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ABSTRACT
Genetic and environmental factors influencing susceptibility to the complex disease multiple

sclerosis. Giulio Disanto, Merton College, DPhil in Clinical Neurology, Nuffield Department of Clinical
Neurosciences, University of Oxford, Trinity term 2013.

Multiple sclerosis is a complex immune mediated condition of the central nervous system
characterized by myelin loss and progressive neurodegeneration. The risk of developing MS is
influenced by both genetic and environmental agents and, among them, several lines of evidence
support a role for vitamin D deficiency, Epstein-Barr virus (EBV) infection and smoking in the
aetiology of this disease. The aim of this work was to further elucidate how nature and nurture act in
the causal cascade leading to MS. In chapter 1, | show that the main genetic factor in adult MS (the
HLA-DRB1*1501 allele) plays an equally important role in paediatric cases of MS (PMS) and that EBV
negative PMS patients represent a separate entity characterized by lower age at disease onset, lower
female to male ratio and a trend towards a lower frequency of the HLA-DRB1*1501 allele. In chapter
2, | provide evidence in support of month of birth having a role on MS risk and T cell production and
that vitamin D may underlie this effect. In chapter 3 | demonstrate the presence of a link between
vitamin D deficiency and the immune response against EBV, whereby the proportion of EBV
seropositive MS patients and controls increases with increasing latitude and high dose vitamin D
supplementation appears to reduce the level of antibodies against this virus. In chapter 4, | show that
MS associated genetic variants are located in genomic regions that exert a regulatory function and
are active in immune cell types. In chapter 5, | illustrate how vitamin D receptor binding is also
located within active regulatory regions in immune cells and that this is particularly evident near MS
associated genes. Finally, in chapter 6, | use chromatin data on more than 100 different cell types and
conclude that MS associated genetic variants are particularly active in T helper, T cytotoxic and B
cells. Further work is needed to elucidate how genetic and environmental agents play a role in the

cause of MS and to develop effective strategies for disease treatment and prevention.



INTRODUCTION TO MULTIPLE SCLEROSIS

Multiple sclerosis (MS) is a highly debilitating immune mediated disorder of the central nervous
system (CNS) and represents a substantial burden to the developed world (1). The prevalence of MS
in Western Europe and North America is approximately 1/1,000, while incidence estimates range
between 5 and 10 new cases per 100,000 individuals every year (2). Between 85,000 and 100,000
individuals are affected by this often devastating condition in the United Kingdom and this makes MS

the most common cause of acquired neurological disability in young adults in this country.

CLINICAL FEATURES AND DIAGNOSIS

The clinical course of MS is highly variable, ranging from individuals showing occasional sensory
nuisance throughout their lifetime to patients with fulminant course and death within months after
disease onset. Approximately 85% of MS patients present with a clinically isolated syndrome (CIS).
This can be defined as a single demyelinating and clinical evident episode that lasts for at least 24
hours and occurs in the absence of fever or infection, with no clinical features of encephalopathy (3).
Although polysymptomatic CIS cases are possible, the attack usually involves a single CNS site and can
have a variety of manifestations including limb numbness (paraesthesia), optic neuritis (inflammation
of the optic nerve leading to loss of vision) and motor symptoms such as ataxia and hemiparesis (3).
Approximately 60% of CIS patients later develop the relapsing-remitting form (RRMS) within 20 years
time, in which acute exacerbations are followed by periods of remission of symptoms (4). Few clinical
features are disease-specific, but particularly characteristic are Lhermitte's symptom (an electrical
sensation running down the spine or limbs on neck flexion) and the Uhthoff phenomenon (transient
worsening of symptoms and signs when core body temperature increases, such as after exercise or a

hot bath) (1, 5). With time, recovery from each episode is incomplete and approximately 60-70% of



RRMS cases enter the secondary progressive phase of MS (SPMS) in which neurological disability
accumulates in the absence of remission (1). About 20% of MS patients instead develop the primary
progressive form of MS (PPMS), in which the disease is progressive from disease onset (1).

The principle of diagnosis in RRMS is to establish from clinical evidence, supplemented by laboratory
investigations, that disease activity (consistent with focal demyelination) has affected more than one
part of the CNS (dissemination in space (DIS)) on different occasions (dissemination in time (DIT)) (1).
The current diagnostic criteria (2010 revision of McDonald criteria) define a clinical attack or relapse
as patient-reported symptoms or objectively observed signs typical of an acute inflammatory
demyelinating event in the CNS, current or historical, with duration of at least 24 hours, in the
absence of fever or infection (6). DIS and DIT can be clinically established in the presence of two
demyelinating episodes affecting separate sites of the CNS and occurring at least 30 days apart.
Magnetic resonance imaging (MRI) can be used as a substitute for one of two clinical episodes. DIS
can be demonstrated by the presence of at least 1 T2 lesion in at least 2 of 4 locations considered
characteristic for MS (juxtacortical, periventricular, infratentorial, and spinal cord). DIT is instead
indicated by at least one of the two following conditions: 1) a new T2 and/or gadolinium-enhancing
lesion(s) on follow-up MRI, with reference to a baseline scan irrespective of the timing of the baseline
MRI; 2) Simultaneous presence of asymptomatic gadolinium-enhancing and non-enhancing lesions at
any time (6).

For PPMS to be diagnosed, the presence of both of the following criteria is necessary: 1) One year of
disease progression (retrospectively or prospectively determined); 2) Two of the 3 following
conditions: |- Evidence for DIS in the brain based on 21 T2 lesions in at least 1 area characteristic for
MS (periventricular, juxtacortical, or infratentorial); II- Evidence for DIS in the spinal cord based on >2
T2 lesions in the cord; lll- Positive cerebrospinal fluid (CSF) (isoelectric focusing evidence of

oligoclonal bands and/or elevated IgG index) (6).



PATHOLOGICAL AND IMMUNOLOGICAL SIGNATURES OF MS

Although more than 100 years have passed since Charcot, Carswell, Cruveilhier, and others described
the clinical and pathological characteristic of MS, both the etiology and the pathogenesis of this
disease are not yet conclusively known. The hallmark of MS is the formation of a sclerotic plaque in
the CNS, which represents the end stage of a process involving inflammation, demyelination,
remyelination and axonal degeneration (1, 5). Partially demyelinated axons conducting action
potentials at reduced velocity and neuronal loss lead to the characteristic delay in evoked potentials
in MS patients and to neurological disability.

In the relapsing-remitting phase of MS inflammatory demyelination within active white matter
plagues plays a central role. Myelin-laden macrophages and (to a lesser extent) CD8+ T cells
dominate the lesions, while CD4+ T helper (Th) cells (both Thl and Th17) are found primarily in the
perivascular regions and relatively smaller numbers in the parenchyma (7-10). This immune-mediated
demyelinating process is accompanied with a variable extent of acute axonal injury and loss and
partial remyelination (8). However, cortical demyelinating lesions are also present in RRMS and have
been shown to correlate with cortical atrophy, disease progression, physical disability, and cognitive
impairment at later stages (11-13).

The pathology of progressive MS (both SPMS and PPMS) is considerably different. Focal
demyelinating lesions are still present but appear less immunologically active than in RRMS. While
moderate inflammatory infiltrates (mainly composed of T cells and microglial activation) are located
at the margins of the lesions, neurodegeneration represents the main pathological finding with
diffuse atrophy of both grey and white matter. Normal-appearing white matter (NAWM) also shows
diffuse inflammation, generalized activation of microglia and considerable axonal injury and

destruction (8). Also B and plasma cells become increasingly prominent. Inflammatory aggregates



organized as B-cell germinal center—like structures have been observed in the subarachnoid space of
SPMS cases and associated with features indicative of a more severe disease course (14, 15).
However, in MS as well as in other complex immune mediated diseases, primary causal and
secondary events are difficult to separate. Furthermore, lymphocytes may be absent in early MS
lesions with extensive oligodendrocyte loss and demyelination (16, 17). Therefore, despite the
amount of information that is today available regarding the pathological features of MS, which cell
types drive the demyelinating process and how this happens is still largely unknown. T cells and in
particular CD4+ Th cells have until recently been considered the primary immune drivers in MS.
Evidence supporting this hypothesis includes the fact that the main MS genetic risk factor resides in
the major histocompatibility complex (MHC) class Il region, which plays a central role in the
development of CD4+ T cell central tolerance and that the animal model of MS, experimental
autoimmune encephalomyelitis (EAE), can be adoptively transferred to mice by the injection of
encephalitogenic myelin-specific CD4+ Th cells (18, 19). However, phase |l clinical trials testing the
effect of monoclonal antibodies targeting the Th response such as Ustekinumab and cM-T412
reported no benefit in RRMS (20, 21). In clear contrast, analogous antibodies prevented the
development of EAE (22, 23). These trials demonstrate why, although animal models can represent
useful tools in modern research, one needs to be aware of their distance from the human disease.

It seems therefore unlikely that MS is driven by a single pathogenic cell type and the role of several
components of both the adaptive and innate immune system is now widely acknowledged. For
example, the importance of B cells in MS pathogenesis is suggested by the fact that the intrathecal
synthesis of clonal IgG in the CSF is the most consistent immunological finding in MS and this
indicates abnormal B cell activation within the CNS of MS patients (24). Furthermore, B cell
abnormalities influence both conversion to clinically definite MS, MRI activity, onset of relapses and

disease progression (14, 25-29). As mentioned above, in active MS lesions and unlike the lesions of
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EAE, CD4+ T cells are outnumbered by MHC class |-restricted, clonally expanded CD8+ cytotoxic T
cells (30). In addition, also MHC class | genes (important for CD8+ T cell central tolerance) are
associated with the risk of MS (31). Finally, accumulating evidence supports the presence of
functional abnormalities in both regulatory T and natural killer cell compartments in both EAE mice

and human MS patients (32-34).

RISK FACTORS AND DISEASE AETIOLOGY

It is now established that genes, environmental factors and their interactions underlie the aetiology
of MS (1, 35). However, which genes and environmental factors are implicated, to what extent they
contribute to MS pathogenesis, and the precise meaning of the term “interaction” remain largely
unknown and the subject of debate. Nowadays researchers are able to explore disease aetiology
using tools that only a few years ago appeared unrealistic, including the investigation of DNA
sequence and epigenetic modification across the whole genome at the single nucleotide level. Still, it
is surprising to see how the most recent and relevant findings in MS were in fact suggested years
earlier by ecological and epidemiological studies investigating the incidence, prevalence and
geographical distribution of this complex disease. The identification of risk factors influencing MS
development and their time points of action will aid our understanding of MS pathogenesis and

ultimately in the development of disease treatment and prevention strategies.

Clues from epidemiology

That susceptibility to MS is influenced by the genes we inherit was clearly shown by large population-
based studies investigating the familial aggregation of the disease. The recurrence risk for MS
increases with degree of kinship, being higher in the nuclear than in the extended family and the

highest among monozygotic (MZ) twin pairs (figure 1) (36). The same does not apply to non-biological



11

relatives such as those of adoptees suffering from MS and spouses of MS patients indicating that the
shared familial microenvironment exerts little influence on susceptibility (37, 38).

Although these studies have provided the rationale behind genetic studies in MS, other
epidemiological observations clearly suggested that genes were not deterministic and that genetic
susceptibility can be shaped by unknown external agents that we are now starting to recognize and
understand. This can be intuitively appreciated from the observation that MS concordance in MZ
twins is far lower than 100% (39). The heritability estimates (i.e. the proportion of the phenotype that
is due to genetic differences) which are calculated based on twin concordance rates, vary widely
between studies (ranging from 0.25 to 0.76) (36, 39-44). While different assessment strategies and
statistical methods represent potential factors of data variation (39), it appears that external
variables such as latitude of birth can also influence MS twin concordance rates (44).

One of the most historically acknowledged features of MS is the positive correlation between its
prevalence and distance from the equator (45-47). When incidence rates rather than prevalence are
considered, the latitude gradient is absent in the northern hemisphere but striking in the southern
hemisphere. Data from Australia and New Zealand suggest that when investigated in a genetically
homogeneous background, latitude has a substantial influence on MS risk (48, 49).

Several lines of evidence point to pre-birth and early life factors in MS aetiology. For example the risk
of MS in second and third generation Asian, African and West Indian immigrants to the UK appears
relatively high, similar to that of the general English population and higher than first generation
immigrants (50). In addition, MS patients’ births follow a seasonal distribution being more and less
frequent during the spring and the autumn respectively. This has now been shown in a number of
regions and countries including Canada, Denmark, Sweden, Finland, Sardinia, Australia, France,
England and Scotland (51-58). Furthermore, the observation that the recurrence risk for dizygotic

(DZ) twins is almost twice that for normal full siblings and concordance rates among maternally
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related half siblings is higher than among paternal ones, more specifically highlight the importance of
gestational environment on MS risk (36, 59).

Studies investigating the incidence of MS among immigrants to other countries strongly suggest that
factors acting during childhood and adolescence also influence the risk of MS. For example a nearly
70% decreased risk of MS was found among British individuals who migrated to South Africa before
the age of 15 (60). Similarly MS risk was shown to be higher in Indian and Pakistani immigrants who
entered the UK under 15 years of age (61). Perhaps the strongest evidence for environmental factors
in MS is the observation that the female to male ratio of MS has been substantially increasing
worldwide over the last century and this increase is particularly clear in large population-based
studies from Denmark and Canada (2, 62). In the latter, the sex ratio of MS patients born in the 1930s
was lower than 2 and then increased to more than 3 females for each male patient in the latest birth
cohort analysed (1976-1980). A change occurring within a century is too short a time for a genetic
cause and suggests that environmental factors are at work in a sex-specific manner.

