount
concentration No. Pool  volume DNA  amount per individual
Pool ng/ul individuals (ml) pool (ng) (ng)
D01 6.78688 276 82382.57 559120.6 2025.799
D24 6.6247 184 90477.92 599389.1 3257.549
P01 6.426204 276 83366.22 535728.4 1941.045
P24 6.487866 184 83667.12 542821.1 2950.115
Average all 6.581412
2nd screen
Average DNA  amount
concentration No. Pool  volume DNA  amount per individual
Pool ng/ul individuals (ml) pool (ng) (ng)
D01 20.10275 225 18115.88 364179 1618.573
D24 19.78577 237 18992.85 375788.2 1585.604
P01 20.40206 225 18231.22 3719544 1653.131
P24 20.48707 237 19979.93 409330.3 1727.132
Average all 20.19441

Table 2.4: Constructed DNA pools for 1** and 2" screening. Concentration variation for each screening step is within a 2.5%
margin of the average concentration. Note that samples of the first screening step were diluted previously and had therefore a

lower initial concentration than samples of the 2" screening, explaining the difference in concentration.
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Samples Small pools  indiv Intermediate indiv Imtermediate indiv Intermediate indiv Final pool

Fooll 38

Pool2 30

Pool3 23 D01-IM1 44

Poold 13 DO1-IM2 115 45

Pools 14 D01-IM3 43 D01-Inz2 158-%001-LP 219

Poolé T DO1-Ihd 16 P DO1- I 16 /,? Pool10 3

h Pool? 30 Pool10 3 fe Poal10 3//? Jgeigl 1 DO1_LP I

Donor Poolg 27 436818 136818 1 =BANKOS134D) 1 25
GWHD 01 Pocld 20 BANKOS134D  1}5—9=|BANKOS5134D 1 ’/: BANKM2370) 1

Pool1( 3 BANKO12370)  1f—*|BANKD1237D 1 / 225

Pooli1 o | 54204 1 225

pootiz2 |7 1//// 25

35818 1

BANKO5134D11

eanko12370l1 |

54204 1

sum

Fig 2.2: Example of a ‘pooling tree’, summarising the pooling

process (here for the Donor GVHD grade 0-1 pool of the 2"

screening). Individual samples are concentration-adjusted and

then pooled into small pools (here: 12 small pools). These small

pools are then concentration-adjusted again and pooled together

into intermediate pools. In a stepwise process one large pool

results. Some individual samples of low initial concentration have

to run alongside to be added to intermediate pools or even the

final large pool.
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2.8.4. Quality control of pooled DNA

Test marker for pooled/individual PCR and genotyping

Prior to embarking on pooled genotyping, individual DNA samples and
pooled DNA were tested for accuracy with the applied methods by

typing of a microsatellite test marker.

Objectives of test marker typing:

e To ensure appropriate PCR conditions

e To investigate if the different amounts of DNA lead to appropriate
PCR results

e To define the optimal typing dilution

e To investigate whether the results of pooled PCR typing reflect
results of individual typing (= quality check of DNA pooling process)

Microsatellite marker 066B03 was a standard test marker that had
been used in most previous microsatellite genome-wide association
studies from this laboratory to study the quality of DNA pools. It
amplified well under standard pooled PCR conditions, and typed well
under standard typing conditions. It had six major alleles, and reflected

therefore an ‘average’ microsatellite.

Important variables of the PCR and genotyping process (details see
below) were the amount of DNA used in the PCR mixture, and the
dilution of resulting DNA product used for the genotyping process. Both
of these factors could influence the fluorescent signal in genotyping,
which determined the allele frequency in the pool. For this experiment,
a high, medium and low level DNA setup was chosen (appendix 2.5)
for the PCR procedure, and the PCR product diluted for each of these
x10, x20 and x40. This was performed separately for each of the DNA
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pools, and then compared with results from typing all 922 HSCT pairs

individually.

The results of the test marker typing were summarized in the
supplementary file 2.6.

Comparison of allele frequencies between pooled and individual
genotyping showed a very high concordance between pooled DNA and
individual sample typing. Using a high amount of DNA gave results
most accurately reflecting allele frequencies seen in the individual
typing. Dilution of the PCR product had relatively little influence on
results, although we saw increasing inaccuracies with using the higher
dilution.

Using high amount DNA and a PCR product dilution x20, the mean
difference in allele frequency for the test marker in the discovery cohort
was 0.45% (standard deviation (SD): -2.61 — 0.942%, range -5.42-
6.3%); for the confirmatory cohort -0.08% (SD: -0.62 — 0.26%, range -
1.16 — 0.82%). The pooled genotyping was able to pick up allele
frequencies as low as 0.02. There were no significant differences in
allele numbers for frequencies of 0.05 and above, which we therefore

used as a lower cut off value for reporting allele frequency in this study.
For the process of pooled DNA PCR and genotyping, a high amount of

DNA (93 ng/reaction) for PCR and a PCR product dilution x20 was
chosen.
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2.9. Procedure of individual sample PCR

As a first step, two sets of individual typing master plates of individual
samples were created. Using concentration data from DNA pooling, the
volume required was calculated to pipet an amount of 100 ng of DNA
(an amount estimated to cover all individual genotyping needs of this
study). Matching volumes of dH,O were added manually to achieve a
concentration of 1ng/ ul.

Using a Beckman MultiMek pipetting robot (Beckman Coulter Inc), 50
pl/well of this solution was separated onto yet another set of plates. As
a final step, again using MultiMek, both sets of plate were diluted by

pipetting 50 ul/well of dH,0 to a final concentration of 0.5 ng/ pl.

Sequence of Individual PCR and genotyping:

e A set of reaction plates was prepared in accordance with the
individual typing DNA masterplates

e Using Beckman MultiMek, 2 pl of DNA were transferred from the
master plate onto the reaction plate

e A PCR reaction mixture for individual typing was prepared in a tube
at -30°C:

dH20 5.45 pl/well
ABI 10x Buffer 1.00 pl/well
ABI 2.0 M dNTP 1.00 pl/well
Roche AmpliTag Gold 5U/ pl 0.05 pl/well
Primer Mix 10 uM each 0.5 pl/well

e Using a reservoir, 8 pl/well of this solution was pipetted into each
well using MultiMek.

e PCR conditions on an ABI gene amplification system (Applied
Biosystems) were used as described in the protocol (figure 5); here

56°C were applied as annealing temperature for both markers.
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e Individual genotyping was identical to the protocol for pooled
genotyping (see above), a dilution of x20 was used for individual

plates.
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Individual DNA Typing
(PCR)

Marker:

Basic Mixture

Ingredient per well Total (x1030) Lot
dH20 5.45 5613.5
10x Buffer 1 1030
2.0 mM dNTP 1 1030
Ampli Tag Gold 5U/ul 0.05 51.5
Primer mix 10 uM each 0.5
DNA (0.5ng/ul) 2
sum 10 7725
Main Marker Mixture
Ingredient x1000 wells
Basic mixture 7500
dH20 400
primer F- 100uM 50
primer R- 100uM 50
sum 8000 - 8ul/well
Control Marker Mixture
Marker 1:
Marker 2:
Ingredient x12 wells x2
Basic mixture 90
dH20 3
Primer mix 20M each) 3
96 - 8ul/well
PCR settings
95 C 9 min
* 1 min hold
72C 1 min
96 C 45 sec
* 45 sec 40 cycles
72 C 1 min
72 C 5 min
4C 0 hold

Figure 2.3: Protocol and worksheet for individual MS PCR
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2.10. Procedure of pooled DNA PCR

2.10.1. Primer preparation

Primers for microsatellite markers (Sigma-Genosys, Japan) were
extracted manually from master plates of the MS marker collection for
genome-wide association studies onto plates specific for this study. 15
pl of 10uMol primer mix were pipetted into each well. A set of 44
marker plates was created for the first screening. On the original
master plates, markers were located in order of chromosomes and
known typing requirements (PCR product dilution x10, x20,x40) to
reduce typing error. This order was disrupted when creating plates for
this study, resulting in a higher rate of typing error as compared to the

previous studies.

2.10.2. Steps of PCR procedure

e For each marker plate, a set of four reaction plates representing the
four pools was created.

e Onto each reaction plate, 2 yl of primer mix was pipetted into each
well using a multi-channel pipette.

¢ A PCR mix of sufficient volume for all four plates was prepared in a
bottle kept at -20°C. Volumes per well:

AB 10x PCR Buffer 15mM 2.0l
AB Gene Amp dNTP mix 2mM 2.5l
Roche AmpliTaq Gold 5U/ul 0.1 ul

e Prepared reaction plates were set onto frozen metal block trays.
e PCR mix and pooled DNA (13.4 ul/well) were mixed manually in a
sample tray after appropriate mixing and spinning down of the

ingredients.

82

82



83

e 18 pl/well of the PCR mix/DNA mixture was then pipetted onto the
reaction plate under intense manual mixing with the primer in the
bottom of the well.

e Plates were sealed, spun down and immediately amplified on a ABI
DNA amplification system using a standard amplification protocol.

e Following amplification, PCR products were sealed and stored at

-30°C for further processing, usually the following day.
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PCR Procedure for Pooled DNA
1. Preparations

Get reagents (ANTP, buffer) and marker plates out of freezer AB Gene Amp dNTP mix 2mM lot:
Switch on PCR Thermocyclers (AB GeneAmp PCR System 9700) AB 10x PCR Buffer 15mM lot:
PCR PE plates: Label/ clearly distinguish by colour Roche AmpliTaq Gold 5U/ul lot:

Get 2 large ice boxes

25 ml tube for PCR mix — into ice box

X1 pipetting tray on frozen block — into ice box
Pipettes and pipette tips for corresponding volumes

2. Preparation of mixture
Mix and spin down reagents.
Prepare PCR mixture according to number of plates:

Marker plates 1 plate 2 plates 3 plates 4 plates

Total pool plates 1 well 4 plates B plates [12 plates [16 plates [l plate
Ingredient vol ul/wellx410 wellsix820 wellsx1230 wellsix1640 wellsx100 wells
10x buffer 2 820 1640 2460 3280 00
2.0 mM dNTP 2.5 1025 2050 3075 4100 250
AmpliTag Gold 0.1 41 82 123 164 10
Total PCR mix all poolsi4.6 1886 3772 5658 7544 460
DNA/each pool 13.4 1340 2680 4020 15360 1340
Primer Mix 2 NA NA NA NA NA
PCR mix/each pool NA 460 920 1380 1840 460
Total each pool mix 20 1800 3600 5400 7200 1800

3. Preparation of plates

Get ice trays for plates from freezer — put plates on trays.

First step: divide marker plate into the four plates of each set of pools. Pipet marker into the bottom of each
well. Use same pipette tips for each row for all four plates. Cover with strong sticky sheet.

Second step: Add PCR mix by rows, mix well using one set of pipette tips per row. Cover with clear rubber
sheets. Spin down.

vol mix/DNA

per well: 18 ul
Vol primer per

well: 2 ul
Total per well: 20 ul

PCR Run (Applied Biosystems GeneAmp PCR System 9700)

96°C 9 min
57°C 1 min hold
72°C 1 min
96°C 45 sec

30
57°C 45 sec cycles
72°C 1 min
72°C 5 min
4°C 0 hold

Figure 2.4: Pooled DNA PCR protocol and worksheet
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2.11. DNA Genotyping

2.11.1. Protocol for individual and pooled DNA genotyping

Pooled and individual DNA genotyping followed the same protocol. A
stored PCR product was diluted, dried up and denatured before a run

on a DNA analyzer.

Sequence of pooled DNA genotyping:

e Set up of ABI 3730 DNA analyzer (Applied Biosystems)— fresh
reagents (AB 3730 Buffer (10x), Polymer, dH,0) for each typing lot

e Preparation of a typing plate for each PCR product plate

e Dilution of PCR product x20/x40 (reasoning see below) with dH,0
using the Beckman MultiMek pipetting robot. Briefly, the robot
prepared an intermediate mixing solution of a variable amount of
dH2,O and 2ul of PCR product; and pipetted an aliquot of 2l
(representing the desired target dilution) of that solution onto the
prepared typing plate

e Dry up of diluted DNA in a SpeedVac vacuum centrifuge for 10 min
at 45°C

e Preparation of a mixture of 1 ml of standard Formamide with 5 yl AB
GeneScan 500LIZ Size Standard per plate

e Pipetting 10 pl of this solution by Eppendorf Multi-pipette into each
well, sealing of plate

e Denature of plate for 3 min at 95°C on a ABI DNA amplification
system, followed by 5 min cooling on an ice tray

e Running of plates on an ABI 3730 DNA analyzer in gene mapper
modus (protocol: GM_in2kV10sec_RV7_RT3500). Usually, two DNA
analyzers were run in parallel, one running donor plates and one
running recipient plates, swapping over donors and recipients on a
daily base to randomise technical artefacts introduced by the

individual machine.
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At laboratory peak times, part of the pooled DNA genotyping work
(overall <10%) was carried out by Ms Yamaguchi and Miss Matsushita,
two laboratory technicians at Tokai University, following the protocols
established by the author and under his supervision, using PCR
products created by the author. Approximately one third of the
individual microsatellite marker genotyping was undertaken by Ms
Higuchi, a further laboratory technician at Tokai University, mostly in
summer 2010 (following the return of the author to the UK), using the
established protocols, under guidance from the author and direct

supervision by Dr Akira Oka.
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Pooled Genotyping — Run on ABI 3730 DNA analyser
Preparations

NoU kWD~

Get PCR products, Formamide, 500 LIZ out of freezer/fridge
Switch on RTV400
Switch on L,R pumps
Switch on Speed vac, open valve, check rubber ring, set temp 45°C, t=10min
Switch on multimek, set up: water, trays
Switch on x4 PCR Thermocyclers, set for heat 95°C
Prepare ABI 3730 DNA analyser:
remove and clean water/wast/buffer plates
Mix new buffer: 15 ml of 3730 buffer plus 135 ml aqua dest (total 150)
Replace water/waste/buffer trays — ensure buffer tray cable secured
Fill glass bottle with buffer
Check polymer
Close, buffer tray back in to place
Insert sample sheets: Run 3730 data Collection — Tree: Plate Manager — connect USB —

Import Mark All — open — ok. Tree: Run Scheduler — advanced search (put in plate date) —
search — add all — done

PCR Product Dilution Dilution Factor :x10 x20 x40

Spin down PCR product plates

Prepare a set of PCR PE plates — label

Prepare a set of NUNC plates — no label

Prepare plate covers — strong for PCR prod, tissue for new plates
Make dilution on multimek according to plan

Cover new plates/PCR product plates, discard NUNC plates

Dry up

Speed Vac temp 45°C, t=10min

Add Size Standard, Formamide

Preparation: Get 1 bottle of Formamide (1 ml) for each plate

To each 1 ml of Formamide add 5 ul of S00LIZ

Mix well and spin down

Use multipipette to pipette 10 ul of Formamide/S00LIZ into each well
Cover with strong cover

Spin down

Denature

Get 2 Ice boxes
Switch on PCR thermocylers
Denature for 3 min at 95°C, Ice cooling for 5 min

Prepare 3730 run: Machine No 1:

e Spin down Machine No 2:

e Remove strong plate cover Machine No 3:

e Put into 3730 plate tray, grey rubber cover AB 2730 Buffer (10x) lot:

e Slot in according to order AB GeneScan 500L1Z Size Standard lot:
e Start run — green arrow Formamide:

Figure 2.5: Protocol/worksheet for Pooled PCR genotyping
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2.12. Data input, retrieval and processing

2.12.1. Data input to 3730 DNA analyzer (Applied Biosystems):

e A Java-based application (SampleSheetMaker v1.0, Applied
Biosystems) was used for data input for the genotyping process. This
application produced a text file (.txt) that contained, besides the
technical information for the run, details such as the marker name,
amplicon size and allele size to facilitate further processing with the

GeneMapper and MultiTyper softwares (see below).

2.12.2. Raw typing data retrieval and processing

e Peak signal quality was initially assessed using the ‘capillary
viewer’ function in the Run 3730 Data Collection v2.0 software
(Applied Biosystems®).

e Electrophoretic runs were analysed using the GeneMapper v3.5
software (Applied Biosystems®). In particular, peak signal and
size standard quality were assessed. Settings for the analysis
methods were such that the optimum analysis quality was
achieved for peak height between 2000 and 11,000 fu
(fluorescent units), with lowest recognition level at 200 fu and
highest at 30,000 fu.

e Raw data were retrieved from GeneMapper in the form of ‘fsa’
(per well) and ‘ser’ file (containing the data analysis per plate)

e These data were combined using a Java-based application from
ABI, called ‘Fsa2Fsb’.

2.12.3. Assessing peak heights

e Fsa2Fsb files were imported into the MultiPeaks software

(Applied Biosystems®), a further Java-based application. This
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application could visually display allele size and peak heights of
MS markers, based on the data input information, and allowed
selection and logging of marker peaks.
Within Multipeaks, peaks were selected manually in a
simultaneous display of all four pools for each screening step.
Information provided included the peak height (fu), the allele
size (in base pairs), and the allele frequency (in %). As markers
names were coded by their plate location in the institutes primer
stock (e.g. “136A04’), there was a blinding to the analyzer as to
which candidate gene he was assessing.
All markers were assessed by the same analyzer in at least
triplicate at different time intervals, in order to reduce intra-
observer variability.
As a general rule, alleles with a frequency <5% in all pools were
excluded as such frequencies represent the limits of technical
resolution and statistical power of this study. Allele frequencies
<5% were occasionally selected if the other three pools had a
consistent frequency of this allele >5%, and if the quality of the
allele signal was appropriate (>200fu).
Microsatellite allele selection involved an element of judgment,
consisting in recognition of a particular microsatellite pattern
(size of repeat units) and certain known microsatellite artifacts.
The repeated microsatellite analysis lead to a ‘training effect’ in
the observer, with the result that almost all microsatellite
patterns were recognized and alleles determined. The strategy
for resolving unclear typing results involved:

0 re-analysis by the same observer at a different time

o retrieval of repeat size information of the marker and

attempt to identify the microsatellite pattern
0 re-analysis by a different observer experienced in
microsatellite analysis

o re-typing/re-PCR of the same marker and re-analysis
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0 exclusion of marker if no meaningful analysis can be
obtained
0 Using a source reference of MS graphs from previous

studies, as archived in the laboratory.

e In almost all cases it was possible to identify the MS by its
typical peak pattern and by the base pair distance between
peaks. If the MS identification was unclear, one or more
independent opinions from other experienced researchers in the
team were sought.

e For individual genotyping, the software Multityper (Applied
Biosystems®) presented peak height data in a similar way for
single datasets only.

e Results of chosen peaks were stored in a text file. Text files had
to be manually edited (elimination of null and error well) before

statistical analysis.

2.12.4. Genotyping artefacts

Microsatellite genotyping has a number of inherent artefacts which
could affect the number of alleles, or allele allocation measured
(Olejniczak and Krzyzosiak, 2006, Matsumoto et al., 2004, Miller and
Yuan, 1997).

o Stutter alleles: these are artificial peaks that derive from product
amplification one to two repeat units shorter than the correct
sized PCR product or allele. The reason for this effect is
slippage of Taq polymerase on the repeated sequence. In
pooled typing, these stutter peaks are included with the correct
sized alleles one or two units shorter, and therefore not
identifiable. Stutter is more prevalent in dinucleotide repeats.

Identification of stutter alleles requires at least some individual
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typing to identify and quantify the stutter effect. A number of
mathematical methods have been devised to analyze stutter
alleles. The stutter effect is usually marker specific, very
consistent and reproducible between pools, therefore it is not
thought to influence consistency of pooled DNA typing by e.g.
mimicking allele frequency differences. Nevertheless, it can lead
to a wrong estimate of allele frequencies in pooled as well as
individual genotyping.

e “+A peaks”: An artificial fragment created by DNA polymerase
adding a non-templated nucleotide at the 3’ end of the DNA
fragment. This results in artefacts one base pair longer than the
true allele for each peak, true or stutter allele. These artefacts
are often recognisable as a parallel pattern ‘shifted’ from the
true microsatellite pattern by one base pair, and would become
apparent on visual inspection of the peak graph.

e Differential amplification: Preferential amplification of a shorter
allele or PCR product. Reason: larger alleles reanneal at a
faster rate because of more repeat units), resulting in reduced
PCR efficiency. Short sized PCR products, artefacts (“starter
peaks”) as well as short-sized alleles, can be grossly over-
estimated and lead to false-positive results. This is not a
consistent effect and tends to vary with each genotyping —
hence the repeated independent typing (eight pools, if a marker
passed through both screenings) is likely to have reduced a
large proportion of such artefacts.

e Compound/interrupted microsatellite repeats, areas of gene
copy number variation: As our marker panel is highly selected
for informative markers, such microsatellites have largely been

excluded previously.

Individual genotyping of markers that would remain associated with

GVHD outcome would reveal the majority of such artefacts.
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2.13. Data Analysis

3.13.1. Preparation of data

Data from text files, specifying the marker name, the allele positions
and peak heights, were fused together at the level of the individual
pools.

For the analysis a custom-made data analysis tool was used that had
been applied in genome-wide microsatellite studies previously (Tamiya

et al., 2005). The functions of this tool were:

e Conversion of peak height signals into allele frequencies by a
mathematical algorithm on the basis of numbers of pool size
and numbers of cases and controls

e Calculation of allele frequency differences

e Calculation of p-values using two types of Fisher's exact test for
the 2x2 contingency tables for each individual allele and the
2xm contingency tables for each locus, where m referred to the
number of marker alleles observed in a population. The Markov
chain/Monte Carlo simulation method was employed to execute
the Fisher's exact test for the 2xm contingency table (Tamiya et
al., 2005).

After the first screening a large number of false positive markers and
alleles was expected (each marker has 2-20 alleles — statistically there
is a 1:20 by-chance association of each allele). There was a deliberate
non-application of multiple testing statistics at this point to retain a high
sensitivity for small effect-size association. Measures for identifying
those markers and alleles that have a consistent association with
GVHD included:
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e Direct comparison of associations between the first and second
screening by p-value and direction of Odds Ratio (protective or
risk in both screens consistent)

e Careful inspection of peak graphs of the remaining consistently
associated markers to identify typing errors and artifacts

e Individual genotyping of those markers showing the highest
technical quality and statistical consistency. Test-typing on a
small number of samples in the first instance may identify errors

relating to the pooled genotyping process and artifacts.

Analysis of individual genotyping would be conducted in SPSS for
Windows v 17.0 (IBM®), including:

e Ensuring Hardy-Weinberg Equilibrium
(http://genepop.curtin.edu.au/help input.html)

e Significance tests: 2-sided Fisher's Exact test, Kaplan-Meyer
Analysis for alleles and genotypes

e Application of Bonferroni’s correction for multiple testing

e Multivariate analysis (multiple logistic regression, Cox

regression) in SPSS
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3. Exploration study

3.1. Introduction

3.2. Aims, hypotheses, objectives and study design
3.3. Materials and methods

3.4. Results

3.5. Discussion
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3.1. Introduction

Evidence from a large number of previous studies showed that non-HLA gene
polymorphisms had an impact on the risk of HSCT outcomes, such as acute
and chronic GVHD, relapse and survival. However, the review of the literature
also showed that very few of these associations were of larger effect size or
consistent amongst studies in different ethnic populations or clinical settings.
Examining quality criteria of genetic association studies it emerged that a
more stringent design, involving a discovery or screening cohort and an
independent confirmation cohort, was necessary.

Having analyzed a large cohort of HSCT donor and recipient pairs, which
encompasses almost all unrelated donor HSCT through JMDP in Japan
between 1993 and 2000, an understanding of demographic, clinical and
genetic risk factors within this population permitted the construction of a study
cohort with improved control of confounding variables (supplementary file 2.2).
Before embarking on a larger scale scanning of the extended genomic areas,
which committed large resources, it was useful to test the study cohort with
known determinants of HSCT outcome, such as SNP and MS markers that

showed strong results in previous studies.
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3.2. Aims, hypotheses, objectives and study design

3.2.1. Aims

This exploratory study had the aim to confirm or refute previously identified
SNP associations with HSCT outcomes, which include acute GVHD, chronic

GVHD, relapse and survival.

3.2.2. Hypotheses

A study population exists that allowed the identification of non-HLA genetic
associations in a consistent fashion across two independent cohorts, even if
the effect size of the association was low.

Polymorphisms in non-HLA genes are associated with HSCT outcomes like

acute GVHD, chronic GVHD, relapse and survival.

3.2.3. Objectives

The objectives of this study were:

e Testing of a panel of SNP and MS markers previously associated with
HSCT outcome, as a confirm/refute approach in a Japanese population

e Variables: Genotypes of polymorphic SNP and MS markers

e Outcomes: acute GVHD (grade 0 versus grade 1-4, grade 0-1 versus
grade 2-4, grade 0-2 versus grade 3-4, grade 0-3 versus grade 4),
chronic GVHD (no cGVHD versus limited and extensive disease, no
cGVHD and limited disease versus extensive disease), relapse (yes

versus no), survival (Kaplan-Meyer analysis)
3.2.4. Study design
This was a case-control study with a two-step screening/confirmation

approach. A population was defined by modelling hypothetical cohorts with

different risk factors and assessing them by multivariate analysis, and the
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model with the least clinical confounding chosen (supplementary file 2.2).
Selected markers were identified from the previous literature. Standardised
laboratory methods were applied to PCR and genotyping. Statistical methods
include Bonferroni’s correction for the number of included markers, and an
additional measure of effect size (previous studies showed that associations
with an OR<0.5 or >2.0 have a higher likelihood of being consistent,

regardless of p-value).
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3.3 Materials and Methods

3.3.1. Population

Donor and recipient HSCT pairs were selected from the JMDP registry of
unrelated HSCT. We chose pairs with a diagnosis of acute leukaemia. These
form the largest subgroup within HSCT. Cohorts represented 2 samplings of
the same national pool, taken from two distinct timeframes (1993-2000, 2001-
2005). Inclusion criteria were diagnosis (acute lymphoblastic leukaemia, ALL;
acute non-lymphoblastic leukaemia, ANLL), age (4-40 years), conditioning
(myeloablative), and stem cell source (bone marrow). All transplants were T-
cell replete and received GVHD prophylaxis with either cyclosporin A or
tacrolimus with methotrexate and corticosteroids. Analysis of the source as
well as the selected HSCT population showed that HLA mismatching, donor
age and GVHD prophylaxis regimen (cyclosporin A versus tacrolimus) were
the only confounders remaining significant in multivariate analysis (data not
shown here).

All donor-recipient pairs were HLA-typed retrospectively to allele level at six
loci (HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DQB1, and HLA-DPB1). The
distribution of HLA matching of the confirmatory cohort was adjusted to that of
the screening cohort by matching each sample of the screening cohort with a
confirmatory cohort sample of the same HLA class or HLA class combination
according to the previous literature (Sasazuki et al., 1998, Morishima et al.,
2002) and our own analyses of risk matches/mismatches within this study
population (data not shown).

Table 4 in supplementary file 2.3 shows the demographic and clinical
characteristics of the selected cohorts. There was no statistically significant
difference between the cohorts in the baseline demographic criteria. Tables 5
and 6 in supplementary file 2.3 specify the degree of HLA matching and
mismatching. For reasons of comparison, we have used the NMDP/CIBMTR
classification of HLA matching (Weisdorf et al., 2008). According to this
classification, 357 HSCT pairs have a 8/8 (HLA A, B, C, DRB1) high-

resolution allele match, 331 (35.9%) are partially matched (1 mismatch within
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these HLA loci), and 234 (25.4%) are mismatched (two or more mismatches
within these HLA loci). Considering the HLA DQ and DP loci also, only 78
HSCT pairs (8.5%) had a 12/12 allele match. In Japanese, HLA A, B, and C
mismatches are associated with risk of acute GVHD. HLA C mismatches,
however, have a protective effect on relapse (whilst HLA A, C and B
mismatches associate with a risk of death) (Sasazuki et al., 1998, Morishima
et al., 2002, Morishima et al., 2007). More recent research has focused on
specific allele mismatches, rather than mismatches in loci, aiming to identify
non-permissive mismatches for acute GVHD (Kawase et al., 2007) or
protective mismatches against relapse (Kawase et al., 2009), as well as risk
HLA haplotypes for GVHD (Morishima et al., 2010).

3.3.2. Gene and SNP marker selection

Selection of candidate markers was based on a search of the published
literature on genetic associations with HSCT outcomes. As the TagMan®
SNP genotyping platform was used, selection was limited to markers for which
standard assays were available for this system.

For some genetic loci the same markers that were associated in other
populations were non-polymorphic in Japanese (NOD2, TGFB1). The
HapMap data base (www.hapmap.org) was used to identify haploTag SNP for

these loci. The SNP markers included in this study are detailed in table 3.1.

3.3.3. Genotyping

Assay information of the used genotyping assays below is supplied in

appendix 3.1.

TagMan genotyping

TagMan® SNP genotyping assays (Applied Biosystems, Branchburg, USA)

were applied for 38 selected SNP according to the maker’s instructions.
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Individual genomic DNA (2.1 ng/well) was arranged onto 384-well plates
(EDR-384 SllI) and samples dried up at 45°C in vacuum over 90 minutes. A
40x reaction mixture, consisting of 2ul/well of TagMan Universal Master Mix,
No Amp Erase® UNG (Applied Biosystems, Branchburg, USA), 0.05ul/well of
40x TagMan® SNP genotyping assay mix, and 1.95ul/well of purified water,
was pipetted robotically directly onto the dried-up 384 well plates. Plates were
covered with Micro Amp Optical Adhesive Film 4311971 (Applied Biosystems,
Branchburg, USA) before running a polymerase chain reaction (PCR) on a
Gene Amp PCR System 9700. PCR conditions consisted of an initial cycle of
95°C (10 min), 40 cycles of 92°C (15 sec) and 60°C (1 min), and a final
cooling to 4°C.

Runs were analysed on a 7900HT Sequence Detection System (Applied
Biosystems) using the SDS 2.1 (Applied Biosystems) software. Results were
exported as txt files into Microsoft office excel for compilation and further
processing. Genotypes were allocated considering the forward/reverse
direction of the primer, and checked against the genotype distribution of each

SNP for a Japanese population in HapMap (www.hapmap.org). Hardy-

Weinberg Tests were carried out wusing the genepop tool

(http://genepop.curtin.edu.au/genepop op1.html).

Luminex genotyping of IL10 SNP

The IL-10 promoter SNPs rs1800872 (-592A/C), rs1800871(-819T/C), and
rs1800896 (-1082A/G) were genotyped by PCR-SSO using Luminex Multi-
Analyte Profiling system (xMAP) (Luminex Corp., Austin, TX).A fragment of IL-
10 promoter region, containing SNPs, -592, -819, and -1082, was amplified by
PCR using 5’ biotinylated primers (supplementary table 1). The PCR product
was denatured and hybridized with the mixture of the six oligonucleotide
probes, specific for each base of the corresponding biallelic SNP, immobilized
on fluorescent coded microsphere beads. The hybridization mixture containing
the PCR product, hybridization buffer (Wakunaga Pharmaceuticals, Hiroshima,

Japan), beads mixture and SAPE (Wakunaga Pharmaceuticals, Hiroshima,
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Japan) were incubated at 55 °C for 30 minutes. After washing, the hybridized

product was analyzed on the Luminex 100.

3.3.4. Statistical analysis

Genotype results were imported into SPSS Statistics v 17.0 (SPSS Inc).
Because little is known about effects of non-HLA polymorphisms in HLA-
mismatched populations, we used three analytic approaches in order to
identify significant associations: 2-sided Fisher's Exact Test (95% confidence
intervals) with Bonferroni’'s correction for significance testing, Odd’s Ratio
(95% confidence intervals) as a measure of effect size, and independent
testing in a confirmatory cohort (without application of multiple testing
correction). Variables were the three individual genotypes, and mismatch
between donor and recipient genotypes. Outcomes were acute GVHD (0-4),
acute GVHD grades 2-4, acute GVHD grades 3-4, acute GVHD grade 4,
chronic GVHD, extensive chronic GVHD, relapse, death (overall, at 100
days/1 year/3 years) and survival (as log rank test in Kaplan Meier analysis).
For the screening cohort we considered as significant a p-value of p=0.05 with
Bonferroni’s correction for the number of SNP markers tested. As the p-value
is not a good surrogate marker for effect size, and often small in HSCT-
outcome association studies, associations showing Odd’s Ratios of <0.5 and
22.0 (this follows observations of OR’s of significant markers in previous
studies) were included separately.

Screening and confirmatory cohort data were analysed on the overall cohort in
the first instance. In order to reduce confounding by HLA mismatching, we
conducted identical analyses on a subgroup with a higher degree of HLA
matching (8/8 allele matching at the HLA A, B, C, DRB1 loci, with additional
exclusion of combined HLA-DQB1 and DPB1 mismatches; allowing for either
a HLA-DQB1 or a HLA-DPB1 mismatch only), similar to previous reports from
JMDP(Ogawa et al., 2008), resulting in cohorts of 160 (discovery) and 166
(confirmatory) pairs.

For the screening cohort, we would genotype all 41 chosen SNP markers

(table 1) on both donor and recipient cohorts, and conduct overall and
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subgroup analyses. Markers only that show a corrected p-value of <0.05
and/or an OR of 0.5 and 22.0 in either the overall or the subgroup analyses
would be selected for confirmatory typing. If a marker that showed an
association that was persisting applying when Bonferroni’'s correction, we
tested other associations of the same marker in the confirmatory cohort even
if these would not reach the multiple testing thresholds, in order to capture
borderline significance or effect size of genotypes, building on the strength of
testing in an independent confirmatory cohort.

Given the high degree of linkage between the CTLA4 as well as the IL10
SNPs in the study, unambiguous haplotypes could be determined directly
without recourse to computational methods.

As the distribution of acute GVHD degrees of severity was significantly
different between the screening and confirmation cohort, all associations with
acute GVHD as outcome were re-analysed after randomising the study
population into two different cohorts (using an online based tool for random
assignment:

http://www1.assumption.edu/users/avadum/applets/RandAssign/GroupGen.ht

ml).

Multivariate analysis was performed on the combined cohorts using STATA v
11.0. Odds ratio (OR) of acute GVHD for the selected SNP in multivariate
analysis was estimated by a multivariate logistic regression analysis with the
adjustment for recipient and donor ages, underlying diagnosis, the use of TBI,
ATG, female donor into male transplant, GVHD prophylaxis (tacrolimus versus

cyclosporin A), relapse and HLA mismatch to address possible confounding.
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Target Target

gene SNP gene SNP

CCL4 rs2634508 NOD2 rs1077861

CD86 rs1129055 rs1861757

CTLA4 rs231777 rs1861759
rs231775 (CTLA4-
49) rs6500328
rs3087243 (CTLA-
CT60) rs2111234
rs1800682 (FAS-

FAS 670) rs2111235

FCGR2A rs1801274 rs7203344
rs1264457 (HLA-E

HLA-E R128G) rs17313265

rs1800469 (TGFB1-

rs1800795 TGFB1 509)

HSP70/hom | rs2075800 rs2241715

IFNg rs2069705 rs2241716
rs1800587 (IL1A-

IL1A 889) rs4803455

IL1B rs16944 (IL1B-511) | TLR4 rs12377632
rs2069762 (IL2-

IL2 330) rs1927907
rs1800896 (IL10-

IL10 1082) TNF rs361525 (TNF-238)
rs1800871 (IL10-
819) rs1799964 (TNF-1031)
rs1800872 (IL10-
592) rs1800629 (TNF-308)
rs2228059 (IL15RA

IL15RA N182T) rs1799724 (TNF-857)

rs1061622 (TNFR2

IL23R rs6687620 TNFRSF1B | codon 196)

MIF rs755622 VDR rs731236
rs1801133 (MTHFR

MTHFR C677T)

Table 3.1: Selected candidate SNP markers of this study.

103



104

3.4. Results

3.4.1. Screening cohort

All transplants (n=460 pairs)

In the screening cohort, involving 460 bone marrow transplants performed
between 1993 and 2000, 41 single nucleotide SNP markers were typed in
both patient and donor cohorts. Of these, six markers were excluded from
analysis, for technical (multiple clusters: rs1927907, rs4803455) and statistical
reasons (minor allele frequency <5%: rs1800795, rs6687620, rs361525,
rs1800629). All 35 markers included in the analysis were in Hardy-Weinberg
equilibrium (defined as p value >0.05, with statistical correction for the number
of tested markers).

Thirteen markers, plus the IL10 and CTLA4 haplotypes, showed an
association with a HSCT outcome in the donor screening cohort (table 3.2).
By significance testing applying Bonferroni’s correction, only the marker IL10-
1082 and the CTLA4 haplotype showed significant association, while three
further markers were selected for confirmatory typing by their effect size
(marker CTLA4 rs231775 also showed relevant effect size individually; marker
CTLA4 rs231777, which showed no individual association, was included in the
confirmatory cohort as part of the CTLA4 haplotype (not listed in table 3.2)).
The recipient cohort (table 3.3) revealed 15 markers, plus the CTLA4
haplotype, that were associated with a HSCT outcome. The IL2-330 SNP and
the CTLA4 haplotype revealed significant associations above the multiple
testing thresholds, while five SNP markers had ORs <0.5 and =2.0.

HLA-matched subgroup (n=160 pairs)
When analyzing the HLA-matched subgroups of these cohorts, 7 markers and
the CTLA4 and IL10 haplotypes in the donor cohort (table 3.4) showed

outcome associations, of which 5 markers and the CTLA4 haplotype were

included for confirmatory typing. Only the CTLA4 haplotype had a p-value
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significant when multiple testing correction was applied. In the HLA matched
recipient subgroup, three markers showed an association with HSCT outcome,
of which one was selected for the confirmation cohort by strength of OR (table
3.5).

3.4.2. Confirmatory cohort

All transplants (n=462 pairs)

Seven markers for the donor cohort (CTLA4: rs231775, rs231777,
rs3087243(included for forming the CTLA4 haplotype, only rs231775 and
rs3087243 showed an association in the screening cohort); FAS: rs1800682;
IL10: rs1800896; NOD2: rs2111235, rs6500328) and ten markers for the
recipient cohort (CTLA4: rs231775, rs231777, rs3087243(part of CTLA4
haplotype, only rs231775 and rs231777 showed were associated in the
screening cohort) ; FAS: rs1800682; IL2: rs2069762 ; NOD2: 17313265;
TGFB1: rs2241716; TNF: rs1799964; TNFRSF1B: rs1061622) were selected
for typing in the confirmatory cohort. Firstly; the aim was to confirm
associations from the screening cohorts that had significant p-values after
multiple testing correction (high significance), then associations that had ORs
<0.5 or 22.0 (large effect size), and thirdly associations within these selected
markers that were consistent in both screening and confirmatory cohort
(independent cohort confirmation), regardless of multiple testing correction or
effect size.

There were no consistent findings in the overall donor confirmatory cohort
(table 3.2). In the overall recipient confirmatory cohort (table 3.3), the donor-
recipient genotype mismatch of the TNF-1031 SNP (rs1799964) was
consistently associated in both screening and confirmatory cohorts with a
higher risk of severe acute GVHD (grade 4). The CC genotype of the same
marker was associated with acute GVHD grade 4 in the screening cohort, and

just escaped significance level in the confirmatory cohort (p=0.06).
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HLA-matched subgroups (166 pairs)

In the donor HLA-matched subgroup (table 3.4), none of the markers typed in
the confirmatory cohort showed any association. The HLA matched recipient
cohort (table 5) revealed a consistent association between risk of chronic
GVHD and the GT genotype of rs2069762 (IL2-330).

Table 3.6 summarises the consistent associations of this study, comprising
the IL2-330 and TNF-1031 SNP.
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Donor - All
Gene Marker Discovery cohort — genotype & association Confirmatory cohort — genotype & association

CTLA4 rs231775 | AA aGVHD (p=0.0043, OR:=0.049, CI: 0.028-0.083 n/s
GG aGVHD (p=0.0071, OR=1.90, CI: 1.19-3.03

CTLA4 | rs3087243 | GG aGVHD (p=0.0086, OR=1.81, Cl:1.18-2.78) n/s

CTLA4 haplotype | CAA aGVHD (p=0.0025, OR=0.59, CI: 0.42-0.82) n/s
CGG aGVHD (p=0.00057, OR=1.72, Cl: 1.27-2.34)

FAS rs1800682 | CC aGVHD4 (p=0.023, OR=0.21, CI:0.37-0.96) n/s

IFNg rs2069705 | CC ext cGVHD (p=0.035, OR=0.57, Cl: 0.33-0.96) n/t
CC relapse (p=0.04, OR=0.60, CI:0.37-0.96)

IL10 rs1800896 | AA survival (p=0.001) protective n/s

IL10 haplotype | CCA survival (p=0.032) protective n/t

MTHFR | rs1801133 | CT cGVHD (p=0.03, OR=0.63, CI=0.42-0.96) n/t

NOD2 | rs17313265 | CT survival (p=0.012) risk n/t
CC survival (p=0.008) protective n/t

NOD2 rs2111235 | TT aGVHD4 (p=0.016, OR=0.33, Cl: 0.14-0.80) n/s

NOD2 rs6500328 | GG ext cGVHD (p=0.011, OR=0.17, Cl: 0.023-0.78) n/s

TGFB1 | rs1800469 | CC aGVHD2-4 (p=0.035, OR=1.69, CI: 1.09-2.61) n/t
CT aGVHD2-4 (p=0.036, OR=0.66, Cl: 0.45-0.96) n/t

TGFB1 | rs2241715 | GG aGVHD2-4 (p=0.047, OR=1.64, Cl: 1.06-2.53 n/t
GT survival (p=0.03) protective n/t
GT ext cGVHD (p=0.032, OR=0.57, CI:0.34-0.94) n/t
GT aGVHD2-4 (p=0.037, OR=0.67, CI: 0.46-0.98) n/t