Taken together, these findings indicate that MS is a complex disorder in which environmental
exposures operating at different time points (pre-birth, childhood and adolescence) trigger disease
onset in genetically susceptible individuals (63). Latitude related agents appear to play an important
role. In addition to genes, three environmental risk factors now have overwhelming support from the

scientific community: vitamin D deficiency, Epstein-Barr virus (EBV) infection, and smoking behaviour.
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Figure 1: Age adjusted recurrence risk in biological relatives of MS patients (data from Willer et al.
2003)

The role of genes

The development of genome wide association studies (GWAS) has been a valuable tool for enabling
the discovery of genetic variants contributing to complex traits. However, the main genetic locus for
MS was discovered in the 1970s, long before we entered the GWAS era (64). Family-based and
association studies more precisely identified the responsible variant for MS in the MHC region,
specifically the HLA-DRB1*1501 class Il allele (18, 65-67). Notably, this allele has been found to
increase the risk of MS in nearly all populations studied and its presence in homozygosity increases
the risk of MS more than 6 fold (18, 35). However, almost every HLA-DRB1 allele has been either
positively or negatively associated with MS and substantial heterogeneity is observed between
populations. For example, DRB1*03, DRB1*04 and DRB1*13 alleles increase the risk of MS in the
Sardinian population, while protection is exerted by DRB1*01, DRB1*10, DRB1*11 and DRB1*14 in
Canadians and DRB1*09 in Japanese (18, 68, 69). This scenario is further complicated by the presence

of cis and trans epistasis between different HLA-class Il genes (65, 66, 70). But the role of genetics in
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MS is not limited to the MHC and in recent years the development of GWAS has provided further
insights into the genetic architecture of MS (31, 71-73). The International Multiple Sclerosis Genetics
Consortium (IMSGC) and the Wellcome Trust Case Control Consortium 2 (WTCCC2) recently
performed a GWAS including more than 9,000 MS patients and found evidence for 57 genomic
regions in addition to the MHC. In the latter, independent signals were identified from both HLA class
Il (DRB1*15:01, DRB1*03:01, DRB1*13:03) and class | (A*02) alleles (31). A gene-ontology analysis of
the genes located within MS-associated regions showed a substantial overrepresentation of immune-
related processes which further confirmed the immunological nature of the disease (19, 31).
Interestingly no association was found with either clinical course (relapsing remitting vs primary
progressive) or rate of progression as measured by the Multiple Sclerosis Severity Scale (MSSS) (31).
Despite the large number of identified risk alleles, taken together these variants could explain only
~20% of MS genetic risk, most of which arose from the MHC variants. It thus appears the early
expectations that GWAS would be definitive in identifying the genetic basis of complex diseases have
now been supplanted with the reality that only a small fraction of heritability is explainable by GWAS
findings (74). Further increasing the sample size will be unlikely to provide a solution. Several
mechanisms have been proposed to explain such missing heritability including gene-gene and gene x
environment interactions, epigenetics, and rare genetic variants (frequency <0.5% in the population)
(74, 75).

It is not so uncommon to observe several individuals affected by MS within the same family. Studies
have shown that multiplex families (families with several affected members) are particularly loaded
with MS associated common variants, but this cannot entirely explain such aggregation of disease
(76, 77). Therefore a role for rare and highly penetrant variants appears plausible. Such rare variants
may also be involved in sporadic cases since even when odds ratios (ORs) are higher than 2,

penetrance may be too low to create familial aggregation (78). Since the identity of these variants is
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largely unknown, they cannot be included in current SNP panels and sequencing strategies are
required for their discovery. The development of next generation sequencing technologies will

facilitate the discovery of rare variants of large effects in MS (79).

Vitamin D

An important role for sunshine and ultraviolet (UV) light exposure and consequent vitamin D
production in MS is now widely supported (80). Epidemiological evidence linking vitamin D and MS
comes from the observation that the prevalence of MS in England and France inversely correlates
with UV radiation and that sunshine exposure during childhood and adolescence protects against MS
(81-85). This does not necessarily implicate a role for vitamin D since any other factor related to
sunshine/UV exposure could be mediating these findings. However the involvement of vitamin D is
further supported by studies showing how risk of MS is inversely associated with both vitamin D
intake (RR=0.59, 95%CI=0.38-0.91 for intake > 400 IU/day) and 25-hydroxylvitamin D (25-OH-D) levels
(OR=0.59; 95%Cl=0.36-0.97 for a 50 nmol/L increase) before disease onset (86, 87).

Nonetheless even this type of study is susceptible to confounding by both social and behavioural
factors, highlighted by the contradictory results of observational and randomized controlled
investigations of the effect of antioxidant vitamins on cardiovascular disease and cancer where
mortality is observed (88). Randomized controlled trials assessing the risk of MS after vitamin D
supplementation are lacking as they would be substantial undertakings. If vitamin D exposure in
utero or childhood is the key period of exposure for impacting MS then any prevention trial would
have to last decades. Further, about 7 people per 100,000 are diagnosed with MS each year in
Northern Europe and North America. Therefore, to show a significant change in the rate of MS, an
adequately powered trial would need to enrol hundreds of thousands of participants. This would be

the ‘gold standard’ way of providing evidence for a causal role for vitamin D by randomising all other
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potential confounders. However, strong evidence for causation has been achieved by the observation
of rare variants in the CYP27B1 gene in MS patients, since this links a genetic change that is directly
responsible for vitamin D deficiency with risk of MS (89). CYP27B1 encodes the enzyme responsible
for vitamin D activation converting 25-hydroxyl-vitamin D (25-OH-D) into its active form (1,25-OH-D)
(90). Notably, the rare variants identified in the MS population have well described functional roles
and are associated with particularly severe forms of rickets (vitamin D dependent rickets) and lower
1,25-0H-D levels (89). In addition to these rare variants, two common polymorphisms located in the
proximity of CYP27B1 and CYP24A1 (the enzyme that initiates the degradation of 1,25-OH-D) have
also been found to influence MS risk (31). These genetic findings add substantial support to the well
documented epidemiological evidence for vitamin D in MS.

In addition to epidemiological and genetic association studies, several lines of evidence illustrate a
functional link between MS and vitamin D. This exceptionally pleiotropic hormone has a profound
and broad impact on the immune system. Both the vitamin D receptor (VDR) and CYP27B1 are
broadly expressed in immune cells such as monocytes, macrophages, neutrophils, natural killer cells,
dendritic cells, as well as B and T cells (91). Moreover, lack of VDR and vitamin D exacerbates
experimental models of MS while ablation of CYP27B1 has also been shown to impair the immune
system (80, 92, 93). Finally, recent findings strongly support the presence of a gene-environment
interaction for vitamin D in MS. Vitamin D acts in the genome via its cognate nuclear receptor, the
vitamin D receptor (VDR). Using chromatin immunoprecipitation followed by massively parallel DNA
sequencing (ChIP-seq) in B cell lines, our group has shown the presence of 2,776 different vitamin D
responsive elements throughout the genome bound by the VDR. Notably, genetic loci associated with
MS (as well as other immune mediated conditions) were substantially enriched for VDR binding sites

(figure 2)(94).
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Figure 2: Genomic regions associated with variety of complex traits including MS are enriched for
vitamin D responsive elements (VDREs). Genomic regions associated with MS overlap with VDREs
more than expected by chance (p=0.0003) with a 2.2 fold enrichment (from Ramagopalan et al. 2010).

Epstein Barr virus (EBV)

EBV is a gamma human herpesvirus which primarily infects B cells and is able to immortalize them in
vitro and induce lymphoproliferative disorders in vivo (95). The infection is generally asymptomatic
but in about 30-50% of cases, especially when infection occurs during the second decade of life, EBV
infection manifests as glandular fever, also known as infectious mononucleosis (IM) (96). Although
approximately 90% of the adult population has encountered EBV at some point during life, several
lines of evidence suggest a role for EBV in the pathogenesis of MS (97). Nearly all adult MS patients
have been infected with EBV and the OR for developing MS in those who are EBV negative is
extremely low (97, 98). Perhaps the strongest evidence for the involvement of EBV in MS comes from
a single study investigating EBV status in a cohort of MS patients from the US military personnel on
which several serum samples were collected before disease onset. The authors identified 10 cases of
MS who were EBV sero-negative at baseline and found that all of them sero-converted before MS
onset indicating how MS risk sharply increases after EBV infection (99). In addition, both high anti-

EBV antibody titers and a history of IM also increase the risk of developing MS and this relation is
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temporally consistent (97, 100-104). The risk of MS is 36-fold higher among individuals with anti-
EBNA complex IgG titers = 320 as compared to those with titers <20 and this appears independent
from vitamin D status (101). In a meta-analysis collecting data from over 19,000 MS patients, the
relative risk for MS after IM was 2.17 (95%Cl=1.97-2.39) (105). In agreement with these findings,
recent data from England demonstrate that IM and MS share the same geographical distribution
(106). Interestingly MS patients are more likely to be infected with both strains of EBV (type 1 and
type 2) perhaps suggesting that the effect of EBV on the development of MS may be enhanced in the
presence of double infection (107).

Despite a lower frequency of infection, the association of EBV with MS is also present in the
paediatric MS population. Although the potential for confounding remains, the paediatric findings are
important since in this population less time has accrued between exposure and onset, making the
identification of risk factors for MS potentially more tractable. In a longitudinal investigation of
paediatric cases of either monofocal or polyfocal (with or without encephalopathy) acute
demyelinating syndromes, those who were EBV positive and had high EBV antibody titres were more
likely to convert to MS (108).

Whether this strong association is causal is still debated. For example MS associated genetic variants
could also influence susceptibility to EBV. However this latter possibility appears unlikely since the
HLA-DRB1*1501 class Il allele is not associated with the development of IM (109). Similarly, good
hygiene during childhood may predispose both to MS and to a later contact with EBV and therefore
IM, but this does not agree with the extremely low risk of MS in EBV negative individuals (likely to be
exposed to the highest levels of hygiene) (97). Taken together, a causative role for EBV in MS is
strongly supported but further studies are needed to elucidate if, how and when EBV plays a role in

MS.
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Smoking

Cigarette smoking is another environmental risk factor associated with MS. Interest in the link
between smoking and disease began in 1965 with one study showing that previous smokers had a
significantly higher risk of MS (110). These findings have then been confirmed by several case control
and population based studies including some demonstrating a dose response effect with heavier
smokers incurring higher risks (111-115) . The strongest evidence for smoking playing a role in MS
comes from longitudinal studies. Two longitudinal studies in women from the UK showed higher risk
of MS in smokers, although statistical significance was not reached (116, 117). However, the Nurses’
Health Study and Nurses’ Health Study Il addressed this question in a larger cohort and found a dose
response effect and increase in risk for current smokers (OR=1.6, 95% Cl=1.2-2.1) (118). A meta-
analysis carried out by our group showed that the overall evidence for smoking increasing the risk of
MS is strong (RR=1.48, 95%Cl=1.35-1.63)(119). Further increasing the strength of this association is
the observation that parental smoking is also positively associated with the risk of paediatric MS
(RR=2.12, 95% ClI=1.43-3.15) (120). Studies have also shown the presence of an increasing female to
male ratio in smoking behaviour and suggested that smoking may in part contribute to the increasing
female to male ratio seen in MS (121).

The potential mechanism underlying the association of smoking with MS is not currently known.
Smoking has a documented detrimental effect on the immune system, being able to influence T cells,
NK cells, humoral and cell mediated immunity (122, 123). Interestingly snuff use does not carry an
increased risk of MS, a finding suggesting that the injurious factor must be contained within cigarette
smoke (112). The most likely candidate in cigarette smoke is the free radical nitric oxide, which could
contribute to demyelination and axonal loss (124). Another mechanistic possibility involves post-

translational modification in the brain. Peptidylarginine deiminase 2 (PAD 2), an enzyme which can
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citrullinate myelin antigens such as myelin basic protein, is significantly upregulated in MS white

matter (125, 126) and smoking has been shown to increase PAD2 expression (127).
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The aim of my work was to further elucidate the role of genetic and environmental factors
influencing susceptibility to MS. In chapter 1 | investigated the role of genes and environment in the
susceptibility to paediatric cases of MS with a particular focus on the HLA-DRB1*1501 MHC class |l
allele and EBV infection. In chapter 2 | investigated whether the reported season of birth effect is a
specific feature of MS or is shared by other immune mediated diseases using a large cohort of
patients from the United Kingdom. In addition | explored a potential mechanism by which month of
birth can influence the development of the immune system and MS risk. In chapter 3 | investigated
the association between latitude and EBV seroprevalence and the potential interaction between
vitamin D and immune response to EBV in MS aetiology. In chapters 4 and 5 | aimed to study the
relation between genetic variants influencing the risk of MS, chromatin states in immunological cell
types and binding of the vitamin D receptor (VDR) across the whole genome. Finally, in chapter 6 |
aimed to define the pathogenic cell types driving the onset of MS by investigating the overlap
between MS associated genetic variants and regions of open chromatin across more than 100

different cell types.
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CHAPTER 1: HLA STATUS AND ROLE OF EBV INFECTION IN PAEDIATRIC CASES OF MS

-Disanto G, Magalhaes S, Handel AE, Morrison KM, Sadovnick AD, Ebers GC, et al. HLA-DRB1 confers
increased risk of pediatric-onset MS in children with acquired demyelination. Neurology. 2011 Mar
1,76(9):781-6.

INTRODUCTION

MS is being increasingly recognised in individuals aged less than 16 years (128). In children, an initial
attack of demyelination (acquired demyelinating syndrome [ADS] of the CNS) often remains a
monophasic illness, but in at least 20% of cases it represents the first clinical attack of MS (129). This
contrasts with adult-onset disease, where 60% of individuals presenting with acute demyelination are
subsequently diagnosed with MS over a period of 20 years (4). Whether paediatric MS (PMS) shares
the same biological underpinnings (including environmental and genetic risk factors) implicated in
adult-onset MS is an area of active investigation. While a single study has reported a higher
frequency of the HLA-DRB1*15 allele in PMS (130), and another reported the absence of an
association of HLA in a cohort of children with acute disseminated encephalomyelitis (ADEM) (131),
little is known regarding the HLA status in an unselected paediatric population presenting with a first
demyelinating attack who are at high risk for developing MS. In particular, it is not known whether
certain HLA alleles confer risk of developing ADS in general (including children who remain with
monophasic ADS), or more specifically confer the risk of recurrent disease (MS).

PMS also represents a potentially valuable study population for the identification of environmental
risk factors. As a consequence of early disease onset, less time is available for potential confounders
and thus any associated factor is more likely to be truly causative. In a recent investigation of a large
cohort of PMS patients both EBV positivity and high EBV antibody titres predicted conversion to MS
independently of HLA and vitamin D status (108). However in this as well as in other studies of PMS,

the frequency of EBV positive patients ranges between approximately 80% to almost 100% (108, 132-
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135), in contrast to the consistent presence of remote EBV infection in the adult MS population
(>99%) (98) which would suggest perhaps a necessary role for EBV in MS. The inconsistency raises an
important question on the pathogenic role of EBV in MS. The decreased frequency of EBV in PMS
could mean that EBV is not a necessary factor for MS to develop. Alternatively, EBV negative (EBV-)
PMS patients may represent a subgroup of individuals who does not require EBV infection to develop
MS.