TNF rs1799964 | TT relapse (p=0.041, OR=1.71, CI: 1.04-2.82) n/t

TNF rs1799724 | CC survival (p=0.014) protective n/t
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Table 3.2 (previous page): Results of SNP genotyping on all donor
samples. Explanation of abbreviations (apply also to the the donor HLA
matched and recipient results tables): aGVHD= acute GVHD, aGVHD4=
acute GVHD grade 4, aGVHD 2-4= acute GVHD grade 2-4, cGVHD=
chronic GVHD, ext cGVHD= extensive chronic GVHD, survival= p-value
for log rank test as explored by Kaplan-Meyer analysis, mismatch=
genotype mismatch between donor and recipient, p= p-value by 2-sided
Fisher’s Exact Test, OR= Odds Ratio, Cl= 95% confidence intervals for
OR, n/s= non-significant, n/t= not tested. Bold: Withstanding
Bonferroni’s multiple testing corrections or have OR <0.5 or 22, italic:
consistent associations. Marker rs231777 had no individual association
and is therefore not included in this table, but was included into the

confirmatory cohort as part of the CTLA4 haplotype.
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Recipient - All
Gene Marker Discovery cohort — genotype & association Confirmatory cohort — genotype & association
CTLA4 rs231775 | AA cGVHD (p=0.046, OR=1.83, Cl: 1.02-3.28) n/s
CTLA4 rs231777 | mismatch aGVHD (p=0.004, OR=1.91, CI: 1.24-2.96) n/s
CTLA4 haplotype | CAA cGVHD (p=0.011, OR=1.5, CI=1.11-2.03); n/s
CGG cGVHD (p=0.0013, OR=0.62, Cl: 0.47-0.83) n/s
CGG aGVHD2-4 (p=0.019, OR=0.70, CI: 0.52-0.94) n/s
TAG aGVHD4 (p=0.0071, OR=3.71, Cl: 1.56-8.86) n/s
FAS rs1800682 | CC relapse (p=0.017, OR=1.68, Cl: 1.03-2.74) n/s
CT relapse (p=0.0025, OR=0.50, CI: 0.33-0.78), n/s
CT aGVHD (p=0.009, OR=1.79, Cl: 1.15-2.77) n/s
TT cGVHD (p=0.024, OR=1.75, CI: 1.03-2.82) n/s
TT ext cGVHD (p=0.014. OR=1.74, CI: 1.03-2.94) n/s
HLA-E rs1264457 | mismatch survival (p=0.023) risk n/t
IL1A rs1800578 | mismatch aGVHD2-4 (p=0.026, OR=1.69, CI: 1.11-2.56) n/t
IL1B rs16944 AA aGVHD (p=0.048, OR=0.63, CI: 0.39-0.99) n/t
GG aGVHD (p=0.032, OR=1.75, CI:1.08-2.82) n/t
IL15RA rs2228059 | AC survival (p=0.024) risk n/t
IL2 rs2069762 | GG aGVHD4 (p=0.0014, OR=4.51, Cl:1.91-10.6) n/s
GT survival (p=0.0021) protective, n/s
TT survival (p=0.0061) risk n/s
NOD2 rs17313265 | CC aGVHD2-4 (p=0.036, OR=2.15, CI: 1.06-4.37) n/s
TGFB1 rs1800469 | mismatch aGVHD2-4 (p=0.02, OR=1.63, Cl:1.1-6.4) n/t
TGFB1 rs2241715 | mismatch aGVHD2-4 (p=0.015, OR=1.61, Cl: 1.09-2.39) n/t
mismatch cGVHD (p=0.035, OR=1.58, Cl: 1.04-2.41) n/t
TGFB1 rs2241716 | AA ext cGVHD (p=0.0041, OR=2.58, Cl:1.36-4.87) n/s
TNF rs1799964 | mismatch aGVHD4 (p=0.022, OR=2.53, Cl:1.16-5.53) mismatch aGVHD4 (p=0.0053, OR=3.40, C/:1.48-7.81)
CC aGVHD4 (p=0.041, OR=4.92, Cl:1.27-19.02) CC aGVHD4 trend (p=0.06)
TNF rs1799724 | CC survival (p=0.02) protective, n/t
CT survival (p=0.02) risk n/t
TNFRSF1B | rs1061622 | TT aGVHD4 (p=0.023, OR=4.69, CI: 1.1-20.11) n/s
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Table 3.3 (previous page): Significant Results of SNP genotyping on all
recipient samples. Explanations of abbreviations please see table 2. The
marker rs3087243 was not associated individually with chronic or acute
GVHD and is not listed here, but was included in the confirmatory cohort

forming part of the CTLA4 haplotype.
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Donor -
HLA
Gene Marker Discovery cohort — genotype & association Confirmatory cohort — genotype & association
CTLA4 | rs231775 GG aGVHD (p=0.026, OR=2.02, CI: 1.09-3.75) n/s
CTLA4 | rs3087243 GG aGVHD (p=0.021, OR=1.97, Cl: 1.11-3.50) n/s
CTLA4 | haplotype CAA aGVHD (p=0.012, OR=0.55, CI: 0.35-0.87) n/s
CGG aGVHD (p=0.00097, OR=2.06, Cl: 1.22-5.94) n/s
IFNg rs2069705 CC ext cGVHD (p=0.036, OR=0.42, CI:0.20-0.93) n/s
CT ext cGVHD (p=0.017, OR=2.69, Cl: 1.22-5.94) n/s
IL10 rs1800896 AA aGVHD (p=0.038, OR=0.21, CI:0.04-0.96) n/s
IL10 haplotype CCG aGVHD (p=0.027, OR=4.70, CI:1.08-20.54) n/s
MTHFR | rs1801133 TT aGVHD (p=0.0016, OR=12.13, Cl: 2.73-53.90) n/t
NOD2 rs17313265 | CT relapse (p=0.013, OR=2.68, Cl:1.02-7.09) n/s
TNF rs1799724 CC survival (p=0.006) protective n/t

Table 3.4: Results of SNP genotyping on HLA-matched donor samples. Explanations of abbreviations please see table 2.
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Gene Marker Discovery cohort — genotype & association Confirmatory cohort — genotype & association
FAS rs1800682 | CT aGVHD (p=0.0024, OR=0.39, CI=0.22-0.71) n/s
IL1B rs16944 | AA aGVHD (p=0.043, OR=0.51, CI:0.27-0.97) n/t
IL2 rs2069762 | GT survival (p=0.037) protective n/s
GT cGVHD (p=0.039, OR=1.97, CI=1.05-3.71) GT cGVHD (p=0.00041, OR=3.24, CI: 1.69-6.20)
TT survival (p=0.039) risk n/s

Table 3.5: Results of SNP genotyping on HLA-matched recipient samples.

2.

112

Explanations of abbreviations please see table



113

genotyp cases | control [ cases | cases | control | control [ Odds
marker e cohort outcome p= total all s all pos neg S pos | s neg ratio [ OR CI (95%)

TNF-1031 mismatch | Screening aGVHD 4 0.022| 448 28 420 12 16 96 324 2.53| 1.16-5.53
rs1799964
recipients (all) | mismatch | Confirmation | aGVHD 4 0.0053| 460 24 436 12 12 99 337 3.40[ 1.48-7.81
IL2-330 GT Screening cGVHD 0.039| 160 72 88 39 33 33 55 1.97| 1.05-3.71
rs2069762
recipients
(HLA matched) | GT Confirmation | cGVHD 0.00041| 166 75 92 40 35 23 68 3.24| 1.70-6.20
CTLA4-CT60

GG random 1 aGVHD 0.022] 159 58 101 20 38 54 47 0.46| 0.27-0.78
rs3087243
donors (HLA
matched) GG random 2 aGVHD 0.045]| 166 53 11 22 31 67 46 0.49]| 0.29-0.83

Table 3.6: SNP markers showing significant association in recipient screening and cohorts.
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3.4.3. Further analyses

To understand the mechanism of the associated genotype, the analysis was
extended to all IL2-330 genotypes and chronic GVHD outcomes in the
confirmatory cohort, and it was found that GT also associated with extensive
chronic GVHD (p=0.00022, OR: 5.18, CI: 2.37-11.39). The TT genotype
exerts a protective effect against extensive chronic GVHD (p=0.0029, OR: 0.3,
Cl: 0.13-0.67). This finding was replicated when combining screening and
confirmatory cohorts (GT and extensive chronic GVHD: p=0.00055, OR: 2.90,
Cl: 1.74-5.08; TT and extensive chronic GVHD: p=0.001, OR: 0.40, ClI: 0.23-
0.71), suggesting that the GG genotype is likely to be the higher risk genotype.
No significant association was found with the GG genotype, which was likely
due to limited statistical power of this low frequency genotype. Mirroring the
analysis by MacMillan et. al. (MacMillan et al., 2003) in the combined cohorts,
the G allele showed a trend with risk of extensive chronic GVHD (p=0.07), but
not with acute GVHD.

The extended analysis of the TNF-1031 CC genotype in the confirmatory
cohort showed that it was also associated with acute GVHD grade 2-4
(p=0.029, OR=3.41, CI: 1.99-5.82). The TNF-1031 donor-recipient genotype
mismatch was found to be a risk factor for acute GVHD grade 2-4 (p=0.003,
OR=1.93, CI: 1.13-3.30) and grade 3-4 (p=0.002, OR=2.21, CI: 1.13-3.80) in
the confirmatory cohort.

The stratification applied in ‘matching’ the degree of HLA mismatch of the
confirmatory cohort to that of the screening cohort may have introduced a bias
(significantly different distribution of acute GVHD grades, see supplementary
table 1). In order to address this, samples were randomly assigned to two
cohorts, resolving any significant difference between time frames, and acute
GVHD as an outcome measure. Re-analysis of the data for acute GVHD
outcomes showed that the genotype mismatch of the TNF-1031 SNP as a risk
factor for acute GVHD grade 4 would still hold up as significant (p=0.005,
OR=3.26, Cl: 1.91-5.58; p=0.021, OR=2.60, Cl: 1.52-4.45). The CTLA4-CT60
(rs3087243) SNP showed a consistent association of the GG genotype as
protective against acute GVHD (p=0.022, OR=0.46, Cl: 0.27-0.78; p=0.045,
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OR=0.49, Cl: 0.29-0.83) in the random cohort analysis of the HLA-matched

subgroup.

3.4.4. Multivariate analyses

Multivariate analyses (tables 3.7-3.9) were performed on the combined
(screening and confirmatory) cohorts and showed that the TNF-1031 donor-
recipient genotype mismatch (acute GVHD grade 4), the CC genotype (acute
GVHD grade 4), and the 1IL2-330 GT genotype (chronic GVHD) are
independent risk factors, while the CTLA4-CT60 GG genotype is

independently protective against acute GVHD.

115



116

IL2-330: chronic GVHD Univariate Multivariate

Variable OR (95% CI) P-value OR (95% CI) P-value
Recipient age 1.008 (0.99-1.03) 0.481 | 1.008 (0.98-1.03) 0.528
Donor age 1.024 (0.99-1.05) 0.106 | 1.020 (0.99-1.05) 0.195
Female to male transplant 0.900 (0.52-1.57) 0.71 | 0.876 (0.48-1.60) 0.664
Diagnosis ANLL vs ALL 1.087 (0.70-1.69) 0.711 | 1.022 (0.63-1.67) 0.929
Total body irradiation (TBI) 1.419 (0.72-2.80) 0.313 | 1.284 (0.62-2.67) 0.502
Cyclosporine vs tacrolimus 1.024 (0.66-1.59) 0.916 | 0.996 (0.61-1.62) 0.987
Relapse 0.526 (0.32-0.86) 0.011 | 0.573 (0.34-0.96) 0.033
Genotype GT 2.507 (1.60-3.93) 0.000066 | 2.273 (1.42-3.63) 0.0006

Table 3.7: Multivariate analysis of the IL2-330 GT genotype as risk factor for chronic GVHD in the HLA-matched subgroup.

The genotype is an independent risk factor.
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CTLA4-CT60: acute GVHD Univariate Multivariate

Variable OR (95% CI) P-value OR (95% CI) P-value
Recipient age 1.017 (0.99-1.04) 0.146 | 1.020 (0.99-1.05) 0.121
Donor age 0.995 (0.97-1.03) 0.763 | 0.997 (0.97-1.03) 0.854
Female to male transplant 1.644 (0.93-2.89) 0.085 | 1.630 (0.89-2.97) 0.111
Diagnosis ANLL vs ALL 1.280 (0.81-2.03) 0.296 | 1.129 (0.69-1.85) 0.631
Total body irradiation (TBI) 0.847 (0.43-1.68) 0.634 | 0.916 (0.45-1.86) 0.809
Relapse 1.255 (0.77-2.06) 0.369 | 1.330 (0.80-2.24) 0.273
Genotype GG 0.468 (0.29-0.75) 0.002 | 0.497 (0.31-0.80) 0.004

Table 3.8: Multivariate analysis of the CTLA4-CT60 GG genotype for acute GVHD (grade 1-4 versus no GVHD) in the HLA-

matched subgroup, confirming this genotype as an independent risk factor.
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TNF-1031: acute grade 4 GVHD

Univariate

Multivariate

Variable OR (95% CI) P-value OR (95% CI) P-value

Recipient age 0.978 (0.95-1.01) 0.109 | 0.975 (0.94-1.01) 0.112
Donor age 1.038 (1.00-1.08) 0.044 | 1.033 (0.99-1.07) 0.105
Female to male transplant 0.610 (0.27-1.38) 0.235| 0.582 (0.24-1.42) 0.236
Diagnosis ANLL vs ALL 1.001 (0.57-1.76) 0.996 | 1.148 (0.60-2.18) 0.673
Total body irradiation (TBI) 0.909 (0.40-2.07) 0.819 | 0.992 (0.39-2.51) 0.987
Anti-thymoglobulin (ATG) 3.562 (0.99-12.73) 0.051 | 2.246 (0.45-11.15) 0.322
Cyclosporine vs tacrolimus 1.336 (0.75-2.37) 0.321 | 1.516 (0.80-2.86) 0.198
Relapse 0.115 (0.03-0.48) 0.003 | 0.154 (0.04-0.65) 0.011
HLA match 0.465 (0.24-0.92) 0.027 | 0.765 (0.35-1.67) 0.502
Genotype CC 4.336 (1.7-11.1) 0.002 | 3.888 (1.39-10.90) 0.010
Genotype mismatch 2.905 (1.65-5.1) 0.00023 | 2.307 (1.18-4.52) 0.015

Table 3.9: Multivariate analysis of TNF-1031 genotype mismatch and CC genotype as a risk factors for acute GVHD grade

4 in the overall (HLA matched and mismatched) cohort. Both are independent risk factors, with competing effects from

HLA matching and relapse.
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3.5. Discussion

The exploration study has identified three non-HLA SNP associations with
HSCT outcome: The TNF-1031 donor-recipient genotype mismatch with
severe GVHD (grade 4, in the overall cohort), the recipient 1L2-330 GT
genotype with risk of chronic GVHD, and the CTLA4-CT60 GG genotype
protective against acute GVHD (grade 1-4; the latter two associations were
found in the HLA-matched subgroup only).

TNFa is a cytokine that has been associated with severity of acute GVHD in
several previous genetic, gene expression and animal model studies.
Teshima et. al. (Teshima et al., 2002) have demonstrated in an animal model
that TNF is essential in the development of acute GVHD. Previous data from a
Japanese population have shown that the TNF haplotype including TNF-1031
was associated with severe GVHD(Ishikawa et al., 2002), and the TNF-1031C
allele was associated with higher TNF expression(Higuchi et al., 1998). A
more recent study (Goyal et al., 2010) describes the C allele as a risk factor
for grade 3-4 acute GVHD. Therefore an association of the TNF-1031 CC
genotype with severe acute GVHD, as seen in this study, albeit showing only
a trend in the confirmation cohort, would be biologically meaningful and
replicate previous findings. However, the TNF-1031 CC genotype displays
strong linkage disequilibrium with HLA, in particular with HLA-B61(Higuchi et
al., 1998). This may explain our finding of the strong association between
donor-recipient genotype mismatch and acute GVHD grade 4 in the overall
cohort only, but not in the HLA matched subgroup. Our study did not have the
power to elucidate if any particular TNF-1031 genotype mismatch
combinations carry a higher risk. As the group affected with acute GVHD
grade 4 is small (just above 5%), further studies should confirm this result
independently. The finding that genotype mismatch was also associated with
grade 2-4 as well as grade 3-4 acute GVHD (which are larger groups) in the
confirmatory cohort gives further indication that the genotype mismatch is
likely to be a risk factor for acute GVHD. Nevertheless, the strength and

consistency of this association mean that it is potentially a strong discriminator
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for prediction of the most severe form of acute GVHD (grade 4), which could
be exploited in clinical practice.

The IL2-330 (rs2069762) SNP has an almost identical genotype distribution
between Caucasian and Japanese populations (Caucasian: TT: 0.536, GT:
0.464, GG: 0; Japanese (this study): TT: 0.450, GT: 0.440, GG: 0.110). The G
allele is the known high-expressing allele, and high levels of IL2 have been
described to correlate with severity of acute GVHD (Das et al., 2001,
MacMillan et al., 2003). A previous study from North America on a cohort of
similar time frame to our screening cohort (MacMillan et al., 2003) reported an
association between the recipient IL2-330 G allele and acute GVHD; and a
trend towards risk of chronic GVHD. In our study, we found an association of
the GT genotype with risk of chronic GVHD. More detailed analysis showed
that the low frequency GG genotype is likely to be the highest risk genotype
for chronic GVHD, whilst GT associated with risk, and TT with protection. Our
findings therefore confirm those of the previous study even across different
ethnic populations, qualifying this marker as a predictor of chronic GVHD risk.
The effect of the CTLA4-CT60 polymorphism on HSCT outcomes was studied
previously, in settings of HLA matched sibling donors(Perez-Garcia et al.,
2007, Murase et al., 2011) and matched unrelated donors (Vannucchi et al.,
2007) in Caucasian populations. In HLA matched sibling transplants, the
donor G allele was associated with increase of relapse and worse survival,
while the AA genotype was linked to risk of acute GVHD. The findings in
matched unrelated donor HSCT were similar, with the donor AA genotype
associating with severe acute GVHD (grade 3-4), but risk of G allele or GG
genotype with relapse or survival was not observed. Our findings are in
accordance with these results, identifying the GG genotype as protective
against acute GVHD (remarkably, the screening cohort result indicated a risk
of the GG genotype with acute GVHD (see table 4) — a finding completely
reversed by the randomisation). We could not establish any risk of the GG
genotype with relapse or survival, or the AA genotype with acute GVHD. This
may be explained by the fact that in the Japanese population, the GG
genotype is more prominent than in Caucasians, while the AA genotype is
more rare (HapMap data of genotypes: Caucasians: AA: 0.208, AG: 0.513,
GG: 0.283; Japanese: AA: 0.047, AG: 0.389, GG: 0.542). The risk of acute
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GVHD, relapse or survival associated with this marker may therefore be lower
in the Japanese population, compared to Caucasians.

The results raise also some methodological questions which are beyond the
scope of this study:

e By incorporating a measure of effect size into the statistical analysis,
this study extends beyond previous approaches focussing on
significance and correction for multiple testing. Our results suggest that
this approach may be more sensitive, but because of limited power and
small number of identified associations no conclusions could be made
about the impact on sensitivity and specificity, and statistical multiple
testing burden.

e Despite the effort to control variability of study population
characteristics, reproducibility of associations remains low and
appeared to be dependent on distribution of these characteristics
amongst the cohorts. This may be due to the overall small effect size of
the associations, confounders in the study cohort, or both. A more
comprehensive typing (full typing of all markers on both screening and

confirmation cohort) and analysis would be required.

Clinical and population characteristics of study cohorts may explain some of
the contradictory results observed in previous studies, therefore careful design
of study cohorts and control of confounders should receive more attention.
The growing number of HSCT may facilitate in the future the availability of
larger, genetically and clinically more homogeneous study cohorts; however,
the changing and expanding indications of HSCT are likely to prove a
challenge.

In conclusion, this study demonstrates that non-HLA genetic association with
HSCT outcomes do exist and can be detected even in the HLA-mismatched
setting. Such associations could be useful for application in future clinical
practice in this clinically highly relevant population. These findings should be

verified by larger studies also on populations of different ethnicities.

121



122

4. RESULTS

41. Pooled DNA PCR and genotyping — 1% and 2"
screening steps

4.2. Individual Genotyping

4.3. Further exploration of a susceptibility region
by SNP typing

4.4. Genetic susceptibility regions for moderate-severe
acute GVHD
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4.1. Pooled DNA PCR and genotyping — 1 and 2"

screening steps

4.1.1. Technical quality aspects

In the first instance, the full set of marker plates for the first screening,
involving 4,321 MS markers, was typed in all four pools. The quality of
peak signals was assessed within the Run 3730 Data Collection version
2.0 software (Applied Biosystems). The Capillary Viewer would indicate
peak signals that were excessively high, adequate or absent.

Following import and analysis of typing data in GeneMapper version 3.5
(Applied Biosystems), peak sizes and quality of size standardisation were
analysed. In particular peak sizes that were off-scale, and samples with
inadequate size standard became apparent.

Finally, peak signal quality was evaluated in MultiPeaks version 0.21.1 (a
Java- application also supplied by Applied Biosystems). For pooled DNA
genotyping, consistency of peak sizes and quality amongst pools was of
particular importance. Peak sizes >30,000 and <200 flourescence units
(fu) were classified as typing error. For the purpose of consistency,
however, stricter quality criteria were applied: A minimum peak height of
1000 fu for higher frequency alleles (>15%) and 500 fu for lower
frequency alleles (<15%), absence of noise at the baseline, and no more
than 50% peak height variation between the four pools. The overall peak
pattern would be consistent amongst pools. Figure 4.1 shows a typical
four-pool graph of a marker with a significant association.

The initial error rate was 11.36%, the majority of these were high or low
signal errors. With re-typing applying different DNA dilutions, and re-PCR,

the error rate was reduced to 0.8% (details see appendix 4.1).
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First Screen

DO_1_N_15_080617_B01l_0611B04_007.fsh/~372_50_4_ABIS00~/0611B04/P GO_1_N_15_080617_B01_0611B04_007.fsh/~372_50_4_ABIS00~/0611B04/F
Donor aGVHD grade 0-1 Recip. aGVHD grade 0-1
A . . I - I —— -
D4_1_N_15_080617_BO1l_0611B04_007.fsh/~372_50_4_ABIS00~/0611B04/P G4_1_P_15_080617_B01_0611B04_007.fsh/~372_50_4_ABI500~/0611B04/F
Donor aGVHD grade 2-4 Recip. aGVHD grade 2-4

Second Screen

DO__2 08_090513_B0OS_0611B04_031fsh/~372_50_4_ABI500-0611B04/P (:0 19 2 08 090513_B0S_0611B04_031.fshi~372_50_4_ABIS00-0611B04/P

Donor aGVHD grade 0-1 Recip. aGVHD grade 0-1

f

D4_N_2 08_090513_B03_0611B04_031.fsh/~372_50_4_ARI500~0611B04/P (34_P_2_08_090513_B08_0611B04 031 fshi~372_50_4_ABI500~/0611B04/P

Donor aGVHD grade 2-4 Donor aGVHD grade 2-4

B L A SO A

Figure 4.1: Example of a peak height graph of marker D6S0035i
as displayed by the MultiTyper (Applied Biosystems®) software.
The images show the results of the four pools (top image: first
screening, bottom image: second screening). Allele 2 has a
higher peak height in the donor GVHD 0-1 group, suggesting a

protective effect. This is replicated in the 2" screen.
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4.1.2. Results of pooled DNA screening

First pooled DNA screening (Discovery Cohort)

In the 1% pooled DNA screening, 4,321 microsatellite markers were typed
in four DNA pools (donors of recipients with GVHD grade 0 and 1, donors
of recipients with GVHD grade 2-4, recipients with GVHD grade 0 and 1,
and recipients with GVHD grade 2-4).