My first aim was to assess whether the presence of HLA-DRB1*15 alleles influences the risk of
conversion from ADS to MS. My next objective was to investigate whether any difference exists
between EBV+ and EBV- PMS cases in order to shed more light on the role played by this virus in MS

and PMS.

METHODS

Participants

Children age 16 years, 0 months, or younger presenting within 30 days of onset of ADS at 1 of 23 sites
across Canada were recruited into the 8-year prospective Canadian National Paediatric Demyelinating
Disease Study. Comprehensive structured clinical history and neurologic examinations were
performed at study entry and at all study visits (baseline, 3, 6, and 12 months and annually, and at
the time of recurrent demyelination). Presenting features at ADS were characterized by clinical
history and examination as monofocal ADS (optic neuritis (ON), transverse myelitis (TM), other CNS
sites) or polyfocal ADS (multiple CNS sites). ADEM was diagnosed using predefined criteria which
require polyfocal deficits accompanied by encephalopathy (136). MS was diagnosed when either
subsequent examination confirmed new neurologic deficits persisting for 24 hours or longer in the
absence of fever or infection and occurring more than 30 days from ADS or if serial MRI scans

revealed new lesions meeting criteria for dissemination in time and space (137). A total of 316
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children meeting inclusion criteria were enrolled. Twenty children were excluded after subsequent
investigations revealed an alternative diagnosis. In 12 children limited quantity or quality of DNA did
not permit accurate genotyping and after the exclusion of those families refusing to participate in
genetic studies, HLA-DRB1 alleles were typed in 266 (91%) eligible children. A control group of 196
unrelated, healthy adults of Northern European ancestry was recruited through the longitudinal,
population-based Canadian Collaborative Project on the Genetic Susceptibility to Multiple Sclerosis

(CCPGSMS) (138).

Genotyping

| used total genomic DNA, extracted from whole blood, to type HLA-DRB1 alleles by an allele-specific
PCR amplification method (139). | performed seventy-two (high-resolution) PCR reactions to amplify
allelotypes corresponding to alleles HLA-DRB1*01, 03, 04, 07, 08, 09, 10, 11, 12, 13, 14, 15, 16. All the

samples were genotyped blinded to clinical diagnosis.

EBV serology
Serum IgG antibodies directed against Epstein-Barr virus capsid antigens, nuclear antigens (EBNA1),
and early antigens were detected using standardized ELISA kits (DiaSorin) at The Hospital for Sick

Children (Toronto, ON, Canada) (108).

Statistical analyses

| compared frequencies of HLA-DRB1 alleles (each allele contributing independently) between groups
(MS vs monophasic ADS; MS vs healthy controls; monophasic ADS vs healthy controls) using the Chi
square test. | also assessed the likelihood of MS diagnosis in children with ADS as a function of HLA-

DRB1*15 status (proportion of patients with one or both alleles, compared to those with no alleles).
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Finally | compared age at onset (AO), sex ratio and HLA status of EBV+ and EBV- PMS cases using the

Student’s t and Chi square tests.

RESULTS

Of 266 children with ADS, 64 (24%) met criteria for the diagnosis of MS over an average follow-up
duration of 3.2 + 1.5 years. The average time from ADS presentation to MS diagnosis was 10.2 + 9.0
months (median 6.3; range 1.2—37.3). Clinical and demographic characteristics of all children are

presented in table 1.

Table 1: Clinical and demographic characteristics of paediatric patients

Monophasic ADS (n=202) MS (n=64)

Age at onset (mean + SD) 9+4.6 12.1+3.6
Years of follow up (mean x SD) 3.1+15 35+14
F/M (ratio) 96/106 (0.9) 42/22 (1.9)
Ancestry European 137 (68%) 39 (61%)

Non-European | 65 (32%) 25 (39%)
Presentations ON 65 (32%) 12 (19%)

™ 42 (21%) 8 (13%)

Monofocal 51 (25%) 16 (25%)

other

Polyfocal 18 (9%) 23 (36%)

ADEM 26 (13%) 5 (8%)

DRB1*15 allele frequency is higher in MS than monophasic ADS and controls

For all children presenting with ADS (n=266), the allele frequency for HLA-DRB1*15 was 0.2. HLA-
DRB1*15 allele frequencies were higher in children with ADS subsequently diagnosed with MS,
compared to children with monophasic ADS (0.31 vs 0.15, p<0.0001) (table 2). It is plausible that this
may reflect population stratification. However, | found that in the 176 ADS patients of European

ancestry (monophasic ADS n=137; MS n=39) HLA-DRB1*15 allele frequency was still higher in MS as
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compared to monophasic ADS (p=0.001) or controls (p<0.001). | did not observe any difference
comparing children with monophasic ADS to controls (p=0.90). Similarly, | did not see any significant

difference in allele frequencies for other HLA-DRB1 alleles.

Table 2: HLA-DRBI1 allele frequencies in MS, monophasic ADS and controls (all individuals)

HLA-DRBL1 allele Ms ADS Controls

1 0.09 0.11 0.11

0.13 0.12 0.12
4 0.17 0.15 0.16
7 0.06 0.11 0.14
8 0.03 0.04 0.02
9 0 0.02 0.02
10 0.01 0.008 0.01
11 0.1 0.13 0.08
12 0 0.01 0.03
13 0.1 0.11 0.13
14 0 0.02 0.04
15 0.31 0.15 0.14
16 0 0.03 0.02

DRB1*15 positive ADS cases are more likely to convert to MS

Of the 39 children of European ancestry with ADS diagnosed with MS, 21 (53.8%) had at least one
HLA-DRB1*15 allele, compared to 36 of 137 (26.3%) children with monophasic ADS (figure 3). | found
that children presenting with ADS who harboured one or two HLA-DRB1*15 alleles were more likely
to be diagnosed with MS during the period of follow-up (37% [34/93 children]) as compared to
children who did not harbour HLA-DRB1*15 alleles (17% [30/173]) (p<0.001; RR=2.11, 95%ClI=1.38-
3.21). The increased MS risk conferred by HLA-DRB1*15 appeared to be greater in children reporting
European ancestry: 37% (21/57) of HLA-DRB1*15-positive children were diagnosed with MS, vs 15%
(18/119) of HLA-DRB1*15-negative children (p=0.001, RR=2.43, 95%CI=1.41-4.20). In contrast, the

risk of MS diagnosis in children with ADS of non-European ancestry did not appear to be influenced
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by the presence of HLA-DRB1*15 alleles (however the effect size was in a similar direction and non-
significance may reflect a smaller sample size): 36% (13/36) of HLA-DRB1*15-positive children were
diagnosed with MS, vs 22% (12/54) of HLA-DRB1*15-negative children (p=0.15, OR=1.62, 95%CI=0.84-

3.15).

Total patients

IS 5

L T

Monophasic
ADS

Figure 3: Proportion of DRB1*15 positive and negative individuals in all patients, those who converted
to MS and those who remained ADS.

Characteristics of EBV- PMS

DNA and serum samples were available on a total of 51 PMS patients of which 43 (84.3%) and 8
(15.7%) were EBV+ and EBV- respectively. Demographic features and HLA-DRB1*15 status are
presented in table 3 and figure 4. | observed that both age at onset and female to male ratio were
much lower in the EBV- than EBV+ groups. Furthermore the MS associated allele HLA-DRB1*15 also

appeared less frequent in EBV- than EBV+ PMS patients, but this did not reach statistical significance.



Table 3: Demographic and clinical features of EBV+ vs EBV- PMS patients

EBV+ EBV- P
N 43 8
Age at onset Mean 13.36 7.86 0.0065
95%Cl 12.6-14.1 4.4-11.3
Sex F 29 3 0.13
M 14 5
F/M 2.07 0.6
Genotypic freq 15+ 21 (48.8%) 3 (37.5%) 0.7
15- 22 (51.2%) 5 (62.5%)
Allelic freq 15 26 (30.2%) 3 (18.7%) 0.39
X (no15) 60 (69.8%) 13 (81.3%)

14

12
!

10

Age at onset

EBV + EBV -
Figure 4: Boxplot of age at disease onset for EBV+ and EBV- PMS patients
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DISCUSSION

Unique to this work is the evaluation of HLA alleles in a non selected prospectively followed
population of children with ADS, representing a population at risk for the diagnosis of MS. Here |
show that presence and frequencies of HLA-DRB1*15 alleles in these children confers increased risk
for a subsequent diagnosis of PMS. This was not the case for monophasic children with ADS,
indicating that HLA-DRB1*15 does not represent a risk factor for development of acquired
demyelination in general. The association between HLA-DRB1*15 and diagnosis of MS in this ADS
population was mainly influenced by the increased frequency of this allele in children with European
ancestry, while HLA-DRB1*15 did not appear to increase MS risk in children of non-European
ancestry (although this part of the study was less powered). In a single prior study examining HLA
alleles in children with established MS, 44.6% of Russian paediatric patients with MS were found to
have at least one HLA-DRB1*15 allele (130), similar to the frequency in the children with ADS who
subsequently developed MS. | can therefore conclude that the HLA-DRB1*15 allele is associated with
MS in the paediatric population to a similar extent that in the adult population and significantly
increase the risk of conversion to MS after a first demyelinating event.

| found that EBV- PMS cases have a significantly lower age at onset as compared to EBV+ individuals.
In addition, the EBV- group had a female to male ratio which was much lower than that of the EBV+
group (similar to that of adult MS), although this did not reach statistical significance. This is perhaps
unsurprising since studies have shown that the female to male ratio in PMS increases with increasing
age (128, 140). The interpretation of these findings is not easy. The youngest PMS patients have had
less time to encounter EBV and this may explain their negative serology. However the role of
exceptional factors (in particular rare genetic variants) capable of initiating MS regardless of EBV
status and other risk factors typical of MS cannot be excluded. Although not statistically significant,

the lower frequency of HLA-DRB1*15 observed in EBV- PMS is supporting the latter hypothesis.
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However, at the moment this study is clearly underpowered to reliably detect a genetic difference
between EBV+ and EBV- patients. Assuming an effect size of approximately 3 (like that of HLA-
DRB1*15), arisk allele frequency of 0.14 in the general population and a log-additive model, 42 EBV-
and an equal number of EBV+ would be required to have 80% statistical power. New samples are

currently being collected.
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CHAPTER 2: MONTH OF BIRTH, VITAMIN D AND RISK OF IMMUNE MEDIATED DISEASES

-Disanto G, Chaplin G, Morahan JM, Giovannoni G, Hyppénen E, Ebers GC et al. Month of birth,
vitamin D and risk of immune mediated disease: a case control study. BMC medicine (2011) 10: 69.
-Disanto G, Watson CT, Meier UC, Ebers GC, Giovannoni G, Ramagopalan SV (2013) Month of birth
and thymic output. JAMA neurology 70: 527-528

INTRODUCTION

Immune mediated diseases (ID) affect approximately 5-10% of the developed world and the overall
incidence seems to be increasing (141). This observation suggests that changes in environment and
lifestyle play a central role in influencing prevalence.

Seasonality dominates the global environment and diet is closely related to seasonality by the effect
of these environmental fluctuations on agriculture (142-144). Seasonal factors can potentially act
even before birth, when according to the “fetal origin of adult disease hypothesis“, environmental
influences leading to changes in embryonic/fetal tissue structure and function can influence the risk
of adult physiological and pathological conditions (145, 146). As a consequence, being born at a
certain time of the year may influence susceptibility to disease later in life. Indeed, month of birth
effects have already been documented in ID such as multiple sclerosis (MS) and type 1 diabetes (T1D)
(51, 147, 148). In addition to MS and T1D, a few other studies have investigated the presence of a
month of birth effect in other ID. However, poor sample sizes and inadequate statistical methods
have significantly hampered these attempts and results are inconsistent (149-157).

The mechanisms involved in the pathogenesis of immune mediated disorders are variable and both
adaptive and innate immune responses have been implicated in diseases such as MS, rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE), Crohn’s disease (CD) and ulcerative colitis (UC) (19,
158-160). For example, in MS and RA tolerance breakdown is thought to cause immune mediated
demyelination of the central nervous system and cartilage and bone destruction respectively (1, 158).

By contrast several lines of evidence suggest that CD and UC arise from an inappropriate immune
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reaction to the intestinal microbiota in genetically predisposed hosts (160). Despite these differences,
an abnormal activation of the immune system is a common thread linking these conditions and
several observations indicate that similar genetic pathways and environmental agents such as vitamin
D deficiency, smoking behaviour and various infections are involved in the pathogenesis of these
disorders (35, 90, 97, 158-162). This led me to the hypothesis that a similar seasonality of birth may
be present among different ID. | investigated whether the month of birth influences susceptibility to
RA, SLE, CD and UC in addition to MS using the largest cohort to date to investigate these effects
(n=115,172). Since all these conditions have been linked to vitamin D deficiency (90, 162), | also
tested whether the risk of disease by month of birth follows the same seasonal distribution of
predicted ultraviolet B (UVB) light radiation and 25-hydroxyvitamin D (25-OH-D) levels during
gestation.

Finally, since thymic development and T cell central tolerance mainly occur in utero, are susceptible
to intrauterine exposures (163) and are thought to play an important role in MS as well as in other ID,
| sought to assess whether the month of birth has any effect on thymic function and whether cord

blood vitamin D levels are associated with thymic output.