Allele frequency differences were analysed in two directions, separately for
each individual allele (Fisher’'s exact test for 2x2 Chi Square test) and for

each marker as a whole (Fisher’s exact test for 2xm Chi Square test):

e Between donors of recipients with GVHD grade 0 and 1 and donors
of recipients with GVHD grade 2-4

e Between recipients with GVHD grade 0 and 1, and recipients with
GVHD grade 2-4.

The results were collated using a custom-built analysis and database
system. Peak height data were translated into allele frequencies, and
significance tests performed as described in the methodology section.

This system automatically extracted the strongest associated allele for
each marker (2x2), and all markers associated by 2xm analysis (result
details see table). While all markers positive by 2xm analysis also had at
least one allele associated by 2x2 analyses; not all markers who carried an

associated allele were also positive by 2xm analysis.

In first screening analysis (tables 3.1, 3.2), 34 (0.79%, donor) and 35
(0.81%, recipient) markers were excluded because of technical failure in
PCR or genotyping.

103 (2.38%, donor) and 105 (2.43%, recipient) markers were non-

polymorphic. This is an expected result as the microsatellite marker panel
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used in this study contains microsatellites that are polymorphic for some,

but not all populations.

1% pooled DNA screening results:

In the donor pools analysis, 1016 alleles (2x2 test) and 624 MS
markers (2xm test) showed an association with acute GVHD
grade 2-4, either as a risk or protective. In the recipient analysis,

931 alleles and 543 MS markers were associated.

All markers that were positive by 2xm or 2x2 analyses were typed again in
the 2" screening step (tables 4.1, 4.2). Inclusion of markers positive only
for 2x2 but not for 2xm analysis was a measure of additional sensitivity for
the second screening step. Naturally, the first screening step contained

many false positive associations:

o Statistically false positives, estimated as 5% of 4,321 markers (that
would equal 216 markers in the 2xm analysis) or 5% of 20,197
(donor analysis) or 20,132 (recipient analysis) alleles (which would
lead to 1010 (donor analysis) and 1007 (recipient analysis) false
positives in the 2x2 analyses).

e Errors introduced by DNA pooling process (e.g. variation in number
of DNA copies per pool).

e Inherent artefacts of microsatellite typing (e.g. +A alleles,

preferential amplification).
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Second pooled DNA screening (Confirmation Cohort)

The main purpose of the secons pooled DNA screening step was to
eliminate false positive associations by independent confirmation.
Following 2" pooled screening, identification of true and false positives
was much more specific as the independent typing, in addition to p-value,
introduces criteria which could be used to distinguish true and false

positive associations:

¢ Association of the same allele within a marker

e Consistency of the odd’s ratio (‘risk’, ‘protective’) of the same allele
between the two screening steps

e Consistency of the microsatellite pattern and typing quality (as

assessed by the peak image).

Tables 4.1 and 4.2 give the details of the 1% and 2" screening steps
separate for the donor GVHD 0-1 versus donor GVHD 2-4 analysis, and
the recipient results accordingly. Results for 2x2 and 2xm analysis were
also separated.

All markers that showed a positive 2xm or 2x2 result in first screening
(1016 (23.51%, donor analysis) and 931 (21.54%, recipient analysis) were
typed again in second screening, but analysed separately for 2x2 and 2xm

Chi-Square tests.

In second screening, 6 (donor analysis) and 10 (recipient analysis)
markers showed a non-polymorphic results. These markers were typed
again in all screening pools of 1% and 2" result, using a new primer set.
The non-polymorphic result was confirmed (hence, the initial polymorphic
result in 1 screening represented a false positive association). We also
excluded 17 (donor analysis) and 13 (recipient analysis) markers for which
we technically could not reproduce the positive association in first
screening despite repeated attempts of PCR and typing (as described
above). Except for those markers displaying non-polymorphism or PCR
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failure, all markers had satisfactory allele allocations as described in
section 2.12.3.

2" pooled DNA screening results:

In the donor analysis, 335 alleles (6.44%) had a significant result
by p-value (<0.05), while in the 2xm analysis 178 markers
(27.73%) were significant. In recipients, 314 alleles (6.32%) and

141 markers (25.97%) were confirmed.

Determining consistency of associations across the two screenings

In the next step, false positive markers in the 2x2 analysis were excluded
by identifying and selecting those markers that shared the same
associated allele, and had an Odd’s ratio that consistently pointed in the
same direction (towards risk/protection).

When inspecting the results of positive markers that did not share the
same most strongly associated allele within the marker, we noticed that
many markers had several positive alleles. On inspection of the peak
image we found that occasionally presumed artefacts represent the
strongest allele, with a ‘true’ allele, which showed strongest allele
association in the other screening, ‘obscured’. Therefore we decided to
determine all associated alleles in markers positive for 2x2 analysis and
2xm analysis (as we assumed that if 2x2 associations of the strongest
allele within a marker would not result in 2xm-positivity, it would be unlikely
that an allele with an even weaker association would have had a significant
effect on risk/protection). Markers that would have a shared associated

allele and be 2xm positive were entered into the odd’s ratio analysis.
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Pooled DNA screening results —

same allele and Odd’s ratio direction:

Eventually, 97 (donor analysis) and 74 (recipient analysis) alleles
would remain with a p-value of <0.05 for 2x2 analysis in both
screenings, a shared allele and consistent odd’s ratio direction; with

57 (donor) and 40 (recipient) markers by 2xm analysis, accordingly.
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markers alleles markers

Donors overall % 2x2 % 2x2 %

1st

screen tested 4321 100 20197 100 4321 100
positive 1016 23.51 1016 5.03 642 14.86
negative 3175 73.32 19181 94.97 3548 82.11
non-polymorph 103 2.38 N/A 97 2.24
failed 34 0.79 N/A 34 0.79
expected false pos 2xm 216 5 1009 5 216 5
difference pos-false pos
2xm 800 18.51 7 0.03 425 9.86

2nd

screen tested 1016 100 5205 100 642 100
positive 335 32.97 335 6.44 178 27.73
negative 658 64.77 4870 93.56 442 68.69
non-polymorph 6 0.59 6 0.93
failed 17 1.67 17 2.65
same allele as 1st
screen allele 125
not same allele 210
- 2xm pos AND 2nd
allele 47
sum same allele 172
same OR direction 97 10.42 57 10.50
expected false pos 2xm 51 5 32 5
difference pos-false pos
2xm 46 25

Table 4.1: Results of the pooled donor GVHD 0-1 v donor GVHD 2-4 analysis
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markers alleles markers

Recipient overall % 2x2 % 2x2 %

1st

screen tested 4321 100 20132 100 4321 100
positive 931 21.54 931 4.62 543 12.57
negative 3252 75.22 19201 95.38 3641 84.26
non-polymorph 105 2.43 103 0.51 105 2.43
failed 35 0.81 35 0.17 32 0.74
expected false pos 216 5 1006 5 216 5
difference pos-false
pos 715 16.55 -75 -0.38 327 7.57

2nd

screen tested 931 100 4969 100 543 100
positive 314 33.73 314 6.32 141 25.97
negative 594 63.80 4655 93.68 386 71.09
non-polymorph 10 1.07 N/A 10 1.84
failed 13 1.40 N/A 6 1.10
same allele as 1st
screen allele 136
not same allele 208
- 2xm pos AND 2nd
allele 27
sum same allele 163
same OR direction 74 7.95 40 7.37
expected false pos
2xm 46.55 5 27.15 5
difference pos-false
pos 2xm 27.45 12.85

Table 4.2: Results of the pooled recipient GVHD 0-1 v recipient GVHD 2-4 analysis
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Further steps of selecting associated microsatellite markers

The confirmation of the first screening results by independent did reduce,
but not completely eliminate false positive associations. The number of
associations found after analysis of the second screening step would still
exceed the number of expected true positives (as compared to previous
GWAS using this approach) as well as the resources allocated to individual
genotyping. Therefore, within the 2x2 datasets we used a two-step
selection system to identify strong association and high quality typing
markers for preferential selection for individual genotyping, aiming to

eliminate markers falsely positive for lower quality genotyping.

1% step:

e Selection by allele frequency (=frequency of a certain allele in the
pool): Alleles with a consistent allele frequency of >0.10 higher were
selected. Low frequency alleles had a lower fluorescent signal peak
height (as peak signal height correlates with allele frequency in the
pool; a low signal at the border of technical resolution and/or a low
allele frequency at the border of statistical power were more likely to
represent artefacts), and may represent new mutations within the
microsatellite; and/or:

e 2xm positive: An allele association also resulted in the marker being
positive in the 2xm analysis. This was more likely to the case in
markers with smaller number of alleles (=number o alleles of a

marker), increasing the statistical power of each allele.

2" step:

e The fluorescent signal height was determined. The signal height
depends on the number of allele copies in the sample, hence on the
effectiveness of PCR. The genotyping process is calibrated to give
accurate readings of fluorescent signals between 500-30,000 fu, i.e.
the allele frequency distribution within one marker could expected to
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be proportionally accurate, even with a variation of amount of DNA
in the sample. Signals below or above this range are prone to
distort the distribution of allele frequencies (i.e. an overall low signal
may miss or misread low frequency alleles, while a very high signal
may exaggerate the reading for high frequency alleles). A signal of
1000 fu or above (but <30,000 fu) of the associated allele was
regarded as of highest quality.

e Inspection of the microsatellite pattern: Consistency in the
microsatellite pattern in all eight pools (allele number, sequence,

peak height).

Associated markers remaining following

genotyping quality assessment:

This process resulted in a ‘shortlist’ of 48 ms markers (31 in the
donor analysis, 17 in the recipient analysis) selected for individual
genotyping (table 3.3).
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4.2. Individual genotyping

4.2.1. Individual genotyping of the alleles found associated with

GVHD grade 2-4 in the pooled screenings

Most artefacts introduced by pooled PCR and genotyping (as described
above in methodology section) were readily identifiable by ‘test-typing’ on a
small number of individual samples, therefore all remaining 48 markers
were subjected to typing on 14 samples each that stem from a healthy
Japanese control population, unrelated to this study. This step eliminated 9
(donor) and 2 ms markers (recipient) from further analysis due to pooling

artefacts, copy number variation error or discovered non-polymorphism.

Eventually 19 (donor) and 11 (recipient) markers underwent individual
genotyping on the full sample set (922 donors or recipients). Three
(donors) and 4 (recipient) markers with weaker associations, despite
passing the criteria for individual genotyping, were eventually not
individually typed due to resource restrictions. The overview results of the

individual genotyping are presented in table 4.3.

After applying Hardy-Weinberg Equilibrium tests for genotyping quality
control, 10 MS markers were confirmed to have an association with Grade
2-4 acute GVHD that was consistent in both pooled DNA screenings and
individual genotyping (tables 4.4-4.6) in univariate analyses. Associations
with p-values that would withstand application of Bonferroni’s correction for
the total number of alleles in individual genotyping (n=123, 2x2 analysis:
corrected threshold for p=0.05 association: p=0.0004065; p=0.1 trend:
p=0.0008131) and markers (n=30, 2xm analysis: corrected threshold for
p=0.05 association: p=0.00166, p=0.1 trend: p=0.00333), as well as those

showing a trend with correction, were indicated.
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Five further markers (D16S0452i, D5S1173i, D3S1225i, D14S0499i and
AJ133269.1_180046) showed significant associations but failed the HWE
for both case and control cohorts. From a genotyping quality control
perspective these markers were therefore excluded from further analysis.
Nevertheless, from a biological perspective failed HWE does not
necessarily imply an invalid result. Due to the underlying malignant disease
which is in part genetically determined, both the recipient as well as the
HLA-matched donor population cannot be expected to reflect an allele

distribution that would be expected in a ‘healthy’ population.

Results after applying multiple testing correction statistics

Four markers (recipient D5S424, donor D6S0035i, D1S0818i,
D17S0219i), demonstrated associations by 2xm and/or 2x2 analyses
that had p-values that held up against statistics for multiple testing
correction, while one further marker (D6S0330i) showed a trend
when Bonferroni’s correction was applied.

When including markers that failed the HWE test, one further marker

(D16S04521i) would show an association.
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Target gene

MS
identifier 2

Donor/
Recipient

Test
typing

Full individual
typing Yes/No

136

outcome
individual typing

SNRPN D15S122 D passed Y not confirmed
AGPAT4 D6S0330i D passed Y confirmed
PDE4B D1S0716i D passed N Not tested
ALKBH1 D14S594 D failed N -
TRAF7 D16S0452i D passed Y failed HWE
NFKBIZ DISO?_JOOO118 D failed N )
TIAF1 D17S0406i D passed Y artefact
ELTD1 D1S0818i D passed Y confirmed
ITPKB D1S1143i D passed Y not confirmed
MCM2 D3S3607 D passed Y not confirmed
SMARCAL1 D2S0809i D passed Y artefact
EDAR D2S1281i D failed N -
CD86 D3S1225i D passed Y failed HWE
FBXW7 D4S0270i D passed Y not confirmed
C1QTNF2 D5S403 D failed N -
MAPK14 D6S0035i D passed Y confirmed
ETV1 D7S0119i D passed Y not confirmed
HSPB1 D7S1218i D passed Y not confirmed
DLG5 D10S0603i D passed N not tested
TCF8 D10S565 D passed Y not confirmed
G AJ133%3%'1—1 & D passed Y failed HWE
C1QBP D17S0113i D failed N -
EIF4A3 D17S0294i D passed N Not tested
DSCAM D21S0184i D failed N -
ATF4 D22S428 D failed N -

BTK DXS0923i D failed N -
IL1RAPL2 DXS0629i D passed Y confirmed
IL1RAPL2 DXS0151i D passed Y confirmed
TGM3 AL03163778.2_90‘I D failed N i
SOCS3 D17S0219i D passed Y confirmed
LTB TNF C D passed Y trend only
F2RL1/S100Z D5S424 R passed Y confirmed
HRK D12S0781i R passed Y multiple alleles
MAP3K7 D6S0738i R passed N not tested
NFKBIZ DISO?_‘:000118 R failed N )
C1QA D1S1655i R passed Y not confirmed
AKT3 D1S1335i R passed Y confirmed
NMI D2S1334i R passed Y not confirmed
EDAR D2S1281i R failed N -
CSF2 D5S1174i R passed Y non-polymorphic
IL7R D5S1173i R passed Y failed HWE
RNASE6 D14S0499i R passed Y failed HWE
MMP25 D16S3082 R passed Y not confirmed
DDX42 D17S0271i R passed Y confirmed
TRIM26 R passed N not tested
TBL1X DXS0324i R passed Y confirmed
SSTR2 chr187éf3a5.g 17;rz.7 R passed N Not tested
1ISG20 D15S0049i R passed N Not tested

Table 4.3 : overview results of individual genotyping
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Target Gene “912::" Database name Donor/Patient al!ele allele 1st screen 1st screen sc1rz:->n 2nd screen 2nd screen sglz:in
(internal) size no 2xm 2x2 p-value OR 2xm 2x2 p-value OR

F2RL1/S100Zz | OS07EO3 D5S424 P 117.7 05 0.00465911 | 0.00123516 | 1.581714 | 2.37636E-09 | 5.88101E-10 | 2.29902
MAPK14 0611B04 D6S0035i D 373.2 02 0.0331471 0.0331471 | 0.688211 | 0.00163933 | 0.00163933 | 0.595028
ELTD1 0111F11 D1S0818i D 172 01 0.000310432 | 3.58175E-05 | 1.902177 0.0167968 0.0167968 | 1.470116
IL1RAPL2 2310801 DXS0151i D 466.6 04 0.000451 0.000451 | 1.783574 | 0.000105178 0.000105 | 1.864524
S0CS3 T002C05 D17S0219i D 206 03 0.000157143 | 4.3431E-05 | 0.42191 0.0111833 | 0.00396346 | 0.471879
IL1RAPL2 2309005 DXS0629i D 393.4 03 0.151619 0.030286 | 1.45962 0.0201712 0.006152 | 1.568938
TBL1X 2309A04 DXS0324i P 385.1 01 0.001843 0.001843 | 0.604196 0.0259134 0.025913 | 0.693579
DDX42 1704602 D17S0271i P 222 01 0.0360375 0.0128895 | 0.676094 0.0397464 0.0397464 | 0.743281
AGPAT4 0606E02 D6S0330i D 166.6 07 0.000453657 | 0.000453657 | 1.616777 0.0123369 0.0123369 | 1.40784
AKT3 0109C12 D1S51335i P 90.3 03 0.00030278 | 0.000182015 | 1.637257 0.0111414 | 0.00302767 | 1.488903
TRAF7 1601E07 D16S04521i D 271 12 0.00002303 | 0.00002303 | 0.331837 0.0008224 | 0.00035560 | 0.535539
CD86 0310G01 D351225i D 97.4 03 0.000021968 | 0.000021968 | 0.370631 0.0268393 0.0268393 | 0.647246
CAV1 137G11 AJ133269.1_180046 D 384.1 05 0 | 0.000000087 | 4.635323 0.002575 0.0041277 | 2.163354
RNASE6 1406B07 D1450499i P 359.9 02 0.00121386 | 0.000101171 | 1.760132 | 0.00000002 | 0.000000001 | 2.354878
IL7R 0508H03 D5S1173i P 146.7 04 0.001375 | 0.00007793 | 0.634464 | 0.00000013 | 0.000000116 | 0.529155
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Table 4.4: Genotyping results from both pooled screening steps of 15 microsatellite markers that showed an association

in the individual genotyping.
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Marker

aGVHD

aGVHD

TargetGene _name Database name Donor/Patient sii!ele(lk?p) A:ﬁgl(:?‘tsd 01 -24_ 01 -24_2x2 foa?igds ﬂi:{;e? !:‘?;A;]g del-::‘i’::zon
(internal) 2xm p= p=
F2RL1/S100z | 0507E03 D55424 P 117.7 05 0.0004* | 0.002017 | 1.338207 | 1.113486 | 1.608281 ok
MAPK14 0611804 D6S0035i D 373.2 02 0.0004* 0.00035* | 0.685984 | 0.558405 0.84271 ok
ELTD1 0111F11 D1S0818i D 172 01 0.0007* | 0.0000783* | 1.519239 | 1.242103 | 1.858208 ok
IL1RAPL2 2310801 DXS0151i D 466.6 04 0.0066 | 0.007038 141669 | 1.125021 | 1.783976 ok
S0CS3 T002C05 D17S0219i D 206 03 0.005 | 0.000275* | 0.418673 | 0.259705 | 0.674948 ok
IL1RAPL2 2309D05 DXS0629i D 393.4 03 0.016 | 0.001315 0.7778 | 2.698158 | 4.312269 ok
TBL1X 2309A04 DXS0324i P 385.1 01 0.021 0.013253 | 0.753511 | 0.603937 | 0.940129 ok
DDX42 1704G02 D1750271i P 222 01 0.0404 | 0.008597 0.71826 | 0.563124 | 0.916134 ok
AGPAT4 0606E02 D6S0330i D 166.6 07 0.071 0.00074t 1.38941 | 1.150105 | 1.678508 ok
AKT3 0109C12 D151335i P 90.3 03 0.195 | 0.032222 | 1.226761 | 1.017861 | 1.478534 ok
TRAF7 1601E07 D16S04521i D 271 12 0* | 0.0002735* | 0.672402 0.54339 0.83204 failed
CD86 0310G01 D3S1225i D 97.4 03 0.029 | 0.0080907 0.75196 0.60978 0.92729 failed
CAV1 137G11 AJ133269.1_180046 D 384.1 05 0.354 | 0.0279587 | 1.391733 1.04506 1.85340 | failed
RNASE6 1406807 D1450499i P 359.9 02 0.137 | 0.0076539 | 1.337914 1.08112 1.65570 failed
IL7R 0508H03 D5S1173i P 146.7 04 0.0056 | 0.0122439 | 0.7072632 | 0.427571 0.98156 | failed

Table 4.5: individual genotyping associations of microsatellite markers (2xm) and alleles (2x2) with aGVHD grade 2-4.
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P-values shaded dark (*) are significant against multiple testing correction; p-values shaded bright (1) show a trend.