METHODS

Month of birth analysis

| obtained month of birth data for MS (n= 15,492), RA (n=39,666), SLE (n= 4,046), CD (n=20,574) and
UC (n= 23,892) patients seen by a doctor between 1997 and 2009 in Scotland and between 2003 and
2009 in England from the NHS National Service Scotland and the English Hospital Episode Statistics.
For MS, an additional cohort of patients (n=11,502) and matched controls was collected as previously
described (51), giving a total of 115,172 ID patients (26,162 English and 89,010 Scottish). | obtained

general population controls from the General Register Office (http://www.gro-scotland.gov.uk/) and
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the Office for National Statistics (http://www.ons.gov.uk/). Scottish controls (n=3,028,621) were
based on month of birth registration between 1954 and 1973 and actual month of birth between
1974 and 1990. English controls (n=29,202,890) were based on actual month of birth between 1950
and 1990.

| compared cases and controls using the R package “Season” and the Cosinor test which is able to
capture seasonal distributions and is particularly suitable for relatively simple and symmetric
seasonal patterns. This test fits a generalized linear model under the Poisson distribution using sine
and cosine terms that together describe the sinusoid. In addition to statistical significance, the model
provides information on the amplitude (the height) and the phase (the peak point from 1 to 12
indicating months) of the predicted sinusoid (164). | also calculated monthly odds ratios (OR) by
comparing frequencies of patients and controls born in a certain month vs the rest of the year.

| obtained average monthly UVB radiation data at the wavelength of 305 nm at noon (joules/square
metre) in England and Scotland between 1979 and 1992 from the NASA’s Total Ozone Mapping
Program on the Nimbus 7 satellite (81). Average monthly 25-OH-D levels were collected from a large
cohort of adult Scottish and English women (n=3,787) as previously described (165) and used as a
proxy for the seasonal variation in gestational vitamin D status. | calculated the average predicted
UVB exposure as well as vitamin D status during the first, second and third trimesters of gestation for
each month of birth and | tested these for correlation with risk of ID (monthly OR) using the

Spearman’s correlation coefficient.
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Table 4: Total number of patients used in the analysis

MS RA SLE (&) ucC All 1D
England 13,075 4,747 1,622 2,463 4,255 26,162
Scotland | 13,919 34,919 2,424 18,111 19,637 89,010
Total 26,994 39,666 4,046 20,574 23,892 115,172

Month of birth and thymic output

The basic mechanism for generating T-cell receptors (TCR) during T cell development provides an
assay to measure thymic output (166). Signal sequences flanking the TCR gene segments in their
germline configuration are cleaved during TCR production and join to form extrachromosomal DNA
circles termed signal joint TCR excision circles (sjTRECs) (166). Since the risk of MS in England peaks in
May and drops in November (51), | obtained cord blood from 50 healthy Caucasian individuals born in
November and 50 born in May between 2009 and 2010 in London after ethical approval. CD4+ and
CD8+ T cell populations were separated using magnetic microbeads. Quantification of sjTRECs in
CD4+ and CD8+ populations was performed by real time quantitative PCR in duplicate as previously
described (167). In brief, species-specific forward and reverse PCR primers and a fluorescently
labelled species-specific real-time PCR probe were used for the amplification of a unique site on the T
cell receptor & sjTRECs of both collected samples and that of a calibrated progressively diluted sjTREC
DNA plasmid standard for quantitation. Both samples and DNA standard were amplified for 45 PCR
cycles using a real-time thermal cycler: forward primer: 5'-CAC ATC CCT TTC AAC CAT GCT-3’; reverse
primer: 5-GCC AGC TGC AGG GTT TAG G-3’; probe: 5’-/56-FAM/AC ACC TCT G/ZEN/G TTT TTG TAA
AGG TGC CCA CT/3IABkFQ/-3’. Cycles used were: 1) step 1, 95°C for 10 min (1 time); 2) step 1, 95°C
for 15 s; step 2, 60°C for 1 min (45 times); 3) step 1, 4°C HOLD (1 time). Ct values of experimental

samples were then converted to number of sjTRECs molecules by comparing sample Ct to the curve
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obtained from the standard DNA. Concentrations of 25-OH-D were measured by isotope-dilution
liguid chromatography—-tandem mass spectrometry with limit of detection=0.25 nmol/L.
Concentrations were measured by a laboratory at Homerton Hospital (London) certified by DEQAS

(Vitamin D External Quality Assessment Scheme: http://www.degas.org/).

RESULTS

Month of birth bias in ID patients

In order to assess whether month of birth influences susceptibility to immune disorders | initially
compared the distribution of all ID patients with that of the general population. Using the Cosinor
test, | found that the birth distribution of ID patients follows a seasonal distribution as compared to
the general population (p=5e-12, amplitude=0.033, phase=3.08, low point=9.08). When | calculated
monthly ORs, | found a statistically significant peak in April (OR=1.045, 95%Cl=1.024-1.067, p<0.0001)
and a significant trough exactly six months later in October (OR=0.945, 95%Cl=0.925-0.966,
p<0.0001). | also detected a smaller deficit in August (OR=0.972, 95%CI=0.951-0.9927, p=0.008)
(figure 5). The peak to trough ratio indicated the presence of a 6.5% increased risk for individuals

born in April vs those born in October (OR=1.065, 95%CI=1.035- 1.096, p<0.0001).
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Figure 5: Odds ratio distribution with 95% Cl based on month of birth in all ID (n=115,172) vs general
population. April peak and October trough of risk can be observed.

When the analysis was performed according to country, the seasonal effect appeared to be present
in both England and Scotland (Scotland p=5e-10, amplitude=0.034, phase=3.05, low point=9.05;
England p=0.005, amplitude=0.032 phase=3.23, low point=9.23). The highest and lowest monthly ORs

were present in the Scottish population (figure 6).
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Figure 6: Odds ratio distribution based on month of birth in England (yellow) and Scotland (green).
The seasonal distribution of ID births appears more striking in Scotland.

The seasonality of birth detected by grouping all ID patients could arise from a single disease such as

MS, for which the presence of a month of birth effect has already been described. | therefore

stratified the analysis by disease type. The Cosinor test indicated the presence of clear seasonality in

all ID but CD: MS (p=5e-06; amplitude=0.041, phase=4.12, low point=10.12); RA (p=5e-04,

amplitude=0.032, phase=2.69, low point=8.69); UC (p=5e-04, amplitude=0.04, phase=2.74, low

point=8.74); SLE (p=0.025; amplitude=0.063; phase=2.89; low point=8.89); CD (p>0.05). When

calculating monthly ORs, | observed peaks in spring and deficits in autumn in each ID apart from CD in

which a January rather than spring peak was found. Birth percentages and monthly ORs with 95%

confidence intervals are presented in table 5.
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Table 5: Birth percentages and monthly ORs with 95% Cl for each ID and all ID. The 2 months with the
highest and lowest ORs are shown in red and green respectively.

Month | AllID MS RA
Birth% OR 95% CI Birth% OR 95% CI Birth% OR 95% CI
Jan 8.63 1.02 0.99-1.04 8.51 1.01 0.97-1.05 8.44 0.99 0.95-1.03
Feb 7.90 1.01 0.99-1.04 7.76 0.99 0.95-1.03 7.94 1.02 0.98-1.06
Mar 8.88 1.00 0.98-1.02 8.67 0.97 0.93-1.01 8.99 1.01 0.98-1.05
Apr 8.77 1.05 1.02-1.07 8.79 1.05 1.002-1.09 8.78 1.05 1.01-1.08
May 8.83 1.01 0.99-1.03 9.41 1.08 1.04-1.13 8.64 0.99 0.95-1.03
Jun 8.44 1.01 0.99-1.04 8.70 1.04 1.01-1.09 8.47 1.02 0.98-1.06
Jul 8.49 0.99 0.97-1.01 8.51 0.99 0.95-1.04 8.37 0.98 0.94-1.01
Aug 8.16 0.97 0.95-0.99 8.20 0.98 0.94-1.02 8.14 0.97 0.93-1.00
Sep 8.12 1.00 0.97-1.02 7.94 0.96 0.92-1.01 8.10 1.00 0.96-1.03
Oct 8.05 0.95 0.92-0.97 8.08 0.96 0.92-1.00 8.20 0.96 0.93-0.99
Nov 7.61 0.98 0.96-1.00 7.43 0.96 0.91-1.00 7.65 0.99 0.95-1.02
Dec 8.11 1.01 0.99-1.03 8.01 1.00 0.96-1.04 8.30 1.04 1.00-1.07
Month | UC SLE cD
Birth% OR 95% CI Birth% OR 95% CI Birth% OR 95% ClI

Jan 8.63 1.02 0.97-1.06 9.57 1.14 1.03-1.27 8.99 1.06 1.01-1.11
Feb 8.07 1.04 0.99-1.09 7.86 1.00 0.90-1.13 7.84 1.01 0.96-1.06
Mar 8.90 1.00 0.96-1.05 8.75 0.98 0.88-1.09 8.94 1.01 0.96-1.06
Apr 8.92 1.06 1.02-1.11 8.85 1.05 0.95-1.18 8.54 1.02 0.97-1.07
May 8.73 1.00 0.96-1.05 9.71 1.12 1.01-1.24 8.40 0.96 0.91-1.01
Jun 8.25 0.99 0.94-1.04 7.61 0.90 0.81-1.02 8.44 1.02 0.97-1.07
Jul 8.44 0.99 0.94-1.03 8.58 1.00 0.90-1.12 8.75 1.03 0.98-1.08
Aug 8.15 0.97 0.93-1.02 8.40 1.00 0.90-1.12 8.13 0.97 0.92-1.02
Sep 8.18 1.00 0.96-1.05 7.51 0.91 0.81-1.02 8.45 1.04 0.99-1.10
Oct 7.91 0.93 0.88-0.97 7.93 0.94 0.84-1.05 7.89 0.92 0.87-0.97
Nov 7.69 0.99 0.95-1.04 7.09 0.91 0.81-1.03 7.78 1.00 0.95-1.06
Dec 8.13 1.01 0.97-1.06 8.13 1.02 0.91-1.14 7.84 0.97 0.93-1.03

| next investigated whether the monthly risk of ID inversely correlated with predicted gestational UVB

exposure and vitamin D status during different trimesters of pregnancy. Based on the Nimbus 7

satellite, in the United Kingdom UVB radiation reaches the minimum and maximum levels during

winter (December-January) and summer (June-July) respectively. The highest and lowest 25-OH-D

levels were collected during September and February respectively (165). Figure 7 shows the direct
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relation between UVB radiation and vitamin D status and the amount of time required for a change in
UVB to impact on vitamin D metabolism. The peak and the trough of 25-OH-D levels are shifted
approximately 2-3 months later than UVB radiation (two months lag: Spearman’s rho=0.91, p <2.2e-

16; three months lag: Spearman’s rho=0.88, p=0.002). This is consistent with previous reports (168).
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Figure 7: Correlation between monthly UVB radiation and 25-OH-D levels. The seasonal distribution of
25-OH-D levels is shifted approximately 2-3 months later than that of UVB radiation.

| found that the monthly risk of ID inversely correlated with predicted UVB exposure during the
second trimester of pregnancy (Spearman’s rho=-0.51, p=0.00003). Similarly, predicted maternal 25-
OH-D levels were also inversely associated with risk of ID but the negative correlation was shifted to

the third trimester (Spearman’s rho=-0.45, p=0.0002) (figure 8).
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Figure 8: Inverse correlation between risk of ID and predicted second trimester UVB exposure (left
panel) and third trimester vitamin D status (right panel).

Month of birth influences thymic output

| observed a significantly greater number of sjTRECs in CD4+ and CD8+ cells from individuals born in
May as compared to November (p=5.5x10" and 1.2x10° respectively, table 6). Individuals born in
May had significantly less circulating 25-OH-D than those born in November (P=0.016), and there was
also an inverse correlation between 25-OH-D and CD4+ and CD8+ sjTRECs (Spearman’s rho=-0.37,

p=0.009 and Spearman’s rho=-0.4, p=0.004).

Table 6: Mean CD4+ and CD8+ sjTRECS and 25-hydroxyvitamin D in May and November born
individuals

Mean sjTREC/100,000 cells Monthly Mean 25-hydroxyvitamin D
(95% Confidence Interval) nmol/L

CD4+ Nov 11,089 (10,205-11,973) 50.9

CD8+ Nov 10,414 (9,509-11,319)

CD4+ May 19,547 (17,609-21,485) 38.4

CD8+ May 25,520 (22,488-28,552)
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DISCUSSION

| report here the largest study performed on ID and seasonality of birth. When patients suffering
from different conditions were grouped together, | observed a clear seasonal birth distribution with
peak in April and trough exactly six months later in October. The effect size of being born at the
“wrong time” appears very low, with the highest ORs being under 1.1. However, considering the
increased risk of all ID in rest of the year vs October born individuals and the proportion of population
born in months other than October, the population proportional attributable risk percent (PPAR) is
5.05%. This suggests that approximately 5% of ID cases could be prevented by ameliorating the risk
factor responsible for the seasonal distribution of ID births. The season of birth effect was particularly
clear in Scotland as compared to England but no significant differences between the two sites could
be observed.

That the risk of MS varies by month of birth had already been shown in a number of regions including
Canada, Denmark, Sweden, Sardinia, Finland, England, Scotland and Australia (51-58). | further
confirmed these findings by increasing the sample size of a previously analyzed cohort of UK MS
patients (51). Based on the Cosinor test also RA, UC and SLE births followed a clear seasonal
distribution. Notably, all the predicted sinusoids peaked around the same period with phases ranging
from 2.69 to 4.12 (late winter-spring). In contrast to other ID the distribution of CD births was not
seasonal.

A recent Australian study reported an inverse association between the risk of MS and UVB exposure
during the first trimester of gestation (58). However, the sample size was relatively small (n=1,524)
and thus analysis had to be performed using bi-monthly periods. Furthermore, the seasonal variation
of 25-OH-D levels was not investigated and no other studies have tried to answer the same question
in ID other than MS. | found that the risk of ID was inversely associated with predicted second

trimester UVB exposure and third trimester vitamin D status.
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By looking at TRECs, | observed that month of birth has a significant effect on thymic output and that
this is inversely associated with the vitamin D status at the end of the pregnancy. One possible
hypothesis is that birth month influences T cell production and may impair T cell central tolerance
and/or T regulatory / T effector cell balance, predisposing to MS and other immune conditions.
Notably, genetic regions associated with immune mediated diseases including MS are significantly
enriched for vitamin D receptor binding sites and vitamin D is able to regulate the expression of
hundreds of genes, many of which play roles in T and B cell development (94). Animal studies have
shown that in utero vitamin D deficiency has a significant effect on the developing immune system
(169, 170). These findings represent the first direct evidence suggesting that the same happens in the
developing human immune system.

This study has limitations. Information on sex and ethnicity was not available and this may have
confounded the results. The data | gathered from the Scottish NHS and the English HES could not be
restricted to UK born but only to UK resident individuals. However, the large sample size (115,172 ID
cases), the relatively homogeneous Scottish population and the strong a priori evidence for a month
of birth effect in MS make the risk of a spurious association less likely. Furthermore, it is striking that
the ID analyzed (apart from CD) show a similar seasonal risk distribution which is also the one
reported in T1D patients (147, 148).

| was limited to using average UVB radiation and general population vitamin D measures which may
differ from the individual maternal exposures. It is important to note that the UVB and vitamin D
correlation analysis does not prove causation and that although the vitamin D hypothesis is
supported by both epidemiological and functional observations, seasonality dominates many
features of the global environment and other seasonal factors may play a role in determining the risk
of ID. Climate, temperature, infectious disease and maternal nutrition are all characterized by

seasonality and thus represent excellent candidate factors.
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In summary, the susceptibility to different ID in addition to MS in the United Kingdom appears to be
influenced by the season of birth. This is particularly clear in patients suffering from MS, RA, UC and
SLE and suggests that at least some proportion of ID risk is preventable. In addition, | provide
evidence for a role of vitamin D underlying the season of birth association with MS risk through
effects on thymic development and T cell production. Long term prospective studies should be
initiated to investigate the effect of gestational vitamin D supplementation on thymic output, and

ultimately, the subsequent risk of MS and other ID.
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CHAPTER 3: EBV, LATITUDE, VITAMIN D AND MS

-Disanto G, PakpoorJ, Morahan JM, Meier UC, Giovannoni G, Ramagopalan SV. Epstein barr virus,
latitude and multiple sclerosis. Multiple sclerosis journal (2013)19(3):362-5

-Disanto G, Handel AE, Damoiseaux J, Hupperts R, Giovannoni G, Smolders J, Ramagopalan SV (2013)
Vitamin D supplementation and antibodies against the Epstein-Barr virus in multiple sclerosis
patients. Multiple Sclerosis journal (in press)

INTRODUCTION

In addition to vitamin D deficiency, month of birth and smoking history, epidemiological evidence
strongly implicates the Epstein-Barr virus (EBV) in MS aetiology (35). The risk of MS is extremely low
among EBV negative individuals and augmented in those with either high anti-EBV antibody titres or
a history of symptomatic EBV infection (infectious mononucleosis) (98, 101, 105). Although the vast
majority of adult MS patients are seropositive for EBV antibodies, frequency of seropositivity varies
from study to study ranging from 80 to 100%. Since the prevalence of MS increases with latitude, |
reviewed all studies assessing EBV seroprevalence in MS patients and controls and investigated
whether this also varies according to latitude. The a-priori hypothesis was that EBV seroprevalence
would increase with distance from the equator. Latitude is a major determinant of vitamin D status
and it is well known that vitamin D is a potent modulator of the immune system which plays an

important role against bacterial and viral infections (171, 172). | therefore also investigated whether

vitamin D supplementation has any effect on the humoral response against EBV.

METHODS

PubMed searches were undertaken to identify studies investigating the association between MS and
EBV using the terms ("herpesvirus 4, human"[MeSH Terms] OR "human herpesvirus 4"[All Fields] OR
("epstein"[All Fields] AND "barr"[All Fields] AND "virus"[All Fields]) OR "epstein barr virus"[All Fields])

AND ("multiple sclerosis"[MeSH Terms] OR ("multiple"[All Fields] AND "sclerosis"[All Fields]) OR
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"multiple sclerosis"[All Fields]). EMBASE was searched for abstracts using the terms “multiple
sclerosis” [All fields] AND “epstein barr virus” [All fields]. Twenty two studies assessing EBV infection
in adult MS patients and unrelated controls were found (supplementary table 1). After excluding
those studies in which latitude could not be precisely determined (n=2) (99, 173) and studies
performed in the southern hemisphere (n=1) (174), 19 studies were used for analysis (104, 175-192).
The relation between latitude and EBV seroprevalence was investigated using logistic regression and
assessing differences between proportions. Serum samples were collected from 15 relapsing
remitting MS patients that were supplemented with 20,000 IU/day vitamin D3 for 12 weeks (193) and
their circulating antibody levels against EBNA1 were measured using the Liaison® quantitative

chemiluminescent assay (194). Statistical analyses were performed using R.

RESULTS

All studies were performed between 29° and 65° latitude. There was no evidence of either study
heterogeneity (1>=1.5% (95%Cl=0%-44.5%)) or publication bias (Egger p=0.06). | first investigated
whether MS status and latitude were significant predictors of EBV status using logistic regression. As
expected the strongest predictor of EBV seroprevalence was MS status (OR=4.41, 95%Cl=2.4-8.08,
p<0.001). However, latitude was also positively associated with EBV status independently of MS
status (OR=1.06, 95%Cl=1.02-1.09, p=0.002). When mean age and sex ratio were also included in the
regression model, the effect of latitude was attenuated but still present (OR=1.05, 95%Cl=
1.0003=1.119, p=0.038). Notably, among MS patients 7 of the 9 studies performed at the highest
latitudes reported an EBV seroprevalence of 100% as compared to 2 of the remaining 10 studies
performed at the lowest latitudes (figure 9a).

Given the association between vitamin D deficiency and MS risk (80), | grouped studies into those

conducted below and above 42° latitude, as above 42° latitude most UVB radiation is absorbed by
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the atmosphere and vitamin D production is more difficult (195, 196). EBV seroprevalence was
substantially higher in the >42° group in both MS patients and controls (MS p=0.001, controls
p=7.17E-11) (figure 9c). Different methods for antibody detection have different sensitivity and
specificity for EBV (197). The most frequently used method was enzyme-linked immunosorbent
assay (ELISA) tests. Performing a subgroup analysis of those studies using ELISA (n=9) did not change
the results (MS p=4.91E-09, controls p=4.57E-06) (figure 9d). The proportion of EBV positive cases
and controls with 95% Cl according to latitude groups and their differences are presented in table 7.

| then aimed to investigate whether vitamin D may be the factor driving the association between
latitude and EBV serology by measuring antibody levels against EBNA1 pre- and post-vitamin D
supplementation. | found that the initial antibody levels (mean=77.98 arbritrary units/ml (AU/ml),
95%Cl=57.40-98.56) were significantly reduced after vitamin D supplementation (mean=62.27,
95%Cl=46.73-77.80) (mean difference=15.72; 95%Cl|=3.37-28.07; paired T test p=0.016) (figure 9)
(supplementary table 2). Notably, the effect of vitamin D was particularly strong in those patients
with higher antibody levels and a positive correlation was present between pre-supplementation
antibody levels and their decrease following supplementation (Pearson’s rho=0.66, p=0.007) (figure

10).
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Figure 9: a) Distribution of EBV seroprevalence in MS patients according to latitude; b) Distribution of EBV seroprevalence in controls according
to latitude; c) EBV seroprevalence with 95% Cl in 242° vs <42° latitude groups among MS patients (blue) and controls (red); d) Subgroup

analysis of studies using ELISA.



Table 7: Difference between proportions of EBV positive MS patients and controls by latitude group (<42° vs >42°).

48

MS Controls

<42° (n=884) 242°(n=1,291) Difference p-value <42° (n=899) 242°(n=1,584) Difference  p-value
Proportion EBV + 0.966 0.988 0.022 0.001 0.880 0.952 0.072 7.17E-11
95% Cl lower limit 0.951 0.979 0.007 0.856 0.940 0.048
95% Cl upper limit 0.977 0.993 0.036 0.900 0.962 0.097

MS (ELISA) Controls (ELISA)

<42° (n=217) 242° (n=763) Difference p-value <42° (n=215) 242° (n=595) Difference  p-value
Proportion EBV + 0.889 0.980 0.091 4.91E-09 0.814 0.928 0.114 4.57E-06
95% Cl lower limit 0.838 0.967 0.045 0.754 0.903 0.055
95% Cl upper limit 0.926 0.989 0.137 0.862 0.947 0.173




49

100

90

80

70

EBNA1 antibodies

60

50

40

Pre-supplementation

Post-supplementation

Difference between pre and post

40

30

20

10

-10

-20

a

T T T T T T T
20 40 60 80 100 120 140
Pre-supplementation EBNA1 antibodies
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DISCUSSION

| carried out a systematic review of EBV studies in MS and showed that EBV seroprevalence in both
MS patients and controls is positively associated with latitude. This effect was still present when the
analysis was corrected for MS status, mean age and sex ratio with an OR of 1.05 per degree increase.
Interestingly, the effect appeared particularly strong when studies were grouped into those
conducted above and below a latitude threshold which has a functional effect on vitamin D
production. Notably, the latitude effect was present in both MS cases and controls and this suggests
that the relation between latitude and EBV is not specific to MS but likely represents a general
phenomenon acting at the population level.

The main limitation of this study is the variation in methodologies used and antibodies tested to
detect past EBV infection. This variation represents a potential confounding factor and future studies
should investigate EBV status across different latitudes using the same method and testing the same
antibodies. However, the increase by latitude is still present when a more homogeneous group of
studies (those using ELISA based tests) was considered. Nevertheless, as compared to gold standard
methods (indirect immunofluorescence and anti complement immunofluorescence) ELISA tests are
approximately 90% sensitive and specific (197).

These findings suggest a role for latitude related factors influencing EBV infection. Genetic, social and
climatic differences are all likely to contribute to this observation. If socioeconomic factors were
primarily involved, one would expect to see an inverse relation between latitude and EBV status since
worldwide hygiene generally increases with latitude. Among other candidate factors is vitamin D
deficiency and this hypothesis is strongly supported by the observation that vitamin D
supplementation considerably decreases the antibody levels against EBV and that this effect is
particularly strong in those individuals with the highest antibody levels. It is important to note that

this mechanism appears to be specific for anti-EBNA1 and/or for other specific antibodies, since no
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change in total Ig-load and B cell differentiation profile after vitamin D supplementation was found in
these patients (198).

Vitamin D deficiency could impair the immune response to EBV and increase either susceptibility to
EBV infection or its control after infection has occurred, leading to viral reactivation and augmented
antibody production. Therefore, if EBV was a causative factor in MS, vitamin D deficiency could
enhance its pathogenic role. In line with this hypothesis is the observation that a statistical
interaction between infectious mononucleosis prevalence and UVB radiation could explain 72% of
the variance of MS prevalence across England (81). These considerations are further supported by
recent studies showing that anti-EBNA1 antibody levels and vitamin D status are inversely correlated
in young individuals (199) and that people with high serum vitamin D levels are less likely to have EBV
shedding in saliva (200). In line with these findings is the observation that EBV antibody levels are
significantly higher in black-African American (at high risk of vitamin D deficiency) than in white
American youth (although a role for genetic differences cannot be excluded) (201, 202). Future
studies are needed to understand how vitamin D influences the production of antibodies against EBV,
the immune response against this virus and whether this mechanism is specific to EBV or shared with
other viruses. These studies will elucidate how these two environmental factors are linked in the

causal cascade leading to MS.
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CHAPTER 4: GENOMIC REGIONS ASSOCIATED TO MS ARE ACTIVE IN B CELL LINES

-Disanto G, Morahan JM, Barnett MH, Giovannoni G, Ramagopalan SV: The evidence for a role of B
cells in multiple sclerosis. Neurology 2012, 78:823-832.

-Disanto G, Sandve GK, Berlanga-Taylor Al, Morahan JM, Dobson R, Giovannoni G et al. Genomic
regions associated to multiple sclerosis are active in B cells. PLoS One 2012;7(3):e32281
INTRODUCTION

A recent genome wide association study (GWAS) involving more than nine thousand MS patients
found evidence for association of MS with 57 genomic regions (31). However, there remains limited
understanding as to how these variants are involved in MS development. Although T cells have
traditionally been thought to mediate MS pathophysiology, attention to the role of B cells is
increasing (203, 204). The presence of oligoclonal bands in the cerebrospinal fluid is the most
consistent immunological finding in MS, and this indicates abnormal B cell activation within the CNS
of MS patients (24). Furthermore B cell abnormalities influence both conversion to clinically definite
MS, MRI activity, onset of relapses and disease progression (14, 25-29). Possibly the strongest
evidence for B cells in MS comes from clinical trials showing that MRI activity and onset of relapses

are significantly decreased after depletion of CD20+ B cells (205, 206). Further details can be found in

figure 11.
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Figure 11: B cell involvement in different phases of MS. Environmental risk factors influence B cells
prior to disease onset; B cell abnormalities within the CNS are already present at time of CIS diagnosis
and predict conversion to clinically definite MS; during RRMS markers of B cell activation correlate
with disease course and MRI activity while B cell depletion significantly reduces MRI lesions and onset
of relapses; organized B cell structures are found in the meningeal space of SPMS patients and their
presence is associated with a worse outcome.

The regulation of genes can be just as important as the proteins they encode. Regulatory elements in
the genome are much harder to identify than protein-coding genes because they lack distinguishing
sequence signatures. Moreover, many regulatory elements function only in certain cell types and
conditions (207). Chromatin profiling is a powerful means of genome annotation and detection of
regulatory activity. The chromatin landscape of a cell is distinctive for a specific cell type and among

other roles determines which regions of the genome are accessible to the binding of transcription
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factors and whether transcription occurs or is repressed. A recent study mapped a number of
chromatin marks across nine cell types to systematically characterize regulatory elements and their
cell-type specificities. These included enhancer elements (DNA sequences able to modulate gene
expression through the binding of transcription factors to them), promoter regions (DNA regions
located near the transcription start site of a gene which facilitate the binding of RNA polymerase and
the initiation of transcription), polycomb repressed (DNA regions in which gene expression is actively
repressed by the binding of polycomb group proteins), heterochromatin (large portions of DNA which
are densely packed and therefore less accessible to transcription factors), insulator sites (DNA
elements bound by the zinc finger protein CTCF which functions as an enhancer-blocking element),
transcribed regions and finally repetitive / copy number variations (CNV, DNA regions characterized
by a variable number of copies between individuals). Among the cell types profiled were cell lines
derived from B cells, hepatocytes, fibroblasts and keratinocytes (208).