Included in this table are the five markers failing HWE testing, one of these showing an association.
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lower higher
allele | aGVHD cases controls | cases | cases | controls | controls | Odds Cl Cl

Target Gene Marker no 01-24 p= | total all all pos neg pos neg ratio (95%) | (95%)
F2RL1/S100Z | D5S424 05 0.00202 | 1842 842 1000 446 396 457 543 1.338 | 1.1135 | 1.60828
MAPK14 D6S0035i | 02 0.00035 | 1824 832 992 207 625 323 669 0.686 | 0.5584 | 0.84271
ELTD1 D1S0818i | 01 |0.000078 | 1832 842 990 619 223 634 347 1.519 | 1.2421 | 1.85821
IL1RAPL2 DXS0151i [ 04 0.00704 | 1297 595 702 228 367 214 488 1.417 | 1.125| 1.78398
SOCS3 D1750219 | 03 0.00028 | 1826 838 988 24 814 65 923 0.419 | 0.2597 | 0.67495
IL1RAPL2 DXS0629 | 03 0.00132 | 1291 591 700 307 284 426 274 0.778 | 0.6234 | 0.97071
TBL1X DXS0324i [ 01 0.01325 | 1271 585 686 264 321 358 328 0.754 | 0.6039 | 0.94013
DDX42 D1780271i [ 01 0.0086 | 1824 834 990 129 705 201 789 0.718 | 0.5631 | 0.91613
AGPAT4 D6S0330i | o7 0.00074 | 1828 838 990 360 478 348 642 1.389 | 1.1501 | 1.67851
AKT3 D1S1335i | 03 0.03222 | 1842 842 1000 364 478 383 617 1.227 | 1.0179 | 1.47853

Table 4.6: Allele numbers and Odds Ratio calculation

effect sizes of the associations.

for associated alleles from individual genotyping, illustrating the
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4.2.2. HLA subgroup analysis of alleles

Mirroring the analysis of SNP markers in the pilot study, the effects of the
alleles were also analysed in a subgroup of higher HLA matching. HLA
matching was defined as high-resolution (allele level) match for HLA-A, B,
C, DRB1 (i.e. 8/8 matching), with allowing for either a HLA-DQB1 or DPB1
only, and including 12/12 matches. Results of this subgroup analysis are
presented in table 4.7. While some of the associations were limited to the
HLA mismatched group only, others showed an effect on both degrees of
matching, and some associations appeared to have a larger effect on the
HLA-matched subgroup than on the mismatched one. Two markers had
other alleles than the one identified by pooled screening associated with
acute GVHD grade 2-4. In both cases, the markers had two main alleles
only, hence could be analysed like a single nucleotide polymorphism
(SNP) marker. While one allele of these markers indicated a GVHD risk,
the corresponding ‘opposite’ allele would have a protective effect, as the

OR of the associations showed (table 4.8.)

4.2.3. Genotype analysis with HLA subgroup analysis

An analysis of genotypes was also conducted where possible. As MS have
many alleles, and therefore a large number of possible allele combinations
forming a genotype, such analyses would have only be useful with a
reasonable frequency of the genotype in question. A limit of an allele
frequency of 0.1 or above was applied. Primarily the homozygosity and
heterozygosity of the associated allele versus the remaining genotypes
was investigated; and then all other genotypes that had a frequency of

10% or more were analysed.

Five markers showed an association with acute GVHD grade 2-4 of the
homozygous genotype of the same associated allele (table 4.10); while
four further markers showed associations of other genotypes with acute
GVHD grade 2-4 (tables 4.11, 4.12). All of the latter four markers had only
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two or three major alleles accounting for >90% of the total allele frequency;
the genotypic analysis showed that the genotype of the ‘oppositional’ allele
had a stronger (and opposite) effect as compared to the allelic effect of the
originally identified allele. One example was the above mentioned marker
0611B04 (D6S0035i): Whilst the allelic screening suggested that the minor
allele 02 had a protective effect, it is in fact the major homozygous allele 01

genotype that constituted a risk of moderate-severe acute GVHD.
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marker info all alleleic association HLA mismatched HLA matched
Marker allele | aGVHD 01-24 | aGVHD 01-24 2x2 Odds | aGVHD Odds aGVHD Odds

TargetGene name Donor/Patient no 2xm p= 2x2 p= ratio 01-24 p= ratio 95% Cl 01-24 p= ratio 95% ClI
F2RL1/S100Z D55424 P 05 0.0004 0.002017 | 1.338207 0.0107 | 1.349883 1.1-1.7 0.066 | 1.347273 | 0.9-1.8
MAPK14 D6S0035i D 02 0.0004 0.00035 | 0.685984 0.02457 0.74731 0.6-0.9 0.00273 | 0.579385 | 0.4-0.8
ELTD1 D1S0818i D 01 0.0007 0.0000783 | 1.519239 0.0011 1.52398 1.2-2.0 0.051 | 1.404808 | 1.0-2.0
IL1RAPL2 DXS0151i D 04 0.0066 0.007038 1.41669 0.071 1.30469 | 0.98-1.70 0.019 | 1.628809 | 1.1-2.4
SOCS3 D1750219i D 03 0.005 0.000275 | 0.418673 | 0.000872 | 0.384298 0.2-0.7 0.115 | 0.480896 | 0.2-1.1
IL1RAPL2 DXS0629i D 03 0.016 0.001315 0.7778 0.06 | 0.768652 0.6-1.1 0.005 | 0.575585 | 0.4-0.85
TBL1X DXS0324i P 01 0.021 0.013253 | 0.753511 0.298 0.85887 0.7-1.1 0.009 | 0.598058 | 0.4-0.9
DDX42 D1750271i P 01 0.0404 0.008597 0.71826 0.0316 | 0.713717 0.5-0.9 0.155 | 0.739331 | 0.5-1.1
AGPAT4 D6S0330i D 07 0.071 0.00074 1.38941 0.027 | 1.304192 1.0-1.6 0.00669 | 1.571115 | 1.1-2.1
AKT3 D151335i P 03 0.195 0.032222 | 1.226761 0.01824 | 1.323822 1.1-1.7 0.685 | 1.068627 | 0.8-1.5

Table 4.7: Association of alleles separated by degree of HLA matching. The effect of polymorphisms is either visible
mainly in the HLA-matched subgroup (MAPK14, AGPAT4), or mainly in the HLA-mismatched subgroup (F2RL1, ELTD1,
SOCS3, DDX42, AKT3).
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marker info all alleleic association HLA mismatched HLA matched
Marker aGVHD 01-24 | aGVHD 01- (Z))iizds aGVHD Odds | lower CI [ aGVHD 01- | Odds

TargetGene name Donor/Patient allele no 2xm p= 24 2x2 p= ratio allele 01-24 p= ratio (95%) 24 p= ratio 95% CI
F2RL1/S$100Z D55424 P 05 0.0004 0.002017 | 1.338207 | 04 0.03319 0.76 | 0.6-1.0 0.000696 0.54 | 0.4-0.8
MAPK14 D6S0035i D 02 0.0004 0.00035 | 0.685984 | 01 0.0344 1.31 | 1.0-1.7 0.0066 1.64 | 1.2-2.3
ELTD1 D1S0818i D 01 0.0007 | 0.0000783 | 1.519239

IL1RAPL2 DXS0151i D 04 0.0066 0.007038 | 1.41669

S0Cs3 D1750219i D 03 0.005 0.000275 | 0.418673

IL1RAPL2 DXS0629i D 03 0.016 0.001315 0.7778

TBL1X DXS0324i P 01 0.021 0.013253 | 0.753511

DDX42 D1780271i P 01 0.0404 0.008597 | 0.71826

AGPAT4 D6S0330i D 07 0.071 0.00074 | 1.38941

AKT3 D151335i P 03 0.195 0.032222 | 1.226761

Table 4.8: Association of alleles other than those identified by pooled DNA genotyping, with HLA matching subgroup

analysis
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P value .
Target allele allele | aGVHD 01-24 cases controls cases | cases controls controls Odds lower | higher
Gene DS name position ID association total all all pos neg pos neg ratio cl cl
b= (95%) (95%)

ELTD1 D1S0818i 172 | 01 0.0006 916 421 495 228 193 211 284 1.59 1.224 2.066
IL1RAPL2 | DXS0151i 466.6 | 04 0.0313 918 420 498 117 303 108 390 1.39 1.031 1.885
TBL1X DXS0324i 385.1 | 01 0.0053 914 420 494 145 275 216 278 0.68 0.519 0.888
AGPAT4 D6S0330i 166.6 | 07 0.0003 914 419 495 90 329 55 440 2.19 1.52 3.151
AKT3 D1S1335i 90.3 | 03 0.0197 921 421 500 82 339 68 432 1.54 1.081 2.184

Table 4.9: Associations with moderate-to severe acute GVHD (grade 2-4) of homozygous genotypes of the same

alleles as identified in the pooled and individual genotyping.
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HLA mismatched homozygous

HLA matched homozygous

marker info all homozygous genotypes genotypes genotypes
homozyg aGVHD 01- Odds aGVHD 01- Odds aGVHD 01- Odds
TargetGene Marker name genotype 24 p= ratio 95% Cl | 24 p= ratio 95% Cl | 24 p= ratio 95% CI
F2RL1/S100Z D5S424 0505 0.101 1.3 | 0.9-1.8 0.0817 1.41 | 0.9-2.1 0.69 1.12 | 0.7-1.9
MAPK14 D6S0035i 0202 0.099 0.64 | 0.3-1.1 0.0737 0.52 | 0.3-1.0 1 0.93 | 0.4-2.1
ELTD1 D1S0818i 0101 0.0005 1.59 | 1.2-2.1 0.0031 1.63 | 1.2-2.3 0.14 1.44 | 0.9-2.2
IL1RAPL2 DXS0151i 0404 0.031 1.39 | 1.0-1.9
SOCS3 D17S0219i 0303 0.52 0.59 | 0.1-24 0.22 0.21 | 0.1-1.8 1 0.74 | 0.1-8.2
IL1RAPL2 DXS0629i 0303 0.02 0.73 | 0.6-0.9
TBL1X DXS0324i 0101 0.0053 0.68 | 0.5-0.9
DDX42 D17S0271i 0101 0.14 0.55 | 0.3-1.2
AGPAT4 D6S0330i 0707 0.00025 219 | 1.5-3.2 0.0059 1.94 | 1.2-31 0.0008 2.77 | 1.5-5.1
AKT3 D151335i 0303 0.019 1.54 | 1.1-2.2 0.0233 1.7 | 1.1-2.6 0.56 0.83 | 0.5-1.5

Table 4.10: homozygous genotype associations of the same allelic associations identified by pooled DNA genotyping, with analysis
separate for HLA matched/mismatched subgroups.
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HLA mismatched homozygous

HLA matched homozygous

marker info all homozygous genotypes genotypes genotypes
homozyg aGVHD 01- | Odds aGVHD 01- | Odds aGVHD 01- | Odds
TargetGene Marker name genotype 24 p= ratio 95% Cl | 24 p= ratio 95% Cl | 24 p= ratio 95% CI
F2RL1/S100Z D5S424 0404 0.000059 0.36 | 0.2-0.6 0.0067 0.44 | 0.2-0.8 0.00149 0.18 | 0.1-0.6
MAPK14 D6S0035i 0101 0.00053 1.6 | 1.2-2.1 0.069 1.36 | 1.0-1.9 0.00093 218 | 1.4-34
ELTD1 D1S0818i
IL1RAPL2 DXS0151i
SOCS3 D17S0219i
IL1RAPL2 DXS0629i
TBL1X DXS0324i
DDX42 D17S0271i
AGPAT4 D6S0330i
AKT3 D1S1335i
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Table 4.11: Genotypic associations other than those allelic associations identified by pooled DNA genotyping, with subgroup analysis for
HLA matched/mismatched subgroup
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P value .
Target Marker allele allele ID aGVHD 01-24 total | €@ses controls cases | cases controls controls Odds Io(v;ller h'%rl‘er
Gene name position Association all all pos neg pos neg ratio (95%) (95%)
p:
F2RL1/
$100Z D5S424 116 04 6E-05 921 421 500 20 401 61 439 0.36 0.21 0.605
MAPK14 D6S0035i | 369 01 5E-04 912 416 496 229 187 215 281 1.6 1.23 2.081
IL1IRAPL2 | DXS0629i | 397 04 0.001 916 419 497 159 260 139 358 1.58 1.19 2.08
LTB TNFC 160 05 0.003 915 419 496 23 396 9 487 3.14 1.44 6.869

Table 4.12: Associated genotypes of other alleles than those identified through pooled screening and individual genotyping.
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4.2.4. Analysis of MS marker associations on Chromosome X

Alleles from three MS markers (DXS0629i, DXS0324i, DXS0151i) were
found to be associated with grade 2-4 acute GVHD. Analysis in the pooled
screening was by counting overall alleles within the pool, correcting for the
overall number of alleles (i.e. for males only one allele was counted, for
females two). The analysis of individual genotyping was mirroring this

approach in order to confirm the findings from pooled DNA screening.

Two of the alleles had a protective effect, while one indicated a risk for
GVHD. One allele was recipient-intrinsic with a protective effect, whereas
the two others derived from the donor, exerting a protective or risk effect.
Two markers of these alleles were intronic to the same, very large gene
IL1RAPL2.

An analysis separating the gender effects did show that the markers in the
IL1RAPL2 gene had very similar effects on the recipient when coming from
a female or male donor. The effect of the marker in TBL1X appeared to be

mainly on the male recipient.

In the context of transplantation, many polymorphisms on chromosome X
have been described as minor histocompatibility antigens (mHag). These
are antigens outside the major histocompatibility complex (MHC) that can
induce strong immunological responses leading to either graft rejection,
GVHD or graft-versus-leukaemia effects. The analysis of markers on
chromosome X in this respect is complex and beyond the scope of this
study. Such analysis would require careful evaluation of confounding
variables relating to donor/recipient sex, rejection and chronic GVHD as
outcomes, subgroup analysis of the different female/male combinations of

donor and recipient, as well as consideration of HLA matching.
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All Female Male
p for p for
allele | p foraGVHD | Odds lower CI higher CI aGVHD Odds lower Cl higher Cl aGVHD Odds lower CI higher CI
Gene Marker no 01-24 p= ratio (95%) (95%) 01-24 p= ratio (95%) (95%) 01-24 p= ratio (95%) (95%)
IL1RAPL2 | DXS0151i | 04 D 0.00704 1.417 1.125 1.7839764 0.021 | 1.428118 1.05609 1.9311997 0.082 | 1.395542 | 0.9754874 1.9964762
IL1RAPL2 | DXS0629i | 03D 0.00132 0.778 0.623 0.970705 0.018 0.70393 | 0.5264287 | 0.9412825 0.036 | 0.683761 | 0.4851211 0.9637359
TBL1X DXS0324i | 01 R 0.01325 | 0.754 0.604 | 0.9401294 0.232 | 0.829365 0.618453 1.1122049 0.022 | 0.672497 | 0.4805425 | 0.9411286

Table 4.13: X-chromosomal markers associated with acute GVHD grade 2-4
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4.2.5. Multivariate analysis

In order to understand which of the identified associations would be
consistent when compared to other major variables in the dataset which
we identified previously, multivariate analysis was conducted in STATA v
11 (performed by Dr Hirofumi Nakaoka). This was undertaken as backward
multiple logistic regression, i.e. all variables showing a significant
association in univariate analysis were include and eliminated in a
stepwise fashion until no further improvement to the model could be
achieved.

Variables included were recipient age, donor age, female into male
transplant, diagnosis, use of total body irradiation, use of antithymoglobulin,
use of cyclosporine A versus tacrolimus for GVHD prophylaxis, relapse
and HLA matching (HLA-DQB1 or DPB1 mismatch and fully matched pairs

only, versus all other grades of mismatching).

A single dataset containing all clinical variables and genotyping results was
constructed. Samples for which we did not have all variable information or
genotyping results were excluded (53 samples), therefore p-values for
univariate analysis differ slightly from those reported in the tables above.
Markers on the X-chromosome were not included.

Diagnosis (ALL > ANLL), donor age (older) and HLA mismatch were the

strongest competing variables in multivariate analysis.

Results of the multivariate analysis

Five markers (D6S0035i D17S0219i D1S0818i D6S0330i D5S424) showed
associations in multivariate analysis that had effect sizes larger than any
of the clinical variables, and are therefore independent predictors of

moderate-severe GVHD.
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Univariate Multivariate

OR 95% ClI P value OR 95% ClI P value
Recipient age 0.984 0.972-0.997 0.015 0.987 0.973-1.001 0.06
Donor age 1.018 1.000-1.035 0.045 1.021 1.003-1.040 0.023
F-M transplant 1.181 0.856-1.629 0.311 1.15 0.818-1.616 0.421
Diagnosis (ANLL vs ALL) 0.628 0.482-0.818 5.6x10™ 0.644 0.485-0.857 2.5x10°
TBI 0.751 0.506-1.115 0.155 0.687 0.449-1.053 0.085
ATG 1.186 0.467-3.016 0.72 0.788 0.292-2.126 0.638
Cya vs tac 1.109 0.854-1.440 0.439 1.067 0.810-1.406 0.644
Relapse 0.69 0.508-0.939 0.018 0.727 0.528-1.001 0.051
HLA match 0.705 0.536-0.928 0.013 0.727 0.544-0.972 0.031
D6S0035i (MAPK14) allele 2 0.67 0.541-0.829 2.3x10™ 0.672 0.538-0.839 4.5x10™
D17S0219i (SOCS3) allele 3 0.456 0.289-0.721 7.5x10™ 0.426 0.264-0.685 4.3x10™
D1S0818i (ELTD1) allele 1 1.49 1.218-1.822 1.0x10™ 1.46 1.185-1.799 3.9x10™
D6S0330i (AGPAT4) allele 7 1.376 1.141-1.659 8.4x10™ 1.435 1.180-1.745 2.9x10™
D5S424 (F2RL1) allele 5 1.495 1.212-1.838 1.4x10™ 1.497 1.206-1.859 2.5x10™
D17S0271i (DDX42) allele 1 0.719 0.564-0.918 8.0x107 0.731 0.566-0.944 0.016
D1S1335i (AKT3) allele 3 1.229 1.018-1.483 0.032 1.221 1.005-1.484 0.045
TNFC Allele 5 1.238 0.977-1.568 0.077 - - -

Table 4.14: Multivariate analysis of microsatellite alleles associated with grade 2-4 acute GVHD.
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4.3 Further exploration of a susceptibility region
by SNP typing

Microsatellites as applied in this study ‘represented’ and identified a region
of linkage disequilibrium to disease-associated genetic features like e.g.
functional polymorphisms, assuming an average length of linkage
disequilibrium of approximately 100 kb. Further work of investigation was
therefore needed aiming to limit down in size the disease-associated locus,
or even identify the underlying genetic variation that causes the disease
association (see the more detailed discussion on this Topic in the

discussion section).

As an example, a small exploration was undertaken into the MAPK14 locus
(marker D6S0035i) using tag SNP identified through the HapMap project.
The region on Chr 6 was searched for 50 kb on each side of the
microsatellite (6:36,100.000 — 6:36,200.000), identifying 159 SNP in 6
haplotype blocks, of which 25 SNP were tag SNP. Focussing on the
largest of the haplotype blocks, five SNP (rs6934216, rs851020,
rs16884919, rs12530381, rs7760405) were selected and genotyped using
TagMan methodology. As not all of the 25 tag SNP were available for this
platform, not all haplotypes would be captured, but haplotype analysis was

attempted.

Three of these SNP markers showed association with grade 2-4 acute
GVHD:

e rs851020 and rs12530381 (the latter is the closest to the
microsatellite, and the coding region of MAPK14) both associated
with allelic and genotypic risk (table 4.15). These markers had an
almost identical allele and genotype distribution, and may have

been linked.
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e rs6934216 and rs851020 showed a protective allelic and genotypic

trend towards association (table 4.15).
Due to the limited capture no haplotypes were derivable from these data.

Further work with either SNP or microsatellites would be required to

investigate associations at this locus.
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Figure 4.2: Map of microsatellite and tagSNP positions in the intronic region of the MAPK14 gene. The shaded area of
the gene indicates the exon. The large arrow indicates the position of the microsatellite, the small arrows show the
position of selected SNP. Dark arrows indicate association of the marker with acute GVHD grade 2-4.
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assoc
marker allele freq | allele freq | allele p= OR OR 95% CI
rs12530381 | A (73%) G (27%) A 0.0013 | 1.407493 | 1.1-1.8
rs6934216 | A (9%) G (91%) G 0.287 | 0.831325 | 0.6-1.1
rs851020 C (72%) G (28%) C 0.0035 | 1.362699 | 1.1-1.7

genotype genotype genotype | assoc

marker freq freq freq genotype | p= OR OR 95% ClI
rs12530381 | GG (0.08) | AA(0.53) | AG(0.39) | AA 0.0043 | 1.584844 | 1.2-2.1
rs6934216 GG (0.82) | AA(0.07) | AG(0.16) | GG 0.08 | 0.732426 | 0.5-1.1
rs851020 GG (0.10) | CC(0.53) | CG (0.37) | CC 0.00014 | 1.667178 | 1.3-2.2

Table 4.15: SNP allele and genotype associations of markers close to microsatellite D6S0035i
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4.4. Genetic susceptibility regions for moderate-severe
acute GVHD

4.4 1. Introduction

Each of the identified alleles or markers represented a region of
approximately 100 kb of linkage disequilibrium (LD) with an associated
genetic variation. Microsatellites in themselves are rarely directly disease
causative, but linked to such a variation which could be a polymorphism, a

mutation, deletion or duplication, or epigenetic trait.

The specific LD for any of the associated genetic loci in this study was not
immediately known. The HapMap database gave information about the LD
of SNP markers but not microsatellites. Previous studies have used well
known association loci, placing a variety of SNP and MS markers around it
(Koch et al., 2000, Ohashi and Tokunaga, 2003) or well characterized
populations (Varilo et al., 2003), or mathematical models (Terwilliger et al.,
2002, Shifman et al., 2003) to determine LD of MS markers. These studies
found that the LD of MS markers extended beyond that of SNP markers
(up to 400 kb, compared to up to 30 kb for SNP). Also, LD decreased with

distance from the marker, even on the same haplotype block.

Therefore it was reasonable to assume a LD of 100 kb as a starting point
for locus analysis, until detailed exploration of each locus by higher density
typing with more MS or SNP markers indicated its specific LD.

Obviously, intronic MS markers with no other genes within a 100 kb range
were prime candidates genes for further association testing. Six loci (AKT3,
ELTD1, AGPAT4, MAPK14, IL1RAPL2 with 2 loci) fulfilled these criteria.
All of these had been target genes, and two of these (ELTD1 and
MAPK14) had marker as well as allele associations that were consistent
even with application of multiple testing correction and in multivariate

analysis. Two loci had intronic markers that were not within the target gene,
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but coincidentally within other genes within 100 kb distance from the target
gene (TBL1X—SHROOM2; SOCS3—DNEL2), both had further genes
within LD range. Finally, the loci F2RL1 and DDX42 were intronic in the
target gene but had several other, non-targeted genes at close range. The
following sections will describe each locus in turn. Information has been

obtained from the gene cards website (http://www.genecards.org/) and

additional sources, as referenced.
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4.4.2. AKT3 locus

Chr 1:241718158- 242080053
MS marker D1S1335i location: Chr1:241980312-241980412

The AKT3 (Protein Kinase B isoform 3, PKB) gene is a large gene, more
than 360 kb long. In the pooled screening it was covered by 5 MS markers,
of which only this one, which was also closest to the coding region,
showed an association (Figure 4.3).

AKT3 has a broad effect on cell function, it is an important regulator of cell
signalling in response to insulin and growth factors, it has a role in cell
proliferation, differentiation, apoptosis, tumorigenesis as well as glycogen
synthesis and glucose uptake (Somanath et al., 2006). AKT dysregulation,
mainly studied in mice, leads to diseases like diabetes, cancer,
cardiovascular and neurological disease (Hers et al.,, 2011). In T-
lymphocytes, AKT3 has in important role in cell development and
proliferation. AKT3 regulates glucose uptake, protein synthesis, and
stimulates the E2F and forkhead transcription factors (Matthews and
Cantrell, 2006). In a genome-wide gene expression study of GVHD, PKB
expression was repressed in donor CD4 T-cells in chronic GVHD (Baron et
al., 2007).
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4.4.3. ELTD1 locus

Chr 1:79128037-79279105
MS marker D1S0818i location: Chr 1:79149764-79149943

ELTD1 (EGF latrophillin and seven transmembrane containing 1) is part of
the EGF-TM7 (Epidermal Growth Factor seven transmembrane) family. It
has important funcions in leukocyte adhesion and neutrophil migration, and
defects in this gene had consequences for innate and adaptive immunity
(Yona and Stacey, 2010, Leemans et al., 2004). Genetic variation in this
gene had been associated with parasitic susceptibility in cattle (Porto Neto

et al., 2011) and subcutaneous fat thickness in humans (Lee et al., 2011).
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4.4.4. AGPAT4 locus

Chr 6: 161332749-161458407
MS marker D1S0818i location: Chr 6: 161511402-161511576

AGPAT4 (1-acylglycerol-3-phosphate O-acyltransferase 4) is a membrane
enzyme that is involved in de novo phospholipid biosynthesis. The wider
function of this protein is not known. Variations in this gene, however, had
been associated with acute as well as chronic GVHD in a population from
Finland (Turpeinen et al., 2009). This study found the donor SNP rs749013
associating with risk of acute as well as chronic GVHD, mirroring the
finding of this study (donor allele of MS associated with risk of acute
GVHD). The SNP marker is located approximately 50 kb upstream towards
the exon, and in contrast to the Finnish population is non-polymorphic in

Japanese.
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Figure 4.5: Genomic map of the AGPAT4 gene and position of the

associated microsatellite
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4.4.5. MAPK14 locus

Chr 6: 36129769-36215820
MS marker D6S0035i location: Chr 6: 36178949-36179320

The gene for MAPK14 (Mitogen-activated Protein Kinase 14) is located on
chromosome 6 close to, but outside the HLA region. The function of this
gene has been explored extensively. MAPK14 responded to activation by
environmental stress, pro-inflammatory cytokines, HSP70 and
lipopolysaccharides (as part of the TLR pathway) (Kang et al., 2008,
Lissauer et al., 2009, Mackay and Sallusto, 2006). It was a regulator of
chronic inflammation in rheumatoid arthritis (Korb et al., 2006) and
inflammatory bowel disease (Waetzig et al., 2002). MAPK14 had effects on
the recruitment of immune cells to the colonic mucosa (Kang et al., 2010)
and epithelia of the skin (Eckert et al., 2003). MAPK14 was a key element
in the activation of the glucocorticoid kinase, which decreased
susceptibility to cytotoxic drugs and promotes cell survival (Meng et al.,
2005).

On the basis of the largely pro-inflammatory effects of MAPK14, inhibitors
have been developed for the treatment of rheumatoid arthritis and other
inflammatory conditions. While in vitro and animal models did show very
promising results, a recent randomized controlled clinical trial had failed to
show any long term benefit for patients with rheumatoid arthritis (Genovese
et al., 2011), indicating that the role of MAPK14 is complex.

MAPK13, a splicing variant of MAPK14, is located close to this gene.
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Figure 4.6: Genomic map of the MAPK14 gene and position of the
associated microsatellite
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4.4.6. IL1RAPL2 loci

Chr X: 103697652-104898478
MS marker DXS0629i location: Chr X: 103769044-103769435 (intronic)
MS marker DXS0151i location: Chr X: 103689786-103690263

The IL1RAPL2 (interleukin 1 receptor accessory protein-like 2) gene is
very large, more than 1000kb, it was covered for this study by 10 MS
markers. Only these two markers, which closely flank the coding region of
IL1RAPLZ2, showed association (albeit in opposite directions).

This gene is part of the IL1 receptor family, which was the reason for
inclusion in this study. It has, however, so far no documented role in the
immune system. There is extensive literature of the association of
IL1RAPLZ2 with cognitive impairment and mental retardation (Valnegri et al.,
2011).
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Figure 4.7: IL1RAPL2 gene locus on chromosome X with two MS
markers (left: DXS0151i, right: DXS0629i), flanking the coding region

of the gene.
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4.4.7. TBL1X locus

Chr X: 9391369-9647778
MS marker DXS0324i location: Chr X: 9722847-9723231

The target gene TBL1X (transducin (beta)-like 1 X-linked) is a further large
X-chromosome gene. The marker flanked the coding region at a distance
of ~80 kb, and was co-incidentally located intronically within the gene
SHROOM2. A further gene, GPR143, was located within a 100 kb LD
range of the marker between SHROOM2 and TBL1X (see Figure 4.8).
Little knowledge exists about the function of TBL1X. It had an essential
role in transcription activation mediated by nuclear receptors (Glass and
Ogawa, 2006). It recruited NFkB to its target for gene transcription and had
a potential role in tumorigenesis (Ramadoss et al., 2011), and also
regulated MYC gene expression, which is important for growth and
expansion of somatic cells (Toropainen et al., 2010). Genetic
polymorphisms in TBL1X had recently been linked to autism in males
(Chung et al., 2011), but the mechanism remained unclear.

SHROOM2 (shroom family member 2) had a broad role in the
morphogenesis of thickened epithelial shields during embryonal
development (Lee et al., 2009), and regulated epithelial proliferation and
angiogenesis (Farber et al., 2011).

GPR143 (G-protein coupled receptor 143) was involved in intracellular
signal transduction, in particular the transfer of melanin. Mutations in
GPR143 lead to variant forms of albinism and mental retardation. The
protein expressed by GPR143 also represented a self or tumour antigen
(Touloukian et al., 2003).
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Figure 4.8: TBL1X gene locus on chromosome X. The marker is

intronic to SHROOM2.

The MS position is located outside TBL1X, but

LD of the marker includes the coding regions of TBL1X and GPR143.
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4.4.8. F2RL1 locus

Chr 5:76150610- 76166896
MS marker D5S424 location: Chr 5: 76193683- 76193804

F2RL1 (coagulation factor Il (thrombin) receptor-like 1) was implicated in
chronic responses associated with vessel inflammation and wound
healing; stimulated activation of T-cells and neutrophils, promoted
leukocyte rolling, adhesion and extravasation, increased capillary
permeability and enhances production of cytokines. High F2RL1
expression in experimental intestinal radiation injury promoted
inflammation and fibrosis. F2RL1 has been demonstrated on T-cells,
where it triggered in an essential manner the IL6-secretion induced by
thrombin, trypsin and tryptase (Li and He, 2006)

The location of the MS marker was intronic of the S100Z gene, the
function of which is unclear. A genome-wide association study has found
SNP polymorphism in this gene to associate with severity of ulcerative
colitis (Festen et al., 2010). The S100 gene family was described to have

wide-ranging roles in tumorigenesis, autoimmunity and innate immunity.
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Figure 4.9: F2RL1 gene locus. The MS marker is located within S100Z,

but its LD range includes F2RLA1.
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4.4.9. DDX42 locus

Chr 17: 59205299-59250409
MS marker D17S0271i location: Chr 17: 59224879-59225107

This marker was intronic of DDX42 (DEAD (Asp-Glu-Ala-Asp) box
polypeptide 42) in a very gene dense region. Other genes within 100 kb LD
region included CCDC47 (coiled-coil domain containing 47) which had an
unknown function, FTSJ3 (Ftsd homolog 3 (E.coli)), PSMC5 (proteasome
(prosome, macropain) 26S subunit, ATPase 5) and SMARCD2 (SWI/SNF
related, matrix associated, actin dependent regulator of chromatin,
subfamily d, member 2).

DDX42 was involved in the survival of cells, counteracting the apoptotic
effect of TP53BP2 (Uhimann-Schiffler et al., 2009), while FTSJ3 was
involved in ribosome synthesis (Morello et al., 2011).

PSMCS5 is a functional element of the proteasome. An essential function of
a modified proteasome, the immunoproteasome, was the processing of
class | MHC peptides. It participated in transcriptional regulation since it
has been shown to interact with the thyroid hormone receptor and retinoid
X receptor-alpha.

SMARCD2 was involved in transcriptional activation and repression of

selected genes by chromatin remodelling.
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Figure 4.10: DDX42 gene locus. The marker is located in DDX42, but

the genes CCDC47 and FTSJ3 are also within in LD range.
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4.4.9. SOCS3 locus

Chr 17: 73864454- 73867753
MS marker D17S0219i location: Chr 17: 73941484-73941691

This locus has a high gene density. The target gene, SOCS3 (suppressor
of cytokine signalling 3) was just within LD range of the marker, which was
intronic to DNEL2, also known as DNAH17 (dynein, axonemal, heavy
chain 17). The other gene within range was PGS1
(phosphatidylglycerophosphate synthase 1).

DNAH17 is the force generating protein of respiratory tract ciliae and
sperm flagellates. The function of PGS1 is unclear. SOCS3 is an important
negative regulator of the janus kinase pathway, which is used by most
cytokines for transcription activation (Tamiya et al., 2011), hence it had an
important anti-inflammatory effect (Alexander and Hilton, 2004). In the
animal model, SOCS3 had a suppressing role on the severity of GVHD
(Hill et al., 2010).
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the LD range of the marker, which locates to DNAH17 (DNEL2). PGS
lies between SOCS3 and DNAH17.
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5. DISCUSSION AND CONCLUSION

5.1 Strengths and limitations of the methodology
5.2 Discussion of results
5.3 Future

5.4 Conclusions
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5.1. Strengths and limitations of the methodology

5.1.1. Introduction: Towards a high-quality gene association study

In the introduction to this study, existing literature on non-HLA gene
polymorphisms associating with  HSCT outcome was reviewed in a
systematic way; the finding was that the majority of these studies have
methodological quality issues, relating to study populations (small,
heterogeneous), target gene loci (candidate gene selection) and statistical
analysis (statistical power, application of multiple testing correction). There
is now quite clear guidance on the design of high-quality genetic
association studies(Colhoun et al., 2003, Gambaro et al., 2000, Lander
and Schork, 1994, Schork, 1997, Rannala, 2001). The question is:

To what extent did this study fulfil criteria of a high quality

genetic association study?

The main areas pointed out by these authors include:

e Population: Genetic structure, confounding variables, case and
control definitions, phenotype heterogeneity, outcome classification

o Statistics: Requirement for a pathophysiological link between gene
and disease, failure to attribute results to chance (type I/l error),
sample size, statistical power, independent confirmation, multiple
testing

e Selection of target genes and markers

More recently, a review (McCarthy et al.,, 2008) of the methodology of
several very large scale genome-wide association studies with SNP
markers for common variant genetic traits highlighted the need for careful

definitions of cases and controls, large sample sizes and replication study
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in order to achieve robust results. Replication, even when using robust
methodology, had often not being consistent; not necessarily indicating
spurious results but the varying impact of clinical or environmental
variables on a small effect size polymorphism. This phenomenon had been

termed ‘informative heterogeneity’.

5.1.2. Population

Did the study population stem from a homogeneous genetic

background?

It was pointed out that the studied population should stem from a
homogenous genetic background without genetic admixture. All HSCT
pairs entered into this study were genetically of Japanese origin. We knew
from data of the HapMap Consortium (Consortium, 2005, Stranger et al.,
2005) that genetic variation varies enormously between different
populations. The Japanese population had a genetic structure of less, and
better preserved haplotype blocks than Caucasians or Africans (Conrad et
al., 2006, Gabriel et al., 2002). This was advantageous for the power of the
study, as less MS markers were required for gene coverage (details of the
genetic background were described in more detail in supplementary file
2.1).

As this approach was expected to yield robust results for a Japanese
population, findings may be less applicable to other populations and would
require confirmation. Allele frequencies and genotypes of MS as well as
SNP markers, and associated genetic disease risks, vary amongst
populations, some markers may be polymorphic and disease associated in
one population and non-polymorphic in another. Nevertheless, there is
substantial concordance of genetic variation across populations also,

allowing for comparison of risk and large scale studies.

177



178

How well did this study address demographic or clinical confounders

that affect acute GVHD severity?

Clear definition of cases, controls, risk factors and outcomes were
essential. In Japan, since 1992 the consensus on the modified Glucksberg
criteria for the diagnosis of GVHD (Glucksberg et al., 1974, Przepiorka et
al., 1995, Rowlings et al., 1997) was used. As these contained subjective
elements, and as several independent centres across Japan were applying
these criteria, there were likely elements of intra- and inter-observer
variability, which were not quantifiable for this population.

The criteria for selection of this study population did reduce confounding

variables to some degree:

e Selection by diagnosis: Different underlying diagnoses -carried
variable risks for GVHD. CML and ALL in particular had an intrinsic
GVHD risk, compared to other malignancies. Focusing on ALL and
ANLL had reduced this variability. However, ALL and ANLL in itself
had significantly different risks for GVHD, remaining a confounder.

e Recipient age: Recipient age >40 years per se was a risk factor for
GVHD, and exclusion of patients above this age removed the effect
of older age. Infants and young children with leukaemia also have a
higher risk of GVHD, therefore exclusion of this age group reduced
confounding. However, a minor effect towards GVHD risk remained
in the age group below 10 years.

e Selection of unrelated bone marrow as graft source and
myeloablative conditioning: These measures avoided effects on
GVHD as an outcome by donor source (reduced GVHD risk with
related donors), other stem cell source (higher, or lower GVHD risk
with e.g. peripheral blood stem cell transplantation (PBSCT) or cord
blood), conditioning (lower GVHD risk with reduced-intensity
conditioning).

e The selection by diagnosis and age ‘streamlined’ some of the

clinical confounders. Treatment for leukaemia was largely protocol-
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driven, compared to other indications, hence variables such as
previous chemotherapy, conditioning regimen and GVHD

prophylaxis were very similar.

As previous data and sample collections were often small, there was little
room for considering clinical risk factors for GVHD or other HSCT
outcomes, although these were well established (Loren et al., 2006,
Randolph et al., 2004, Perez-Simon et al., 2005, Kollman et al., 2001). In
this situation, multivariate analysis was applied to correct for the clinical
confounders. Despite the selection criteria applied, this study had

remaining confounding variables that required multivariate analysis:

Donor age >30 years

HLA mismatching

GVHD prophylaxis with Cyclosporin A or tacrolimus

Minor effects of recipient age, conditioning regimen

The prevention, diagnosis and management of GVHD had changed over
this time period. Although all patients had myeloablative conditioning, this
varied with underlying disease and staging. While the prophylactic regimen
in Japan consisted initially of cyclosporine A, methotrexate and steroids, a
change from cyclosporine A to tacrolimus reduced the incidence of GVHD
(Hara et al.,, 2007). The JMDP database did not provide detailed
information on dosage of methotrexate and steroids in the earlier HSCT.

ATG and T-cell depletion, in contrast to Europe or North America, had little
role in Japan as it was found to dramatically increase the relapse rate of
leukaemia. A few of the more recent transplants in this study cohort used
in addition newer agents such as mycophenolate mofetil. Similarly, the
management of GVHD over these 12 years had evolved — improved
diagnostics, better control of immunosuppression, better control of

concurrent infections through improved diagnostic tests and newer
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antibiotics, better nursing care and monitoring, and new, more powerful
treatments of GVHD had gradually changed the characteristics of GVHD.
Most of these characteristics were not captured in the dataset as such

information was not prospectively collected at the time.

The application of two separate time frames by this study was likely to
provide some correction for this type of confounding, but may also have

had effects on the sensitivity of the study:

e Associations consistent across both subsequent time frames would
indicate some degree of independence from the effects that
changes in supportive transplant practice, factors that were not
recorded in the dataset, over time would have had on outcome.

e The disadvantage of this approach was that it ruled out all
associations that did not have that degree of consistency, i.e.
associations that evolved in the cohort of the second screening
alone would have went undetected. This was likely to have a
negative effect on sensitivity of the study. The findings indicate
associations that were valid consistently over a long period of time,
but may not necessarily represent the strongest effects on GVHD

e Despite the effort of correcting for genetic and clinical confounders,
significant variables affect outcome, as the multivariate analysis
demonstrated.

e The effects of HLA matching and mismatching could not effectively
been adjusted between the cohorts. This study was able to adjust
HLA match or mismatch by pairing of samples from the first
screening cohort with those from the second cohort at the HLA
locus or locus combination, but not by serogroups or even alleles.
More recent research from the Japanese registry has shown that
different allele mismatches at the same HLA locus may have risk as
well as protection effects, depending on the specific allele (see

below).
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What was the effect of HLA matching and mismatching on GVHD?

Because HLA matching was known as a significant risk factor for GVHD
(Morishima et al., 2002, Morishima et al., 2007, Kawase et al., 2009, Oh et
al., 2005, Sasazuki et al., 1998, Kawase et al., 2007), and possible to
control in a study setting, most previous studies in the 1990’s and 2000’s
used higher HLA-matched HSCT pairs (e.g. 8/8, or even 12/12 matched)
or related HSCT for genetic association studies. This measure was thought
to reduce genetic confounding caused by HLA mismatching. The
disadvantage of this approach was that data from these studies were
meaningful to only a small subset of the HSCT population in clinical
practice, and that other clinical confounders could not be addressed due to
sample size issues.

Consequences for this study of the decision not to select samples by HLA

matching or mismatching:

¢ Not restricting inclusion for degree of HLA matching made this study
population more representative of a HSCT population seen in
clinical practice.

e The large proportion of HLA mismatched pairs would allow for an
analysis of the effects of non-HLA gene polymorphisms in an HLA
mismatched population.

e The proportion of HLA matched HSCT pairs was large enough to
permit subgroup analysis.

e The adjustment of the degree of HLA matching of the confirmatory
cohort (2" screening) to that of the discovery cohort (1% screening),
in order to achieve a similar degree of genetic confounding, has
introduced stratification. The JMDP registry population between
2001 and 2005 had an overall higher degree of HLA matching than
the population from 1993-2000. Hence, the HLA matching of the
confirmatory cohort was not representative of the degree of HLA
matching of the Japanese registry cohort during that time;

mismatching was over-represented. This was reflected in the GVHD
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prevalence, which was higher in the confirmatory cohort than in the

discovery cohort.

How could the selection study be modified to minimize confounding

and stratification?

As HSCT is rapidly expanding, larger registry cohorts may become

available for research in the near future. Important steps to reduce clinical

and genetic confounding would include:

Reducing the time frame of sampling (e.g. 5 years), to reduce
confounding that stems from development in supportive therapy.
Use of most recent transplants — reflect more the current clinical
practice

Aim for higher cohort size to increase statistical power

Focus on single large diagnostic groups (eg. ALL, AML separate)
rather than combined, as these carry in themselves different risks
for outcomes

Rather than by time frames, the study cohort could be divided by
other important variables, such as degree of HLA matching. This
requires more detailed understanding of the risk of HLA
mismatching by e.g. high-risk allele mismatches or HLA haplotypes.
Such analysis would be very valuable in directly comparing the
competing risks of HLA mismatch and non-HLA gene
polymorphisms. In addition, this analysis would give an insight into
the non-HLA immunogenetics of HLA mismatched HSCT, an area
that it under-researched.

As SNP gene-chip GWAS typing is becoming more readily
available, it would be useful to conduct this approach in a parallel
study mirroring the same set up. This would provide a
complementary perspective on the genetic variation in the same
study population, and facilitate the fine-mapping of associated

microsatellite loci (SNP or SNP haplotype associations within LD
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range of associated MS could limit down the area requiring

sequencing).

SUMMARY: Study population

- The study population stemmed from a genetically relatively
homogeneous background

- Case and control definition followed standard practice of
GVHD classification.

- Extensive efforts were made to identify and address
confounding variables. The effect of confounding variables
could be reduced by careful evaluation in a larger stem
population and selection of a study population.

- Nevertheless, substantial clinical confounding remained and
required multivariate analyses.

- Selection carried a risk of stratification for new confounders,
which needed to be identified (e.g. HLA matching, see above).

- Limited availability of large study cohorts and rapid evolution
of the field of HSCT made effective control of confounding
variables difficult.

- Careful selection of a population that would be relevant in
clinical practice rather than just of research interest (e.g.
understanding pathobiology) may facilitate clinical

application of study findings (e.g. risk stratification).
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5.1.3. Reasoning for choice of scale of approach

Which genes to focus on in relation to GVHD — all, some, or few?

The findings from the literature appraisal indicated that a larger scale, more
systematic approach to candidate gene and marker selection was required
to better understand the effect of non-HLA gene polymorphisms on GVHD.
The initial decision was on the extent of cover of the genome - ranging
from a selected candidate gene approach to whole genome scanning.
Table 5.1 lays out the advantages and disadvantages of three approaches
to gene selection, representing three degrees of indiscrimination: A
candidate gene approach, where a small number of genes believed to
have a high likelihood of being involved in the pathogenesis of acute
GVHD (highly discriminate); a targeted genomic approach (e.g. focusing
on the immune system as a whole, less discriminatory), and a genome

wide scanning approach (indiscriminate).