A large proportion of SNPs associated with MS do not lie in the coding regions of genes and therefore
are likely to influence disease risk through a gene regulatory role. It is plausible that genetic variants
associated with a certain disease act through influencing the particular cell type(s) that trigger
disease onset. Therefore, one would expect to observe an overlap between genomic regions
associated with disease risk and those which are active in the causative cell type(s). The aim of this
study was to assess whether genomic regions that have been associated with MS significantly overlap
with active regulatory regions in B cell lines and whether this overlap is higher than that observed in
non-immunological cell types. This potentially provides us with relevant information regarding the

importance of the immune system and B cells as mediators of disease in MS.
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METHODS

Data acquisition

Genetic variants with confirmed association to MS risk were obtained from the recent GWAS
performed by the International Multiple Sclerosis Genetics Consortium (IMSGC) and the Wellcome
Trust Case Control Consortium 2 (WTCCC2) (n=57) (31). MS regions were defined as genomic intervals
of 0.25cM centred on the lead associated SNP. The chromatin profiles of B-lymphoblastoid cells
(GM12878), hepatocellular carcinoma cells (HepG2), normal lung fibroblasts (NHLF) and normal
epidermal keratinocytes (NHEK) were obtained from the ENCODE project (208). Briefly, chromatin
immunoprecipitation followed by massively parallel DNA sequencing (ChIP-seq) and expression data
were used to identify different classes of chromatin states: active promoter (AP), weak promoter
(WP), poised promoter (PP), strong enhancer (SE), weak enhancer (WE), polycomb repressed (PR),
heterochromatic (H), insulator (l), strongly transcribed (ST), weakly transcribed (WT) and

repetitive/CNV (Rep/CNV) (208).

Overlap analysis

All analyses were performed using the Genomic Hyperbrowser (http://hyperbrowser.uio.no/hb/)
(209). The enrichment of MS regions in a certain chromatin state (e.g. AP) was calculated as the ratio
of the proportion of AP intervals covered by MS regions, to the proportion of non-AP intervals
covered by MS regions. In order to assess whether the overlap between MS regions and a certain
chromatin state was higher than expected by chance, a permutation based analysis was performed. |
defined a null model for which the location of individual chromatin intervals varied randomly, while
preserving the empirical segment and inter-segment length distribution of chromatin intervals. MS
regions were fixed. The number of overlapping base pairs between the two tracks was calculated for

the real data, as well as for 20,000 Monte Carlo samples from the null model. The p-value was
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calculated in the usual way, i.e. as the proportion of Monte Carlo samples being equal to or more
extreme than the observed overlap. These analyses were performed on both a global (whole
genome) and local (chromosome arms) scale and for each cell type. For local analyses p-values were
adjusted to a FDR of 10%.

When comparing B cell lines to non-immunological cell types, case-control tracks were created for
each chromatin state by removing all parts of chromatin intervals that overlapped between B and
control cells and marking the remaining intervals as case (B cell specific intervals) and control (other
cell type specific intervals). P-values were computed by a Monte Carlo procedure, in which the case-
control labels of chromatin intervals were randomly permuted. The observed base pair overlap
between case intervals and MS regions were compared against the corresponding distribution for
20,000 Monte Carlo samples in the usual way. The fold enrichment difference in overlap between B
and control cells was calculated as the ratio between the proportions of case and control intervals
that overlapped with MS regions.

Finally 1 tested whether MS associated SNPs (primary SNPs) and SNPs in perfect linkage
disequilibrium (LD) with primary SNPs (r’=1) were located within certain chromatin states more than

expected by chance as described above for MS regions.

RESULTS

Active chromatin states in B cell lines overlap with MS regions

The first aim was to assess whether and where in the genome a particular chromatin state in B cell
lines significantly overlapped with MS regions. The enrichment of MS regions in different chromatin
states and the significance of the overlap are presented in table 8. On a global scale (whole genome)
enrichment values varied considerably between different chromatin states ranging from 0.34 in H to

3.07 in SE regions. When testing statistical significance, MS regions overlapped with promoter (AP
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and WP p<0.00005; PP p=0.0005), enhancer (p<0.00005) and transcribed (p<0.00005) regions more
than expected by chance.

In order to assess whether the significant global overlap was homogeneously distributed across the
genome or resulted from particularly highly enriched regions, the same analysis was performed on a
local scale by dividing the whole genome into chromosome arms. This resulted in 43 different ‘bins’
of which 17 had to be excluded due to the absence of MS associated regions in those chromosome
arms leaving a total of 26 bins. Out of these 26 bins, statistically significant overlap was found in 18
for AP, 15 for WP, 7 for PP, 23 for SE, 24 for WE, 3 for PR, O for H, 2 for |, 9 for ST, 9 for WT and 1 for
Rep/CNV chromatin states (table 8). As expected, the chromatin states with significant overlap on a
global scale were those with the highest number of significant bins. SE and WE regions showed the
most homogeneously distributed overlap, being significant in all but 3 and 2 bins respectively. The

overlap of promoter and transcribed regions appeared more dependent on particular bins.

Active chromatin states in B cell lines overlap with MS regions more than in non immune cell types
On its own, the presence of an overlap between MS regions and active chromatin states in B cell lines
is not sufficient to indicate that these are relevant to MS pathogenesis. Both MS regions and active
chromatin states could just be more likely to be near commonly transcribed genes, giving rise to co-
localization in the absence of any direct relationship between the MS-associated regions and
chromatin states. To rule out this hypothesis | tested 3 additional cell types (hepatocytes, fibroblasts
and keratinocytes) that, based on current knowledge, are not implicated in MS pathogenesis.
Enrichment values, global significance and number of significant bins are presented in table 9.
Similarly to findings observed in B cell lines, promoter, enhancer and transcribed regions overlapped
with MS regions more than expected by chance in all control cell types. However, the number of

significant bins as well as the enrichment values tended to be higher in B than in other cell types. |
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explored this further by directly comparing the overlap in B cell lines with that of the control cells
(table 10). Strikingly the overlap between MS regions and AP, SE, WE and ST regions was significantly
higher in B cell lines than in any of the other cell types. The highest fold enrichment differences were

observed for higher activity states (AP, SE and ST).

MS associated SNPs preferentially land in active promoter and enhancer regions

The presence of significant overlap between MS regions and certain active chromatin states in B cells
supports an important role for the immune system in MS but does not provide any insight into how
MS risk variants may be acting. | attempted to answer this question by looking at where in the
genome MS associated SNPs, and SNPs in perfect LD (r’=1), preferentially land. A total of 452 SNPs
were tested and enrichment of chromatin states for MS SNPs and significance of overlap are
presented in table 11. MS SNPs were located within AP, SE and WE intervals more than expected by
chance. Weak evidence for overlap was also observed for WP, ST and WT regions. The full list of
SNPs and relative chromatin states is presented in supplementary table 3.

When examined in the light of the chromatin data, several regions seemed particularly interesting.
For example MS associated SNPs in the regions of CLECL1, CD86, TYK2 and CD58 land in promoter and
enhancer regions which are present in B but not in other cell types (figure 12). | also looked at the
position of MS SNPs in regions in which no candidate genes have been identified. Interestingly,
rs12466022 on chromosome 2 and respective SNPs in LD landed in WE and SE intervals, while

rs13192841 on chromosome 6 and respective SNPs in LD were located in WE and WT regions.
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Table 8: Enrichment of MS regions in chromatin states on both a global and local (chromosome arms) scale in B cell lines. Red cells indicate significant overlap
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0.78 | 1.27 0.00
0.48

4.78

E

0.31
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MS SNPs and putative associated genes

rs4648356 (MMEL1/TNFRSF14); rs11810217 (EVI5); rs11581062 (VCAM1); rs1335532
(CD58)

0.00 rs1323292 (RGS1); rs7522462 (C1orf106/KIF21B)
0.00 rs12466022 (no gene); rs7595037 (PLEK)
0.50 rs17174870 (MERTK); rs882300 (CXCR4); rs10201872 (SP140)
0.54 rs11129295 (EOMES); rs669607 (no gene)
0.65 rs2028597 (CBLB); rs2293370 (TMEM39A/CD80); rs9282641 (CD86); rs2243123 (IL12A)
0.94 rs228614 (NFKB1)
0.00 rs6897932 (IL7R); rs4613763 (PTGER4)
0.35 rs2546890 (IL12B)
‘ 0.55 rs12212193 (BACH2); rs802734 (THEMIS); rs11154801 (MYB/AHI1); rs17066096
(IL22RA2); rs13192841 (no gene); rs1738074 (TAGAP)
2.52 0.00 rs354033 (ZNF746)
0.42 0.13 rs1520333 (/L7); rs4410871 (MYC); rs2019960 (PVT1)
2.93 0.51 rs3118470 (IL2RA)
1.90 0.66 rs1250550 (ZMIZ1); rs7923837 (HHEX)
1.34 0.21 rs650258 (CD6); rs630923 (CXCR5)
0.66 0.67 rs1800693 (TNFRSF1A); rs10466829 (CLECL1)
0.73 0.64 rs12368653 (CYP27B1); rs949143 (ARL6IP4)
0.23 1.08 rs4902647 (ZFP36L1); rs2300603 (BATF); rs2119704 (GALC/GPR65)
0.00 0.34 rs2744148 (SOX8); rs7200786 (CLEC16A/CIITA)
0.00 3.47 rs13333054 (IRF8)
0.37 1.02 rs9891119 (STAT3); rs180515 (RPS6KB1)
2.16 0.00 rs7238078 (MALT1);
2.13 0.29 rs1077667 (TNFSF14); rs8112449 (TYK2/ICAM3); rs874628 (MPV17L2/IL12RB1)
2.26 0.14 rs2303759 (DKKL1/CD37)
0.18 rs2425752 (CD40); rs2248359 (CYP24A1); rs6062314 (TNFRSF6B)
0.33 1.09 rs2283792 (MAPK1); rs140522 (SCO2)




Table 9: Enrichment, global significance and number of significant bins in B and control cells

CHROMATIN STATE MEASURE B CELLS HEPATOCYTES FIBROBLASTS KERATINOCYTES
Global significance YES (p<0.00005) YES (p<0.00005) YES (p<0.00005) YES (p<0.00015)
Active promoter Significant bins 18 9 11 6
Global enrichment 2.721 2.114 2.207 1.95
Global significance YES (p<0.00005) YES (p<0.00005) YES (p=0.0001) YES (p<0.00005)
Weak promoter Significant bins 15 11 7 10
Global enrichment 2.134 2.121 1.803 1.949
Global significance YES (p<0.0005) Maybe (p=0.01975) YES (p=0.0022) YES (p=0.0013)
Poised promoter Significant bins 7 5 4 4
Global enrichment 2.352 1.935 2.057 2.011
Global significance YES (p<0.00005) YES (p<0.0016) YES (p<0.00005) YES (p=0.00065)
Strong enhancer Significant bins 23 1 6 7
Global enrichment 3.074 1.908 1.886 1.577
Global significance YES (p<0.00005) YES (p<0.00005) YES (p=0.00035) YES (p<0.00005)
Weak enhancer Significant bins 24 12 4 10
Global enrichment 2.222 1.747 1.436 1.528
Global significance Maybe (p=0.07035) NO (p=0.6002) YES (p=0.0056) NO (p=0.1098)
Polycomb repressed Significant bins 3 1 8 5
Global enrichment 1.355 1.161 1.574 1.314
Global significance NO (p=1) NO (p=1) NO (p=1) NO (p=1)
Heterochromatic Significant bins 0 0 0 0
Global enrichment 0.3363 0.4589 0.4273 0.4829
Global significance Maybe (p=0.08100) Maybe (p=0.02090) YES (p=0.0015) YES (p=0.00025)
Insulator Significant bins 2 5 4 7
Global enrichment 1.205 1.267 1.348 1.376
Global significance YES (p<0.00005) YES (p=0.0004) YES (p=0.0007) YES (p=0.005)
Strong transcribed Significant bins 9 7 8 7
Global enrichment 2.575 2.171 2.133 1.868
Global significance YES (p<0.00005) YES (p=0.0008) YES (p<0.00005) YES (p<0.00005)
Weak transcribed Significant bins 9 3 8 7
Global enrichment 1.919 1.668 1.836 1.811
Global significance NO (p=0.3547) Maybe (p=0.02565) NO (p=0.5321) NO (p=0.1582)
Repetitive / CNV Significant bins 1 1 1 1
Global enrichment 1.013 1.965 0.8118 1.351
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Table 10: Comparison of overlaps between B cell lines and other cell types

Chromatin state

Is overlap in B cells > Hepatocytes?

Is overlap in B cells > Fibroblasts?

Is overlap in B cells > Keratinocytes?

Significance Fold difference Significance Fold difference Significance Fold difference
Active promoter YES (p<0.0001) 1.958 YES (p=0.0006) 1.888 YES (p<0.00005) 2.747
Weak promoter NO (p=0.5972) 1.022 YES (p=0.00075) 1.239 YES (p=0.0025) 1.068
Poised promoter YES (p=0.00945) 1.259 Maybe (p=0.07815) 1.208 NO (p=0.2274) 1.255
Strong enhancer YES (p<0.00005) 1.709 YES (p<0.00005) 1.772 YES (p<0.00005) 2.196
Weak enhancer YES (p<0.00005) 1.306 YES (p<0.00005) 1.626 YES (p<0.00005) 1.513
Polycomb repressed NO (p=0.1456) 1.213 NO (p=1) 0.8860 NO (p=0.9866) 1.119
Heterochromatic NO (p=1) 0.5286 NO (p=1) 0.5938 NO (p=1) 0.4705
Insulator NO (p=0.7215) 0.8227 NO (p=0.3529) 0.9084 NO (p=0.9425) 0.8002
Strong transcribed YES (p=0.0015) 1.486 YES (p<0.00005) 1.417 YES (p<0.00005) 2.027
Weak transcribed Maybe (p=0.07585) 1.230 NO (p=0.1152) 1.096 NO (p=0.1358) 1.132
Repetitive / CNV NO (p=1) 0.1713 NO (p=0.2893) 2.492 NO (p=0.9999) 0.4362




Table 11: Enrichment and significance of the overlap between MS SNPs and chromatin states in B cell lines
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MS SNPs
Chromatin state Significance Enrichment
Number Percentage

Active promoter 30 6.64 YES (p<0.00005) 9.202
Weak promoter 9 1.99 Maybe (p=0.0413) 2.907
Poised promoter 2 0.44 NO (p=0.181) 2.72
Strong enhancer 35 7.74 YES (p=0.0006) 4.878
Weak enhancer 57 12.61 YES (p<0.00005) 4.580
Polycomb repressed 9 1.99 NO (p=0.7278) 0.63
Heterochromatic 162 35.84 NO (p=1) 0.216
Insulator 4 0.88 NO (p=0.2574) 1.634
Strong transcribed 59 13.05 Maybe (p=0.0529) 2.271
Weak transcribed 85 18.81 Maybe (p=0.0357) 1.973

Repetitive / CNV 0 0.00 NO (p=1) 0
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Figure 12: MS SNPs land in B cell specific promoter and enhancer elements in the regions of CLECL1, TYK2, CD86, and CD58 (a-d); MS SNPs in a
region with no candidate gene land in enhancer intervals (e). Chromatin states: AP=active promoter; WP=weak promoter; PP=poised
promoter; SE=strong enhancer; WE=weak enhancer; PR=polycomb repressed; H=heterochromatic; I=insulator; ST=strong transcribed;
WT=weak transcribed; CNV/Rep= CNV/repetitive. Cell lines: GM12878=B cells; HepG2=hepatocytes; NHEK=keratinocytes; NHLF=fibroblasts.
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DISCUSSION

MS is a complex disorder of unknown aetiology. Here | show that genomic regions associated with
MS overlap with AP, SE, WE and ST regions in B cell lines and that this occurs more than would be
expected by chance, and more than was observed in 3 other cell types unrelated to MS pathogenesis.
Notably, the overlap was particularly striking in SE and WE regions for which significance was reached
in 23 and 24 out of the 26 analyzed bins respectively. This is in accordance with the previous
observations that tissue-specific genes appear more dependent on enhancer than promoter
elements (208). Furthermore, | provide evidence that the associated SNPs preferentially land in
promoter, enhancer and to a lesser extent transcribed regions. These findings have several important
implications.