The decision for a targeted genome scanning approach, which includes the
genes of the entire immune system in a broader sense (‘Immunogenome’),
supplemented by genes relevant for GVHD (previously associated genes
and other strong candidates) and leukaemia (e.g. susceptibility genes,
drug metabolism genes), was based on aspects of feasibility and study

quality:

e Previous data from genome-wide association studies indicated that
immune response associated conditions tend to have genetic
associations within the immune system genes (Zhernakova et al.,
2009) — as GVHD is a result of immune system dysregulation,
focusing on immune system genes should have yielded a higher
positive predictive value for associations.

e Reduced number of markers reduced the need for multiple testing
statistics - resulting in higher power

e Feasible in the available time (3 years) and with available resources
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e Reasonable trade-off between number of available samples,

resulting statistical power of cohorts, multiple testing statistics
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Candidate Targeted genome Whole genome
approach scanning scanning
Advantages e Simple to e Systematic e Indiscriminate
perform approach to approach to
e Simple statistics biological genes
e Cheap meaningful e Reflects full
e Powerful with selection of genetic
small sample genes contribution to
size o Statistically disease
robust with
reasonable
sample size,
positive
predictive value
Disadvantages | e Likely to miss e May miss e Requires large
important important sample size
associations associations e Issues with

outside targeted
system

statistical power,
multiple testing
e Expensive
e Time consuming

Table 5.1: Advantages and disadvantages of different approaches to gene

selection
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SUMMARY - Scale of approach

- A targeted genome scanning (indiscriminate selection of all
immune system genes, ‘immunogenome’) provided the best
trade-off between the competing factors of gene selection,
statistical power and available resources.

- Main disadvantage was that important associations outside the

selected panel may not be detected.
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5.1.4. Reasoning for choice of marker type and marker number,

and pooled/individual typing approach

Single Nucleotide Polymorphisms or microsatellite markers?
What were the consequences for study design by choosing

microsatellite markers?

Modern high-throughput genetic screening approaches mainly use two

different types of genetic markers:

e Single Nucleotide Polymorphisms (SNP): A SNP is a genetic
variation where a single nucleotide within the genome sequence is
altered. SNP in coding sequences may alter gene expression and
cause a change in biology, or may link to a causative variant.

e Microsatellites (MS): MS are short sequence repeats, commonly as
a variable number of di, tri, or tetra tandem base repeats.
Microsatellite markers often, but not always stand in linkage
desequilibrium (LD) with SNP on the same haplotype block.

SNP and MS both have their specific advantages and disadvantages (see
table 5.2) (Bahram and Inoko, 2007, Jorgenson and Witte, 2007).

At the time this study was developed (2005-2006), new miniaturized,
standardised and automated genome-wide SNP typing platforms were
evolving, using hundreds of thousands of SNP markers on a single sample.
During this time there was still an ongoing debate about which markers to
include in these assays, sample size and statistical power, typing quality,
and processing of the vast amount of data. In addition, these systems were
still very expensive, especially for larger scale studies (table 5.3 shows a
cost comparison of a SNP based and MS based approach for 2007). The
advantages of such an approach were obvious: The methodology became

technically ever simpler, reproducible, faster and cheaper, individual
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sample data were retained and allowed for multiple outcome measures.
Initial studies had limited numbers of samples (in the hundreds), and
statistical power was limited, due to the enormous multiple testing burden.
In order to detect the small effect sizes of common variants, now sample
sizes of tens of thousands have been used (Vercelli and Martinez, 2006,
Anonymus, 2007). Such large numbers still remained a challenge for many
conditions, including HSCT where the largest collections of data and
sample have just reached (CIBMTR/NMDP) or are approaching (JMDP)
the 10,000’ mark. Providing consistent case, control and phenotype

definition was still a major problem.

There were clearly advantages of the MS approach in this setting. The
method of genome-wide scanning with MS markers was pioneered and
brought to a high standard by a Japanese group (Prof Inoko, Tokai
University), with the first study published in 2005 (Tamiya et al., 2005)
(summarised in Figure 5.1). This approach used almost 30,000 MS
markers spread throughout the genome at high density (charting at 100 kb
with overlap), and sequential screening in three steps on pooled DNA.
More than ten genome wide studies using this approach have since been
published.

MS markers have a larger LD range — therefore less markers were
required to provide genome coverage, as compared to SNP, which gave
MS an advantage with regards to power, sample size and multiple testing
correction. The haplotype block structure of the Japanese population was
highly preserved — allowing the full exploitation of the large LD of MS
markers. Our selection of markers achieved a very high density of
coverage for the target genes — 97% of target genes had either two
flanking MS markers, or at least one, within the projected LD range of 100
kb. (the genome-wide MS panel would provide cover to ~90% of the
euchromatic region of the genome). On the other hand, true LD range of
MS markers was not known, therefore the LD may have been shorter or
longer, creating either gaps or extended coverage. In contrast to SNP

arrays, which were so densely packed that individual markers could not
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have been regarded as independent, MS loci could be regarded as

independent and gave a clearer distinction of haplotype blocks.

By evolution, SNP and MS were often closely linked, with a MS indicating
mutation or causative SNP polymorphism within its LD. By mathematical
models, SNP markers, which have only two alleles, were more resistant to
mutations as compared to MS, which could have 2-20 or even more alleles.
A MS marker therefore may have ‘mutated away’ and lost its linkage; while
on the other hand it may have indicated an evolutionary more recent
genetic risk variation that SNP may not had captured (Oka et al., 2012,
Hiruma et al., 2011). From this model, MS and SNP approaches were
complimentary to each other by having a large area of overlap, and each
additional aspects of genomic variation which the other approach did not

cover.

Limitations of using a microsatellite-based approach include existing gaps
in cover, and the fact that the pooled approach would allow for allelic,

rather than genotypic association.

e This study had a very good cover of target genes (almost 90% full
cover, and a further 7% partial cover. However, there are gene
regions within the genome which have no suitable natural
microsatellites, or have genetic variation (e.g. gene duplication) that
make microsatellite typing inherently difficult.

¢ High-throughput MS typing required pooling of DNA, which lead to
loss of individual genotypic information in the screening stages,
relying on allele frequency differences between pools alone. Allele
frequency differences often but not always reflect genotypic risks,
and important associations may have been missed that way.
Additionally, at individual level a pooled allele frequency difference
indicating a protective effect may translate at individual genotypic
analysis into a risk, and vice versa. Hence, at the individual

genotyping stage the finding of an associated allele should ideally
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backed by identifying a genotypic association. This, however, is not
always possible given the large number of genotypes for
microsatellites resulting from the large number of alleles. For some
markers, nevertheless, this study was able to confirm the

association of homozygous genotypes.
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SNP

MS

Advantages

Allows for individual
genotyping and data
analysis

High-throughput platforms
available

Technically more simple
Lower mutation rate —
more stable over time, but
misses recently evolved
genetic variation

¢ Wider linkage desequilibrium

¢ Requires less markers than
SNP for same coverage
(~30,000 for whole genome)

e Statistically more powerful —
allows for lower sample size
with same coverage

e more alleles — more
informative

e Clear definition of haplotypes

e Cheaper to perform than
SNP

Disadvantages

Short LD range — many
gaps, may miss epigentic
variation

Unclear definition of
haplotype blocks (‘virtual’
haplotype definition) —
may miss important
associations

Large number of markers
required for coverage
(>500,000 for whole
genome)

Multiple testing requires
large sample size for
sufficient power
Expensive

Time consuming
Requires high-density
SNP typing of candidate
regions

e Higher mutation rate — may
miss older SNP associations

¢ No high-throughput platform
available — requires pooled
DNA approach

e Technically more demanding

¢ Requires high-density SNP
typing of candidate regions

¢ Artifacts introduced by DNA
pooling

e DNA pooling allows for single
outcome measure only at
screening stage

Table 5.2: Advantages and disadvantages of large scale genomic

approaches using SNP and MS
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SNP MS MS (pooled)*
(individual)
Estimated no 70,000 4,000 4,000
of markers
Estimated $ 600,000 $ 8,000,000 $ 70,000
assay costs
Estimated 3 years >10 years 3 years
time

Table 5.3: Estimation of assay costs and time requirements for a targeted
immunogenome scanning study, based on n=1000 sample pairs (time
point March 2007) in US $

*this includes costs for 3 pooled screening steps and individual
genotyping of identified candidate gene regions with approximately 100
SNP.
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Approach to genome-wide scanning (Tamiya et.al.)

A simple case-control study design of a cohort of n=375 patients and an
equal number of controls

Highly accurate DNA pooling, constructing 3 pools each for cases and
controls, each containing n=125 individuals

A phased three-step genomic screening on pooled DNA. A panel of
27,039 MS markers was tested on the first set of case and control pools,
markers found associated (n=2,748) were tested on the second pool set.
Markers still remaining positive (n=372) were subjected to typing in the
third screening step, which still left n=133 MS markers associated. Chi
Square and Fisher’s exact test for 2x2 and 2xm tables, with a
significance level of p=0,05 were used to establish the association after
each screen

The remaining n=133 markers were individually genotyped on the
combined set of n=375 cases and control pairs, to eliminate errors
potentially caused by the pooling process. Of these, n=47 still remained
associated.

Of these n=47 associated gene regions, n=7 regions were selected for
fine mapping with SNP, based on high allele frequency and high degree
of significance. Fine mapping was performed on a further independent
cohort of n=565 cases and control pairs.

Statistical power estimation indicated that the power to detect allele
frequencies <0.25 is limited given the sample size per pool (n=125)
Based on data on the pooling method, and data from test markers typed
individually and in the created pools, difference in allele frequency was
calculated to be <4%.

As the number of multiple comparisons in this screening is n+1, pseudo-
positive markers were calculated as n=1352 (first screening), n=257
(second screening) and n=25 (third screening).

Pritchard’s method was used on a set of 69 randomly selected markers
to verify the absence of stratification.

Figure 5.1: Methodological summary of a genome-wide scanning

approach with MS markers
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SUMMARY - marker choice and consequences for study design

Microsatellite markers have inherent advantages over SNP markers:

- They are more polymorphic and therefore more informative.
- Because their LD range is wider, for a given genomic region
less MS markers are required than SNP to provide the same

cover, giving the MS approach a statistical advantage.

Choosing a MS marker based approach has consequences for study
design:

- The variability in PCR and typing requirements means that
there are no commercial high-throughput platforms available.
- High throughput can be achieved by DNA pooling, which is

technically complex.
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5.1.5. Technical aspects

What were the technical challenges of the study design, and how
were they addressed?

The microsatellite approach, however, had some drawbacks, mainly for
technical reasons, some of which were discussed in the first reported
genome-wide association study using this approach (Tamiya et al., 2005).
This study was derived from this approach and shared its methodology,
marker set and analysis tools.

Due to their larger variability and resulting variable length of the marker
amplicon, MS markers did require variable PCR conditions which hinder
automatization. The genome wide study approach mentioned above
(Tamiya et al., 2005) had therefore selected preferentially those markers
that had similar amplicon sizes and PCR conditions. However, 3-5% of
markers frequently failed in genome-wide scanning, requiring re-
processing in order to keep the fail rate below 2%. These circumstances
made the development of standardized, fast and cheap assays difficult,
and ruled out a large-scale, high throughput approach on individual
samples.

There was a focus on MS markers that had 3-6 major alleles, which was a
trade-off between technical conditions, LD, statistical power and controlling
the false-positive error rate. Smaller numbers of alleles (e.g. 2) reduced the
informative content, while markers with larger numbers of alleles could be
highly informative and indicate rarer variants but had a poor statistical
power.

Another source of technical difficulties was the requirement for a high-
throughput platform, as the individual sample PCR and typing of several
thousand MS markers would have been prohibitive from a time and cost
perspective. Pooling of DNA was applied, and the method for this was
refined to a degree that the SD for allele frequency differences between
pools and individual genotyping could be kept near +/- 1%. However, the
pooling process required expertise and time, had size limitations (the

volume of the PCR reaction limits the maximal pool size to ~1000
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individuals) and produced some inherent artefacts that required individual
inspection and allele selection of each set of pools per marker. Some
algorithms were developed to semi-automate this inspection step and take
the element of judgement out of this process (Schnack et al., 2004, Perlin
et al., 1995, Miller and Yuan, 1997, Matsumoto et al., 2004, Olejniczak and
Krzyzosiak, 2006). A further disadvantage of DNA pooling was that the
capability to analyze individual information was lost. Samples had to be
pooled towards a single outcome, which restricted the extent of the

analysis.

SUMMARY - technical challenges of genomic screening with

microsatellites

- Due to their high polymorphism, MS markers have varying PCR
and typing conditions.

- Markers with 3-6 alleles are preferentially selected, representing
a trade-off between marker informative content and statistical
power.

- DNA pooling requires time and expertise, and has drawbacks
such as PCR and typing errors, and the loss of individual data

and analysis.
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What was the technical validity of this study?

Typing errors

It was already mentioned in the results section that the MS marker panel
for this study was re-plated from the genome-wide marker panel plates
which were sorted according to PCR typing conditions; therefore the higher
number of initial PCR and typing error was expected, and corrected
successfully (overall 1.1% (donor) and 1.0% (recipient) of the 4,321 MS

markers eventually failed PCR and typing over the two screening steps.

Was the pooled DNA representative of the true allele frequencies?

The quality of the DNA pools, as assessed by a test marker, was in
keeping with the previously reported studies, with no significant allele
frequency differences between pools and individual typing. The mean
allele frequency difference was below 1% in all pools (which was lower
than the 2% reported previously (Tamiya et al., 2005)).

This marker, however, represented only a spot measure of an ‘ideal’
marker under optimal PCR and typing conditions. To gain a better
understanding of the consistency of DNA pool quality the pooled and
individual allele frequencies for the 30 MS markers that were typed
individually were reviewed (data not shown). Again, a very high

concordance was found between pooled and individual typing.

How were pooling/typing artefacts identified and addressed?

The methodology was successful in identifying spurious associations due
to artefacts. Of the eight MS markers that were not confirmed in individual
typing, six had additional low frequency alleles that were not detected in
pooled typing, and rendered the pooled allele association non-significant.
Only two markers had an over-estimation of the associated allele in the
pool resulting in an association that could not be confirmed in individual

typing. This represented a known MS PCR error (preferential amplification
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of the shorter-repeat alleles) which was exaggerated through the pooling
process. Other artefacts that became apparent only in individual
genotyping resulting in non-confirmation of the pooled association included
mistaking a starter peak for an allele, non-polymorphism, and multiple

alleles due to copy number variation.
How were false positive associations addressed?

The two screening steps of this study had, compared to the initial
publication of this methodology, a higher rate of false positive association
(table 5.4). This table shows also a projection of this study based on the
data of Tamiya et.al.(Tamiya et al., 2005) Tamiya et.al.’s study had seen a
reduction in marker number by approximately 90% in the first and second
pooled screening step, and around 60% in the third pooled screening. In
this study a reduction by approximately 75% and 65% was observed in the
pooled screenings. Only the third screening step (which was not a pooled
screening in this study, but a selection by allele identity and OR direction)
reduced the number of associations close to the number projected.

There were differences between the study by Tamiya et.al. and this study
that could explain these findings. Tamiya et.al. had a smaller pool size
(n=125 cases/controls), so the statistical power to detect low frequency
alleles was much reduced, and the investigators would consequently not
include alleles of a frequency of 20% or lower. The pool sizes of this study
were larger, which increased statistical power and sensitivity of low
frequency allele detection. In addition, in order to capture all potential
associations even if of low frequency, alleles of a frequency of 5% and
above were included. This allele frequency was within the technical
resolution of the pooled DNA approach, but at the border or below the
statistical power for the sample size. Analysis of the 2" pooled screening
showed indeed that 48% (donor) and 51% (recipient) of associations had
allele frequencies below 15%.

Tamiya et.al. did conduct the three pooled screening steps with selection
of identified alleles and markers by p-value only (without correction for
multiple testing), and selected by OR direction only after the third
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screening. This study has shown that using a reduced number of MS
markers for a targeted screening, a two-step pooled screening approach

was sufficient.
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Tamiya This study projected This study Donors This study Recipients
2005
Markers f\/larke)rs Markers  Markers Markers  Markers Markers  Markers
total positive % total positive % total positive % total positive %
1st screen 27039 2847 | 10.53 4321 455 | 10.53 4321 1016 | 23.51 4321 931 | 21.55
2nd screen 2847 372 1.38 455 60 1.4 1016 335 7.75 931 314 7.27
3rd screen 372 133 0.49 60 22 0.5 335 31 0.72 314 17 0.39
Indiv typing 133 47 0.17 22 7 0.17 31 6 0.14 17 4 0.09
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Table 5.4: Comparison of rates of positive association between the original genome-wide study (Tamiya 2005), the

projection for and the actual results for this study. The rate of positives in the first and second screens is higher than in

the genome-wide study and the projection, but reaches very similar rates at the entry and after individual genotyping.
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SUMMARY - Internal quality controls point to a high degree of
technical validity of this study:

- PCR and genotyping errors were followed up and largely
eliminated

- Artefacts were actively sought and resolved/excluded

- Prospective typing of a test marker showed a high degree of
concordance between allele frequencies in the pools and by
individual genotyping, in keeping with previous studies using
the same approach.

- Retrospective analysis of individually typed associated
markers confirmed the high concordance

- Alarger number than expected of false positive associations
was anticipated and effective measures taken to separate

false positives from true positives
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5.1.6. Data analysis

Statistical aspects: Are the analyses valid?

The targeted genomic approach had advantages over genome-wide
approaches with regards to statistical power. Investigation of the immune
system was achieved with around 15% of the number of markers needed
for a genome-wide scan. The selection of disease-relevant genes
provided a higher positive predictive value and immediately gave a
pathophysiological link between gene and disease, thus increasing the

likelihood that the association were true.

Aspects of type | and Il errors were already discussed in the previous
section ‘technical aspects’. Knowing that non-HLA associations with
GVHD were likely to be of small effect size, for this study a high degree
of sensitivity was deliberately chosen for the two pooled DNA screening
steps (by including allele frequencies at the level of technical resolution,
rather than at the level of statistical power; and non-application of
multiple testing correction), accepting a large number of false positive
associations. Independent confirmation in a second screening cohort
was sought to confirm or refute the associations of the first screening
cohort, and provided a powerful tool for further selection (allele
identification, OR in the same direction). This approach did indeed
reduce the number of false positive associations efficiently to levels that
were projected, and identified a number of consistent associations. Most
of these associations had effect sizes close to the limit of detection given
the statistical power of this study; hence this was a successful strategy. It
was, nevertheless, not possible to establish which falsely negative
associations may have been missed, as a validation study of the
approach was beyond the remit of this project. On the other hand,
several publications of studies having used the pooled DNA
microsatellite based approach have been successful in identifying new
associations, and most of these studies confirmed the findings of

previous SNP studies, i.e. on rheumatoid arthritis (Tamiya et al., 2005),
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hypertension (Yatsu et al., 2007), Asthma (Hui et al., 2008), adult height
(Kimura et al.,, 2008), anorexia nervosa (Nakabayashi et al., 2009),
complications after radiotherapy for cancer (Michikawa et al., 2010),
psoriasis (Hiruma et al., 2011) and macular degeneration (Meguro et al.,
2012). The genetic risk for Beh(Jet's disease was explored using the
identical genome-wide marker set independently in two populations
(Japanese, Korean), resulting in the identification of HLA-B51 as a
genetic risk (Meguro et al., 2010, Horie et al., 2012). Multiple correction
statistics (Bonferroni’s correction) were applied for the individual
genotyping step only, still resulting in four MS markers being associated
with grade 2-4 acute GVHD.

Nevertheless, detection of effect sizes much below an OR=1.5 was very
limited due to the small number of samples (for a genomic screening
approach). Low frequency alleles caused a large number of false positive
association, hence these were not replicated very well which may have

statistical power as well as technical reasons.
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SUMMARY - data analyses

This study’s approach was deliberately sensitive by:

- using technical resolution of the scan (rather than statistical
power resolution)

- non-application of multiple testing correction through a two-
step screening process.

- Provision of specificity by independent confirmation of

associations that were true but had a low effect size.

Ten such loci were identified, while the number of false positive

associations were effectively reduced.

The statistical power given the pool and cohort sizes, allele
frequencies and number of tests was moderate — associations of

alleles with an OR <1.3-1.5 may not be reliably detected.
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SUMMARY - methodological strengths and limitations |

Strengths:

This study fulfilled criteria for a high-quality genetic association

study:

Population of genetically homogeneous background
Attempt to control genetic, demographic and clinical
confounders

Discovery/independent confirmation study design

Large scale, indiscriminate gene targets

Technical strengths:

Microsatellite markers — wide LD, informative
control of typing errors

high quality DNA pooling

Control of artefacts

Control of false positive associations

Statistical strengths:

Sensitive and specific for small effect size associations
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SUMMARY - methodological strengths and limitations Il

Limitations:

The design of study cohorts for genetic association studies with
HSCT outcomes is difficult:
- Control of confounding variables still requires multivariate

analyses

- Cohort design by selection may induce stratification and new

confounders
- HLA matching adjusted between cohorts, but not

representative of registry

Technical limitations:

- Targeted genomic approach may miss important associations

- MS markers may not capture all genetic variation at a locus

- MS requires pooled DNA approach — loss of individual
information, potential of typing errors

- Lack of validation study for this approach — scope of false

negative markers unknown

Statistical limitations:

- Sample size provides limited statistical power — associations

with Odd’s ratio <1.5 not well represented, HLA subgroup
analysis not very powerful
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5.2 Discussion of results

5.2.1. Hypothesis and objectives

The hypothesis of this study stated: “Allele frequency differences of
microsatellite markers are associated with moderate-severe acute
GVHD”.

The finding of 10 microsatellite loci associated with moderate-severe
acute GVHD through a methodology that complied with many
requirements for a high-quality genetic association study, with valid
technical and statistical results, confirmed this hypothesis; rejecting the
null hypothesis: “Allele frequency differences of microsatellite markers

are not associated with moderate-severe acute GVHD.”

The assumption for this hypothesis was that GVHD is in part a complex
genetic trait, and that common allele polymorphism of non-HLA genes in
the patient and donor genomes contributed to the development of GVHD.
It was also assumed that such non-HLA risk alleles had an effect size
that reached that of certain HLA mismatches, hence could be consistent
despite variation in clinical and genetic risk factors over time. The
objective of this study, the demonstration of the existence of such
polymorphisms through a targeted genome scanning with MS markers,

was therefore achieved.

4.2.2. Roles and functions of identified associations

Exploratory study

Before embarking on a large scale genomic approach, the study

population was explored by a smaller scale pilot study in order to

establish whether identification of small size non-HLA polymorphism

would be feasible in this population. For this purpose 41 SNP markers, all
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of these stemming from previous candidate gene studies, were
genotyped using TagMan® (Applied Biosystems) assays in a
confirm/refute approach (Harkensee et al., 2012).

The study was capable of confirming previously reported SNP
associations: 1L2-330 as a risk for development of chronic GVHD, TNF-
1031 as a risk for severe acute GVHD, and CTLA4-CT60 as protective
against acute GVHD. These findings add credibility to the previous
results, and confirmed the capability of the study population to
demonstrate such non-HLA polymorphisms in a consistent manner. The
associated IL2 and TNF genotypes represent high-producer variants of
these cytokines that have been extensively studied in the context of
GVHD. Both have essential roles in inducing and maintaining GVHD (see
introduction section above). CTLA4 is an important second signal for T-
cell activation, and the findings of these studies are in keeping with

previous results.

Pooled DNA screening and confirmation with MS markers

The identified genomic loci associated with a MS marker represented an
area of LD within which presumably a genetic variant that had a
causative role in grade 2-4 acute GVHD is located. Further work, using a
variety of methods that include higher density mapping with MS or SNP,
or sequencing, would be required to determine the true LD and detect
such genetic variants. The following description of roles and functions of
genes within the LD ranges of the associated markers is therefore

assumptive; the causative genetic variants still remained to be found.

The findings from this work underline the notion that modulation of the
antigen recognition and subsequent T-cell activation by non-HLA genes
may occur during any of the three stages in the pathophysiology of
GVHD. The microsatellite loci identified by this study put new pathways
onto the map of GVHD pathobiology. Presuming that LD is strongest
close to the MS location, genes that are in close range or are an isolated

gene within the LD range have a higher likelihood to be a player in GVHD.
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In this study, the MAPK14 (key player of proinflammatory response within
the TLR pathway) and ELTD1 (a membrane protein closely involved in
leukocyte adhesion and migration through endothelia) loci not only clearly
have important roles in immune function, but also strong associations
withstanding Bonferroni’ correction. AGPAT4, another isolated gene
within the MS markers LD, has an unknown function but SNP
polymorphisms had been associated with GVHD severity before
(Turpeinen et al.,, 2009). Strikingly, that study found a donor risk
associated with a genetic variant, as did the microsatellite in this study.
The associated SNP in the study by Turpeinen et.al. is polymorphic in the
Finnish as well as Caucasian population, however, not in the Japanese.
AGPAT4 is a transcriptional variant of the AGPAT1 locus which is
situated in the MHC Class lll region on chromosome 6, and is expressed
uniformly in most tissues. AGPAT4 is highly polymorphic, and the linkage
it may have to other MHC genes has not been studied sufficiently.
However, ectopic expression of AGPAT in cytokine responsive cell lines
may lead to enhanced expression of TNF when stimulated with IL1[3,
suggesting the gene could have a role in immunoregulation (Leung,
2001). The finding that the AGPAT4 locus shows association in a
consistent pattern across two genetically very diverse population makes
this gene a very strong candidate for further exploration and, hopefully,
clinical application.

Some loci have more than one gene within the LD range. Target gene
F2RL1 is a clotting factor with well known immunomodulatory properties,
like regulation of chronic inflammation in blood vessels, leukocyte rolling,
adhesion and extravasation, and activation of T cells and neutrophils.
The other gene at this locus, S100Z, is a known risk gene for
inflammatory bowel disease. SOCS3 is attributed with an important
negative feedback loop of cytokine secretion, which is a potent driver of
GVHD.

Other loci implicate apoptosis pathways (DDX42) or broader metabolic
and regulatory pathways (e.g. SHROOM2 - epithelial generation and
regeneration, TBL1X — NFkB recruitment for gene transcription, PSMC5

— proteasome function, SMARCD2 — transcriptional activator).
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The loci on the X-chromosome (IL1RAPL2 and TBL1X) are of particular
interest, as they could represent potential minor histocompatibility
antigens (mHag). In fact, the MS DXS0151i showed a protective effect for
non-female to male HSCT (p=0.03) with regards to acute GVHD grade 2-
4. The prevalence of rejection was too small (n=20) to yield robust results,

hence further study is required to clarify the role of this marker.

How should the results of these studies be followed up?
How can the findings from these studies be applied in clinical

practice?

Exploratory study (further details see supplementary file 5.1):

A confirmatory study on a larger cohort with more clearly defined
HLA matching and clinical subgroups (this study, with participation
of the author, of SNP markers associated with HSCT outcomes
from previous studies in Japan, is currently under way).

e A full typing of all SNP in both screening and confirmation cohort
would be desirable to understand the issue of reproducibility better
(there are no plans to conduct this at present).

e Functional data: the possibility of correlating gene expression (e.g.
of IL2 and TNF) with clinical phenotypes should be explored,
prospective observation of recipients with genotype, expression
profiles and clinical phenotype

e If this would show a difference in GVHD outcome between cases

and controls (i.e. confirm that these genotypes would indeed

predict risk), an interventional clinical trial could be undertaken.

MS-based pooled DNA scanning study:

e Confirmation of all MS markers in a separate cohort would be

desirable
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e Associated MS loci should be explored further in order to identify
underlying causative genetic variants. This requires fine mapping
with SNP and MS markers in the first instance to limit the size of
the susceptibility area (practically, mapping the haplotype block of
the MS marker). Sequencing can then be applied to identify
functional gene variations. (JMDP and Tokai University have
agreed to perform this investigation for the MAPK14 locus lead by
the author using newly designed MS markers, tagSNP and next
generation sequencing).

e All identified causative genetic variants should be confirmed
independently, functional data gained and prospective clinical
application sought, as described for the exploratory study.

e The microsatellite locus in the MAPK14 gene could be a treatment
target: This gene is known to promote inflammatory responses,
and specific MAPK14 inhibitors have been developed and trialled
in conditions like rheumatoid arthritis. The effects were short
lasting with no overall benefit after a 6 month treatment period.
The reasons for the short duration of the effect and how to
overcome this are not currently known, nevertheless, MAPK14
inhibitors potentially could have a future role in prevention or
treatment of acute GVHD.

e It would be conceivable that the information of genetic
risk/protective loci gained by this study could be used to intensify
or relax GVHD prophylaxis regimen, based on a predictive score.
This information could also serve in the selection of donors, should
there be a choice available and should GVHD be a particular risk
to be avoided. It would be essential to test such hypotheses in a
prospective manner on a contemporaneous HSCT population.

e The identified MS loci suggest many pathways not implicated with
GVHD before — there is a wide scope for further genetic and
functional studies.

e Further study of the X-chromosome loci — could these associations

represent mHags?
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SUMMARY - Discussion of results

- Demonstrating the existence of non-HLA MS susceptibility
regions for acute GVHD risk confirms the hypothesis of this
study

- These susceptibility regions contain genes that implicate several
new pathways with the pathophysiology of acute GVHD

- All findings should be confirmed in a further independent cohort

- Further exploration of MS loci include fine mapping or
sequencing

- Prospective clinical evaluation of risk genotype, gene
expression profiling and clinical phenotype is required before
application in clinical practice

-  The TNF-1031 and IL2-330 SNP could be applicable for
prospective clinical observation

- The MAPK14 locus brings potentially a clinical application. The
pathophysiological role in inflammatory diseases is reasonably
well understood, a treatment exists and has been used in a
clinical trial. MAPK14/p38 inhibitors could have a future role in

GVHD prophylaxis and treatment.
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5.2.3. Implication of the results for study design and methodology

In the SNP-based pilot study and the MS-based immunogenome
screening alike, results pointed to themes that had so far not been well

addressed in previous studies:

e The effect size of associated markers remained small
¢ Reproducibility of previous associations was low

e Construction of appropriate study cohorts remained a challenge

The objectives of the design of these two studies were to apply stringent
methodology that would eliminate spurious results, but also allow a high
degree of sensitivity in order to pick up low effect size associations.
These studies were two of few who considered control of confounding
variables by actively selecting cases to provide more homogeneity.

The screening step of the exploration study identified several SNP
genotypes associating with HSCT outcomes, some of these confirming
previous reports, with appropriate significance level and effect size. It
was surprising that only a very small number of these replicated
independently in the confirmatory cohort. The observation was that
associations disappeared or even reversed.

These findings were mirrored in the MS-based study. This study included
all genes that were reported as being associated with acute GVHD in the
literature. Forty MS markers linking to 25 previously associated gene loci
were positive in the first screening (table 5.5). None of these, with the

exception of the TNF locus which showed a trend, was replicated.

What could have been the reasons for this lack of replication?

e Despite the effort of reducing confounders, such as demographic
(recipient age), clinical (diagnosis, HSCT source, conditioning) and

genetic (homogeneous ethnic background, subgroup analysis of HLA

matching) ones, this study population had still known confounders
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which were significant in multivariate analysis (donor age, HLA
matching). There were probably unknown confounders which may not
have been captured in the dataset.

The adjustment of the degree of HLA matching of the confirmatory
cohort to that of the screening cohort. As the HSCT’s of the earlier time
frame (1993-2000) were more mismatched due to lack of better donors,
the confirmation cohort represented the same degree of mismatching,
although the overall HSCT population in Japan already experienced
better HLA matching. As a result, prevalence of GVHD in the
confirmatory cohort was slightly higher than in the overall HSCT
population in Japan from the same time frame.

Allocating HSCT into two distinct time frames (1993-2000 versus 2001-
2005). This was introduced as an additional measure to make
consistency more robust, by making associations independent of
changes that occurred over the 13 years of development of HSCT. To
some degree it could be expected that this measure reduced unknown
confounding variables, but it was likely to have reduced the power of
confirming associations from the screening cohort. This means that
some of the positive associations in the screening step of both studies
may well not have been spurious, but not confirmed because of
competing confounders.

Statistical power of these studies was limited — if the effect size in the
confirmatory cohort was below the level of adequate statistical power, it

may have escaped detection.

Most of the previous studies in the field of non-HLA genetics tried to
control genetic confounding by selecting HSCT pairs that were either
HLA matched related or unrelated HSCT. The thinking behind this
strategy was that HLA mismatching had strong effects on HSCT outcome
while non-HLA genetic variants had small effects. In order to show these

small effects, HLA mismatching would have to be reduced, otherwise

smaller effect size associations could not be detected because these

would not be visible in the ‘noise’ of genetic confounding.
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These studies have observed that indeed some non-HLA polymorphisms
showed effects mainly or only in the HLA-matched subgroup (e.g. IL2-
330 and CTLA4-CT60 SNP in the exploratory study; F2RL1, AGPAT4
loci in the MS-based study). However, it was remarkable that some
effects were clearly stronger in the HLA mismatched subgroups, with
weak or absent effects in the HLA matched subgroups (e.g. TNF-1031
SNP in the exploratory study, ELTD1, SOCS3, DDX42 and AKT3 loci in
the MS-based study). As the statistical power was only moderate, future
confirmatory studies are certainly required to confirm this finding.

If confirmed, the finding that different degrees of HLA matching or
mismatching involves different genetic risk loci, could expand the current
knowledge of the pathophysiology of GVHD. Although the T-cell
mediated alloreaction remained in the centre of the pathophysiological
process, modulating mechanisms that were responsible for the severity
of GVHD could be very different depending on the degree of HLA
matching. It could be postulated that GVHD in fact involves very diverse
pathomechanisms according to the HSCT setting (e.g. related/unrelated
donor, cord HSCT, presence of minor histocompatibility antigens,
preceding tissue damage through infection or chemotherapy, etc.), and

therefore would require diverse strategies of prevention and treatment.

The literature review undertaken for these studies showed that small
effect sizes and poor reproducibility are notorious for non-HLA
polymorphisms associating with HSCT outcome. This study tried to
overcome these problems by using stricter criteria for cohort inclusion
and independent confirmation, thus improving the study quality. Despite

this, low effect sizes and poor reproducibility persisted.
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What are the methodological lessons learned from this study?
What should future genetic association studies in the field of HSCT

consider?

e Studies should be adequately powered: Most associations are
expected to be of low effect (i.e. OR <2), therefore the size of the
cohorts should be able to provide statistical power within this range.

e An independent confirmatory cohort from the same ethnic and clinical
background would be essential.

e Construction of cohorts with careful exploration and measures of
control for demographic, clinical and confounders. Such confounders
include: Age of donor and recipient, sex of donor and recipient
(demographic), type and source of transplant, conditioning regimen,
GVHD prophylaxis, etc (clinical), ethnic background, HLA matching,
KIR, mHag (genetic). The expanding registries and application of
HSCT may soon be able to provide adequate numbers of subjects for
such approaches.

e Expanding the scope of investigated populations — ‘from the bench to
the bedside’. The research question should not just focus on
understanding the mechanisms of GVHD, but translate into clinical
practice (i.e. studying small subgroups like HLA-matched HSCT may
have helped clarifying some of the non-HLA genetic risk, but was of
little relevance in clinical practice because the results refer to a small
and diverse population). Selecting cohorts that share clinical
characteristics like diagnosis, type of HSCT etc. makes results more

relevant to clinical practice and facilitates translation.

217



218

Genetic loci previously Within ‘top 100’ associations by p-
associated — positive in 1% value
screening

ABCBI1 IL6 IFNG
CCL2 IL7R

CCR5 ITGA4

CTLA4 KIR

CXCR3 MTHFR

ESR PTPN22

FCGR3 TGFB

GSST1 TGFBR

HSPAIL TLR3

IFNG TLR4

IL1 TNF

ILIRN TNFRSF1B

IL2

Table 5.5: Gene loci associated with GVHD in previous studies
showing an association in the 1% screening step. None of these
were replicated in the 2" screening step, except TNF which showed

a trend.
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SUMMARY - methodological implications for future studies

- Although study power and cohort selection had an impact
on results, lack of reproducibility and small effect sizes of
associated genotypes is a common theme in non-HLA
gene association studies

- Associations differ between HLA-matched and HLA-
mismatched subgroups, indicating that non-HLA gene
polymorphisms may have variable effects in different HSCT
settings

- Future genetic association studies need to consider
adequate statistical power, stringent study designs and
careful cohort construction.

- The perspective, aim and objectives of future studies

should also be on clinical questions
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5.3. Future

Despite the plethora of data from genome-wide association studies, very
few of these, SNP or MS based alike, have actually been able to identify
causative genetic variants. The epigenetic function of the genome just
has begun of being understood, projects such as ENCODE provide a
deeper insight on how genes are regulated (Consortium, 2007).
According to this research, gene function could be regulated by structural
(mutations, polymorphisms, etc) or functional (epigenetic) elements, the
latter ones may not necessarily comply with the limitations of haplotype
blocks or LD. For example, remote regulatory elements may cause an
association signal, but the regulated gene could be far away outside the
LD range (Consortium, 2007).

The scope of genetic disease association research is rapidly expanding.
Genome-wide, high-throughput approaches with SNP or MS markers
have rapidly advanced knowledge about the influence of genetic
polymorphisms on health and disease, and have enhanced
understanding of underlying pathomechanisms.

Despite these advances, common genetic variables only explain a very
small fraction of the total genetic risk (2-3%), the missing proportion has
been referred to as the ‘dark matter’ of genetic risk (Maher, 2008). SNP-
based genome-wide association studies of common genetic variants may
not be best suited to explore missing genetic risk due to the high
threshold of significance, which makes small effect size association
escape detection. The MS approach using a multi-step confirmation
design without application of multiple testing correction statistics at this
stage, maybe somewhat more sensitive, but no direct comparison
studies have been performed. Apart from small effect size, there are
several reasons for this lack of detecting larger proportions of genetic risk
(Maher, 2008):

e Associated marker in LD with causative variant - loss of effect size
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e Rare alleles that may not be captured by scanning for common
variants

e Copy Number Variations (CNV) — which are not picked up well by
current genome-wide approaches (Stefansson et al., 2008, Consortium,
2008)

e Transcriptional control of a gene locus by several other genes which
are not necessarily in LD (Brem et al., 2002)

e Epigenetic effects (Waterland and Jirtle, 2003)

There are several ways how more knowledge about the ‘dark matter’
could be established. Fine mapping of regions within LD of associated
markers, using SNP, MS or sequencing, could reveal causative
variations. Most recently, sequencing of selected genomic regions or the
whole genome came within reach of broad application with the advent of
faster and cheaper sequencing technology (next generation sequencing).
Next generation sequencing (NGS) works by high-throughput, parallel
sequencing of overlapping short stretches of genome (100-250 bp),
which are annotated by computational methods (Bentley et al., 2009).
NGS is capable of detecting rare variants that escape detection by
genome-wide studies using SNP or MS markers; and is very effective in
detecting new microsatellites fur further investigation (Santana et al.,
2009, Zalapa et al., 2012).

Future efforts are aiming to integrate data from large scale genomic and
gene transcription or expression research (Hansen, 2008). A few
microarray studies have already been undertaken measuring protein
signatures of GVHD in urine (Weissinger and Dickinson, 2009, Kaiser et
al., 2004) or gene transcription in blood (Buzzeo et al., 2008, Krijanovski
et al., 2007, Paczesny et al., 2009b). These studies, especially if capable
of discriminating profiles in different HSCT settings, could greatly

contribute to the understanding of GVHD pathophysiology.
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The future of genetic research into the causes of GVHD is likely see

new approaches:

- larger scale marker-based genomic studies, using SNP or MS
markers

- integration of genetic and functional data, dissection of
GVHD pathophysiology

-  Whole genome sequencing approaches is likely to identify
further, and rarer genetic variants associating with GVHD, but

have not yet been conducted.
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5.4. Conclusions

This study has demonstrated that a MS-based, pooled DNA scanning
methodology, derived from a genome-wide scanning approach and for
the first time applied in an HSCT setting, was capable of identifying non-
HLA genetic risk loci for the development of moderate-severe acute
GVHD.

The expected low effect size of associations suggested an approach that
was robust, powerful and sensitive. This study did show that a
microsatellite-based approach had some inherent advantages (i.e. more
informative markers, a study design of a multi-step screening) over
similar SNP-based approaches, but also some disadvantages (e.g. the
requirement for DNA pools, lack of high-throughput platforms).

With regards to translating the study design, overall this study went much
further to control confounding variables than previous studies, but some
confounders remained. Due to the nature of rapidly evolving progress in
this field, robust cohort design is difficult. The choice of genetic marker
type, study design with independent confirmation, and selection of a
population from an ethnically homogeneous background with attempt of
controlling confounders complied with well laid out requirements for a
high-quality genetic association study. A larger number of subjects,
providing the study with a stronger statistical power, could potentially
have led to a larger number of susceptibility loci identified. From a
technical perspective, extensive quality controls had ensured adequate
quality of pooled DNA and interpretation of typing signals. False positive
markers had effectively been eliminated, despite a deliberately ‘sensitive’
approach by using technical resolution of DNA pools as a threshold for
inclusion, and non-application of multiple testing correction whilst building

on confirmation in an independent cohort to rule out false positives.
This approach confirmed three previous SNP associations (IL2-330,

TNF-1031 and CTLA4-CT60) in an exploration study, and ten new target
gene microsatellite loci (F2RL1, MAPK14, ELTD1, IL1RAPL2 (x2),
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SOCS3, TBL1X, DDX42, AGPAT4 and AKT3) in MS-based pooled DNA
approach. All of these loci should be confirmed in a further independent
cohort. Some of these loci, e.g. the SNP from the exploration study which
have known high-expression genotypes, are close to potential
prospective observation and application in clinical practice as predictors
of risk. The MAPK14 locus was confirmed in this study by SNP typing,
was already one of the better understood with regards to
pathophysiology (it was involved in pro-inflammatory responses). A
specific treatment (p38 inhibitor) already exists that has been trialled in
humans. Hence, the way to clinical application could be promising. An
associated MS in the AGPAT4 locus has confirmed the finding of
association in this locus in a genetically diverse population, rendering this

locus a strong candidate for further exploration.

Some observations in these studies raised new questions and
hypotheses. This study demonstrated that small effect size associations
with  HSCT outcome did exist and could be consistent, but most
associations from the screening step were not reproducible, even with
this more stringent study design. Heterogeneity of confounders, hence
cohort construction, was a likely cause for the lack of reproducibility.
Future studies should consider more the issues of statistical power, study

and cohort design.

Another important observation was the discrepancy of effect markers had
in HLA matched or mismatched subgroups. With the focus mainly on
HLA-matched study cohorts, previous studies may have missed
associations that are predominant in HLA-mismatched subgroups only. It
may be possible that the pathogenesis of GVHD involves different genes
in different degrees of HLA matching — a hypothesis that would have to
be proven by future studies.

The availability of ever larger HSCT registries for research is likely to
facilitate larger scale investigations that are likely to overcome the
methodological problems of previous studies (i.e. statistical power),

including this one. The future will probably see larger scale genomic
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approaches (e.g. SNP, MS or sequencing based) and integration with
gene expression, elucidating the pathophysiology of GVHD and

identifying new targets for clinical application.
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