Firstly, this work further supports the immunological aetiology of MS (19). These findings are in
agreement with those of a gene-ontology analysis of the genes located within MS associated regions,
which showed a substantial overrepresentation of immune-related processes (31). As compared to
this type of analysis, the chromatin approach has the relative advantage of being independent of
what is currently known on genes and cell types.

Secondly, these observations provide further support for an important role for B cells in the
pathogenesis of MS (210). The presence of oligoclonal bands in the cerebrospinal fluid represents the
most consistent immunological finding in MS patients and B cell abnormalities influence both
conversion to clinically definite MS, MRI activity, onset of relapses and disease progression (14, 24-
29). Furthermore clinical trials have shown that antibody mediated depletion of CD20+ B cells is
highly effective in diminishing MRI activity and onset of clinical relapses (205, 206).

However, it must be considered that certain chromatin features may be shared between B and other
immune cell types, in particular T cells. Unfortunately, a similarly detailed chromatin profile of T cells

is not yet available and therefore a direct comparison between B and T cells could not be performed.
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Even if similar chromatin profiles exist between T and B cells, the attempts to understand the effects
of genetic risk variants on T cell function (211) may be missing important effects in B cells. Given the
increasing evidence for B-T cell interactions in MS (212-214), this analysis has the potential to greatly
help the dissection of the roles played by these two cell types.

When MS SNPs rather than MS regions were analyzed, | found that MS SNPs were significantly more
likely to land in AP, SE and WE regions than expected by chance perhaps suggesting that many of the
associated SNPs may influence the risk of MS by modifying the binding of transcription factors and
transcription in general. This is in agreement with previous observations (208). For MS associated
SNPs landing in non-genic regions, for the first time | was able to show a likely functional role in gene
regulation. However these findings should be interpreted with caution for two reasons. First, the
observed overlap between MS SNPs and active chromatin states may be consequent to the fact that
MS SNPs land in MS regions, themselves enriched for active chromatin states. Secondly, a conclusive
answer to this question can only come from functional studies which should investigate if and how
MS variants affect the chromatin landscape and gene expression.

To conclude, genomic regions associated to MS susceptibility are active in B cell lines and causative
SNPs may act by changing the chromatin landscape. Further similar analyses in other immunological
cell types relevant to MS and functional studies are required to fully understand in which cells, at

which stage and how MS genetic variants are acting.
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CHAPTER 5: VITAMIN D RECEPTOR BINDING, CHROMATIN STATES AND ASSOCIATION WITH MS

-Disanto G, Sandve GK, Berlanga-Taylor AJ, Ragnedda G, Morahan JM, Giovannoni G, Ebers GC,
Ramagopalan SV. Vitamin d receptor binding, chromatin states and association with multiple
sclerosis. Hum mol genetics (2012) 21: 3575-3586

INTRODUCTION

| have shown that MS associated genomic regions overlap with strong enhancer, active promoter and
strongly transcribed regions in B cell lines, more than expected by chance and more so than in non-
immune cell types (215). Like all complex traits, genes are not the only determinant of MS
susceptibility. Several lines of evidence support a role for vitamin D deficiency in influencing the risk
of MS (see above). As mentioned in the introduction of this thesis, vitamin D acts in the genome via
its cognate nuclear receptor, the vitamin D receptor (VDR). The presence of 2,776 different genomic
locations bound by the VDR in B cell lines has been recently shown. Notably, genetic loci associated
with MS were substantially enriched for VDR binding sites (94).

However, the VDR-MS enrichment analysis was performed using old data on MS associated genomic
regions and needs to be updated in light of the latest GWAS findings (31). Furthermore, the relation
between VDR binding and chromatin states has never been explored. In the present study the aim
was to investigate how genomic regions with VDR binding in B cell lines (VDR regions) (94), chromatin
states in B cell lines (208) and MS associated genomic regions (MS regions) (31) are related to each

other.

METHODS
Data acquisition
Genetic variants and chromatin profiles were obtained as described in chapter 4. Since VDR binding

could regulate gene expression at several kb of distance | decided to define MS regions as genomic



67

intervals of 0.25 cM centred on the lead associated SNP + 100 kb each side. Genomic regions with
VDR binding in B cell lines after stimulation for 36 h with 0.1 mM calcitriol were identified as

previously described (94).

Assessing significance and enrichment of base pair overlap
To assess statistical significance of overlap and enrichment | used the same strategies as described in

chapter 4. For the following analyses | used 50,000 Monte Carlo samples.

Taking into account genes as a confounding track

To control for a possibly confounding effect of gene proximity to the VDR-MS relation, | assessed
VDR-MS overlap conditioning on their common relation to genes, using the approach to handle
confounder tracks previously described (209). Briefly, | estimated the occurrence frequency of
observed VDR binding in exponentially increasing ranges of distance to nearest gene, and under the
null model sampled VDR binding with intensity given by the estimated occurrence frequency at a

given distance (range) from the nearest gene. MS regions were kept at their observed locations.

RESULTS

Global overlap between VDR regions and chromatin states in B cell lines

The first aim was to assess in which chromatin states in B cell lines VDR binding was more likely to
occur. Chromatin states analyzed were active promoter (AP), weak promoter (WP), poised promoter
(PP), strong enhancer (SE), weak enhancer (WE), polycomb repressed (PR), heterochromatic (H),
insulator (1), strongly transcribed (ST), weakly transcribed (WT) and repetitive/CNV (Rep/CNV) (208).
The position of VDR regions was fixed while chromatin intervals were randomized as described in the

methods. On the global scale, the overlap between VDR regions and chromatin states was higher
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than expected by chance in 5 out of the 11 chromatin states analyzed (SE, WE, AP, WP and 1).
However, the overlap appeared particularly strong in chromatin states of high regulatory activity (SE
and AP). Approximately 44% and 33% of VDR regions were in fact covered by SE and AP respectively.
The enrichment values of VDR regions within these chromatin states were 45.26 for SE (p<2.0e-05)
and 63.41 for AP (p<2.0e-05). Furthermore, SE and AP were the only chromatin states in which

overlap was significantly higher than expected in all chromosome arms (41 out of 41) (table 12).

Overlap between VDR regions and chromatin states of B cell lines vs control cell lines

On its own, the presence of significant overlap between VDR regions and certain chromatin states in
B cell lines does not necessarily imply biological significance. Both VDR regions and chromatin
intervals could just be more likely to be near commonly transcribed genes and a similar degree of
overlap could be present between VDR regions and chromatin states of other cell types. To exclude
this hypothesis | tested whether the previously identified B cell chromatin states with significant
overlap (SE, WE, AP, WP and I) co-localized with VDR regions more than the same chromatin states
from 3 additional cell types (hepatocytes, fibroblasts and keratinocytes). | found that B cell specific SE
and AP elements overlapped with VDR regions more than SE and AP elements from control cell types

(p<2.0e-05 for all comparisons, table 13).

Overlap at the cytoband level: shared preference of bins vs detailed base pair overlap

By simply looking at the proportion of the genome which is covered individually by two sets of
genomic intervals (tracks) one can calculate the expected base pair overlap (e.g. if two tracks cover
10% of the genome each, the expected overlap would be 1%). However this assumption is valid only
if the two tracks are independent from each other, which is not always the case. For example, tracks

could be preferentially located within the same regions of the genome and this could considerably
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increase their expected base pair overlap. This appears to be the case for both VDR-SE and VDR-AP
relationships as suggested by the strong correlations observed between the proportional coverage of
SE or AP versus VDR regions within each cytoband (figure 13).

In order to understand whether the strong overlap observed between VDR regions and SE and AP is
not only due to shared preference for the same genomic regions but also due to a tendency towards
detailed base pair overlap | calculated and compared the following values: 1) The expected VDR-SE
and VDR-AP base pair overlaps if all these elements were independent (independency of tracks); 2)
The proportional coverage of VDR, SE and AP within each cytoband; 3) The expected VDR-SE and
VDR-AP base pair overlaps after fixing the proportional coverage of VDR, SE and AP elements per
cytoband (so that each of them is required to occur with the same base pair coverage within each
cytoband as observed); 4) The actual VDR-SE and VDR-AP observed base pair overlaps. All values are
shown in table 14.

As compared to independency of tracks, fixing cytoband preferences increased the expected overlap
by approximately two fold (from 0.0011% to 0.0023% for VDR-SE and from 0.0005% to 0.0011% for
VDR-AP). This further indicates the strong bias of VDR, SE and AP elements towards occurring within
the same regions of the genome. However, the actual observed VDR-SE and VDR-AP overlaps were a
further 13 and 21 times greater than the expected overlap after fixing cytoband preferences
(p<0.001, for both VDR-SE and VDR-AP). This shows that both the VDR-SE and VDR-AP overlaps are
not only due to shared preference for the same cytobands but also due to a more detailed overlap at

the base pair level.

Global overlap between VDR regions and MS regions
| next investigated whether VDR regions were more likely than chance to occur within MS associated

regions. This has been previously observed this using three year old data on MS associated regions
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(94). In the updated analysis, out of 58 MS associated regions, 35 (60.3%) had VDR binding inside
(table 15). The positions of MS regions were kept fixed, while VDR intervals were randomized as
described in the methods. The observed base pair overlap was considerably higher than expected by
chance (p<2.0e-05), with a fold enrichment of 3.67.

However both VDR binding sites and MS regions could have a tendency to be located near genes. This
shared relation could itself lead to a higher overlap between VDR and MS regions than expected by
independency of these tracks. As expected, when position relative to genes was taken into account in
the null model the expected number of VDR regions falling inside MS regions increased from 30 to
45. However the observed number of VDR regions falling inside MS regions was 2.2 fold higher than

expected (99 vs 45) (p<0.001).

VDR-AP and VDR-SE overlaps within MS regions

Given the significant co-occurrence of VDR-SE and VDR-AP at the genome wide level and the
observed overlap between VDR and MS regions, | investigated the extent of the overlap between
VDR and SE and between VDR and AP within MS regions. Similar to how | analyzed the genome wide
VDR-SE and VDR-AP overlaps, | calculated and compared the following values: 1) The expected VDR-
SE and VDR-AP base pair overlaps within MS regions if all these elements were independent; 2) The
proportional coverage of VDR, SE and AP within each MS region; 3) The expected VDR-SE and VDR-AP
base pair overlaps after fixing the proportional coverage of VDR, SE and AP elements per MS region;
4) The actual VDR-SE and VDR-AP observed base pair overlaps within MS regions. All values are
shown in table 16.

As compared to independency of tracks, fixing proportional coverage of MS regions slightly increased
the expected overlap (from 0.0133% to 0.0204% for VDR-SE and from 0.0055% to 0.0079% for VDR-

AP). The actual observed VDR-SE and VDR-AP overlaps were a further 4.75 and 14.93 times higher
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than the expected overlap after fixing for MS regions (p<0.001, for both VDR-SE and VDR-AP).
Overlap between VDR and either SE or AP elements was present in several MS associated regions and
near a number of putative candidate genes including SP140, CD86, IL22RA2, CXCR5, TNFRSF1A,
ZFP36L1, BATF, IRF8, CD40, TNFRSF6B in addition to a region on chromosome 6 with no candidate

genes (figure 14 and 15).
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Table 12: Enrichment of VDR regions in B cell lines within chromatin states in B cell lines (SE=strong enhancer; WE=weak enhancer; AP=active
promoter; WP=weak promoter; PP=poised promoter; PR=polycomb repressed; H=heterochromatic; I=insulator; ST=strong transcribed;

WT=weak transcribed)

Variable SE WE AP WP PP R H | ST WT CNV
Global
o p<2.0e-05 p<2.0e-05 p< 2.0e-05 p<2.0e-05 p=0.65 p=1 p=1 p=0.047 p=0.85 p=1 p=0.3
significance
Proportion of
VDR regions 0.438 0.068 0.329 0.039 0.002 0.004 0.022 0.008 0.065 0.022 0.003
covered
Enrichment 45.26 2.33 63.41 5.88 0.963 0.125 0.009 1.47 1.06 0.19 1.22
Significant
chromosome 41/41 20/41 41/41 33/41 0/41 0/41 0/41 0/41 0/41 0/41 0/41
arms




Table 13: Comparison of overlap between VDR regions in B cell lines and chromatin states in B cell lines vs control cell types
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Is overlap in B cell > Hepatocytes?

Is overlap in B cell > Fibroblasts?

Is overlap in B cell > Keratinocytes?

Chromatin Significant Significant
states Global p-value bins Fold difference Global p-value bins Fold difference Global p-value Significant bins Fold difference
SE p<2.0e-05 41/41 8.069 p<2.0e-05 41/41 8.34 p<2.0e-05 41/41 7.84
WE p=0.998 0/41 0.729 p=1 0/41 0.702 p=0.989 0/41 0.741
AP p<2.0e-05 19/41 4.955 p<2.0e-05 15/41 4.047 p<2.0e-05 15/41 5.047
wpP p=1 0/41 0.688 p=0.961 0/41 0.768 p=0.665 0/41 0.768
| p=0.989 0/41 0.499 p=0.996 0/41 0.423 p=0.987 0/41 0.542
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Figure 13: Correlation between VDR and SE/AP proportional coverage per cytoband (SE-VDR: Pearson correlation coefficient=0.53, p<le-10;

AP-VDR: Pearson correlation coefficient=0.61, p<le-10).



Table 14: Overlap between VDR and SE and between VDR and AP regions at the cytoband level

SE AP
VDR regions VDR regions
Expected overlap given coverage of
0.0011 % 0.0005 %
the whole genome
Expected overlap after fixing
o 0.0023 % 0.0011 %
individual coverage of cytobands
Observed overlap 0.0307 % 0.0231%
Observed / expected given coverage
/ exp & & 27.9 46.2
of whole genome
Observed / expected after fixing
13.35 21

coverage of cytobands
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Table 15: MS associated regions, candidate genes and presence of VDR binding inside

MS regions Candidate gene VDR binding? MS regions Candidate gene VDR binding?
chrl:2296586-2927369 MMEL1 YES chr8:128722713-129112679 MYC

chr1:91914277-93406499 EVI5 YES chr8:129088889-129466891 PVT1 YES
chr1:100883315-101555310 VCAM1 YES chr10:5970200-6335251 IL2RA

chrl1:116732232-117009542 CD58 chr10:80530397-80912694 ZMIZ1
chr1:190633439-190914781 RGS1 YES chr10:94086576-94591896 HHEX
chr1:199028354-199436605 Clorf106 chr11:60381885-60707448 cDé6

chr2:43065922-43316721 No gene chr11:117719848-118503512 CXCR5 YES
chr2:68287193-68634474 PLEK chr12:6185549-6440964 TNFRSF1A YES
chr2:112261731-113061046 MERTK chr12:9220354-10011731 CLECL1 YES
chr2:136516329-136792725 CXCR4 YES chr12:55815445-56993768 CYP27B1 YES
chr2:230686908-231043610 SP140 YES chr12:121854616-122622299 ARL6IP4 YES
chr3:27596539-27915543 EOMES chr14:68106919-68485659 ZFP36L1 YES
chr3:27917551-28262135 No gene chr14:74914385-75200333 BATF YES
chr3:106755817-107254331 CBLB chr14:87181291-87857780 GALC

chr3:120484165-120881518 TMEM39A YES chr16:885320-1148646 SOX8

chr3:122997536-123554717 CD86 YES chr16:10825550-11369956 CLEC16A YES
chr3:160964425-161340687 IL12A chr16:84420930-84680066 IRF8 YES
chr4:103508587-104694517 NFKB1 YES chrl7:37471803-38274639 STAT3 YES
chr5:35574799-36288926 IL7R chr17:54683128-55516497 RPS6KB1 YES
chr5:40169348-40818595 PTGER4 YES chr18:54376982-54781323 MALT1
chr5:158333068-158858750 IL12B chr19:6463807-6736403 TNFSF14 YES
chr6:90766998-91248913 BACH2 YES chr19:10173627-10589218 TYK2 YES
chr6:127760104-128484638 THEMIS chr19:17904486-18371361 MPV17L2 YES
chr6:135530175-136350729 MYB YES chr19:54306574-54720371 DKKL1 YES
chr6:137248718-137655201 IL22RA2 YES chr20:43865041-44348988 CD40 YES
chr6:137815794-138295369 No gene YES chr20:52101726-52353768 CYP24A1
chr6:159142319-159561276 TAGAP chr20:61562867-62060032 TNFRSF6B YES
chr7:148654372-149158702 ZNF746 YES chr22:20129932-20787848 MAPK1 YES
chr8:78728530-79923754 L7 chr22:49179169-49523510 sco2 YES
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Table 16: Overlap between VDR and SE and between VDR and AP regions within MS regions

SE AP
VDR regions VDR regions
Expected overlap given coverage of
. 0.0133 % 0.0055 %
all MS regions
Expected overlap after fixing
o . 0.0204 % 0.0079 %
individual coverage of MS regions
Observed overlap 0.0970 % 0.1180 %
Observed / expected given
] 7.29 21.45
coverage of all MS regions
Observed / expected after fixing
4.75 14.93

coverage of MS regions
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Figure 14: Overlap between VDR regions and SE/AP elements within MS associated genomic regions (1)
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Figure 15: Overlap between VDR regions and AP/SE elements within MS associated genomic regions (I1)
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DISCUSSION

Assessing whether two or three sets of genomic intervals overlap may appear like a simple question
to answer. However, performing the analysis without bias is more complicated. For example one
needs to distinguish between whether the overlap is due to shared preference for the same genomic
regions or due to detailed overlap at the base pair level. Furthermore, two different tracks could
share a similar tendency to be located in proximity to a third set of genomic intervals (for example
genes), and when this happens the effect of these confounding tracks needs to be taken into account.
In chapter 6 | showed how MS regions overlap with SE and AP elements of B cell lines more than
expected by chance and more than in non-immune cell types (215). | followed up these findings and
investigated how VDR binding is involved in the relation between MS regions and chromatin states. |
found that:

1) Regions with VDR binding in B cell lines overlap with AP and SE intervals in B cell lines more than
expected by chance and more than in non-immune cell types. The extent of this overlap is
astonishing with more than 40% and 30% of VDR regions covered by SE and AP respectively.

2) The AP-VDR and SE-VDR overlap is present both at the global (genome wide) and local (cytoband)
scales. Notably, | was able to show that these elements are not only preferentially located within the
same genomic regions but also tend to overlap at base pair level. This suggests that the VDR directly
interacts with enhancer and promoter elements and likely modifies their action.

3) VDR binding is also more likely to occur within MS regions as compared to the rest of the genome
and more than 60% of MS regions are bound by the VDR. These include the genomic regions
containing the candidate genes EVI5, VCAM1, CXCR4, SP140, TMEM39A, CD86, NFKB1, CXCR5,
TNFRSF1A, CLECL1, CYP27B1, CLEC16A, IRF8, STAT3, TNFSF14, TYK2, CD40 and TNFRSF6B. This

overlap is also significantly higher than expected when genes are considered as a confounding track.
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4) The SE-VDR and AP-VDR overlaps are also present with the same characteristics within MS regions
suggesting that these relations are relevant for disease aetiology. Candidate genes with either SE-VDR
or AP-VDR overlap nearby included CD86, CXCR5, TNFRSF1A, RGS1, SP140, TMIEM39A, IL22RA2, BATF,
CLEC16A, TNFRSF6B, IRF8 and CD40. Interestingly, one of the MS associated regions located on
chromosome 6, which was void of candidate genes, was characterized by two sites of overlap of SE-
VDR and AP-VDR, perhaps suggesting a long-range or trans regulatory role.

Taken together these findings have a number of important implications. First, they suggest that VDR
binding influences or interacts with the chomatin profile of a cell. The regulatory role played by
vitamin D at the genomic level likely underlies its modulatory actions in the immune system. Both the
VDR and the CYP27B1 enzyme are expressed in an exceptionally wide range of immune cells,
including B cells, but also Th1 and Th17 subsets and FOXP3+ regulatory T cells (91). In B cells, vitamin
D is able to modulate cell proliferation, induce apoptosis and inhibit plasma cell differentiation and
immunoglobulin secretion (216).

Second, the fact that VDR-SE and VDR-AP overlaps are seen not only at the genome wide level, but
also inside genomic regions associated with MS risk, provides a potential biological explanation for
the epidemiological observations linking vitamin D deficiency to both risk and clinical course of MS
(80, 87, 217-219).

Finally, these data provide insights into the cell types that are primarily driving the onset of MS. It
would be logical to hypothesize that genetic and environmental risk factors would have a direct
influence on the cell type triggering the abnormal immune response in MS patients. Therefore, the
observation that both genomic regions associated with MS and VDR binding intervals overlap with
genomic regions which are active and play a regulatory role in B cell lines provide further support for

an important role for this cell type in the pathogenesis of this devastating disease (see above).
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One possible confounding factor is that both chromatin and VDR binding data come from B cells
immortalized via Epstein Barr virus (EBV). While it is acknowledged that the EBV mediated
immortalization process could influence both chromatin profile and VDR binding, this could itself be
interesting for MS since EBV infection is another environmental risk factor which is strongly
implicated in the aetiology of this complex disease (97, 98, 101). It would therefore be particularly
interesting to investigate how EBV infection can change the chromatin features of infected B cells,
and whether this modifies their relation with MS associated regions and VDR binding.

To conclude, genomic regions with VDR binding in B cell lines substantially overlap with promoter and
enhancer elements that are active in B cell lines. This is also true in MS associated regions and is
therefore relevant for MS aetiology. Further similar analyses in other immunological cell types and
functional studies will be required to fully understand how vitamin D can influence the chromatin
landscape and gene expression outside and inside genomic regions which play a role in the aetiology

of MS.
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CHAPTER 6: DNASE HYPERSENSITIVITY SITES AND ASSOCIATION WITH MS

INTRODUCTION

| have shown in chapter 4 how MS associated genetic regions overlap with sites of active and
regulatory chromatin in immortalized B cell lines more than in non-immune cell types. However, it is
plausible that the chromatin state is influenced by the immortalization process. Furthermore, it
would be important to investigate the relation between MS associations and active chromatin in
different components of the immune system. Deoxyribonuclease | (DNase 1) hypersensitive sites
(DHSs) represent precise and reliable indicators of open and active chromatin across the genome.
Recent studies have shown that these marks are highly cell specific and can be used to identify
pathogenic cell types in complex traits (208, 220). ENCODE researchers have recently investigated the
overlap between MS associated genetic variants and DHSs across a number of cell types (220). They
used data from a recently published meta-analysis of genome wide association studies (GWAS) in MS
(73) and compared the proportion of SNPs meeting increasingly significant association p-values
thresholds that were located inside DHSs of each cell type to the proportion of all SNPs inside DHSs of
the same cell type. The authors concluded that MS associated variants were particularly active in
CD3+ cord blood T cells and CD19+/CD20+ B cells (220). However, this strategy is biased by the
considerable variability of LD across the genome. Indeed, associated SNPs may be in strong LD with
either a very large number (even hundreds) or a small number (only a few) SNPs. The inevitable
consequence of this disparity is that some associated SNPs will count more than others in the overall
estimate. For example, the association between cord blood T and B cell DHSs and MS SNPs was
particularly evident for SNPs with p-values lower than 107°. In MS, such small p-values are only
reached by a very large number of major histocompatibility complex (MHC) SNPs and an equally large

number of SNPs across this region reach p values suggestive of association (e.g. between 10*and 10°
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8)) (73). Furthermore, many of these SNPs are near genes not involved in disease but are only
associated through LD with the MS causative HLA-DRBI1 gene (67, 221).

Although most genetic susceptibility to MS resides within the MHC, more than 50 genetic loci located
outside the MHC have now been associated with MS risk and many others show suggestive
association (31, 73). | therefore aimed to provide a more reasonable estimate of the overlap between
MS associated genetic variants and cell specific DHSs. In order to avoid inflating our analysis with
MHC variants, | decided to consider MS associated regions (MS regions) rather than SNPs. In addition,
| investigated the relationship between cell specific genetic variants and heritability and assessed
which cell type/s explain most of the genetic susceptibility to MS. | finally looked at additional
diseases and assessed to what extent different immune mediated traits share common pathogenic

cell types.

METHODS
Data collection
| collected genetic association data from the “Catalog of Published Genome-Wide Association

Studies” (http://www.genome.gov/gwastudies/) for the following diseases: multiple sclerosis (MS),

type 1 diabetes (T1D), rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), systemic
sclerosis (SS), psoriasis, Crohn’s disease (CD), ulcerative colitis (UC), celiac disease, leprosy,
schizophrenia and colorectal cancer (CC). Only associations reported from GWAS with the largest
sample size were included in the analyses (supplementary table 4). | decided to further analyse MS
associated SNPs by dividing them in those with confirmed and suggestive genetic association using
data from the two largest and most recent GWAS performed to date (31, 73). In Sawcer et al.,
confirmed associated SNPs were defined as those that either were a replication of previous GWAS

findings or had a discovery stage p < 1x10™?, a replication p < 0.05 and a p-combined < 5x10”. SNPs


http://www.genome.gov/gwastudies/

85

suggestive of association were those having a discovery stage p < 1x10™°and in which the same allele
was overrepresented in cases compared to controls in both discovery and replication stages (31). In
Patsopoulos et al., confirmed associated SNPs were defined as either those with p-values < 5x10° or
previously identified associated SNPs that replicated. Suggestive SNPs were those with p values
ranging between 5 x 10%and 5 x 10°® (73). Coordinates of cell specific DHSs for 112 different cell types

were provided by the ENCODE project (supplementary table 5) (220).

Cell specific DHSs — MS regions overlap analysis

All analyses were performed using the Genomic Hyperbrowser (209). For each SNP we defined an
association region as the genomic interval comprising 50 kb each side of the associated SNPs. In order
to assess whether cell specific DHSs fell more in the proximity of SNPs associated to a given disease
than the general tendency of DHSs across all cell types to fall in the same proximity, we applied a
three-track approach. A general DHSs track was created by aggregating all DHS sites across all cell
types/tissues. Enrichment for a particular cell type was calculated as the ratio of cell specific DHSs
coverage to aggregated DHSs coverage within disease associated regions, divided by the
corresponding ratio for the full genome. This is equivalent to testing whether cell specific DHSs
overlap with disease associated regions more than the general tendency of DHSs across all cell types
to do this. The aggregated DHSs track contains overlapping regions (sites from different cell types
that have overlapping genome coordinates), and in such cases the coverage for a given base pair
were calculated as the count of regions covering the base pair. Instead of counting uniformly within
associate regions, a weight inversely proportional to the distance of the position from the associated
SNP was assigned (figure 16). Total coverage within disease associated regions (as referred to above)
was then defined as the sum of the weighted DHSs densities for all SNPs. Statistical hypothesis testing

was performed using a permutation based approach to compute p-values. A null model was defined
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for which the location of individual disease-associated SNPs were uniformly randomized within the
chromosome arms they were located in, whereas DHSs were kept fixed. The distance-based

enrichment, as described above, was used as a test statistic in the hypothesis testing.
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Figure 16: Plot showing how the total weight assigned to nucleotides is distributed as a function of the
distance from the GWAS associated SNP. The intervals between 50kb and 30kb away from the
associated SNPs make up a total of around 10% of the total weight assigned to positions when
evaluating DHSs coverage. Correspondingly, the broader regions from 50kb to 10kb away from the
SNPs (at both sides) make up a total of around 40% of the total weight, while the remaining 60% of
the weight is then necessarily assigned to positions closer than 10kb from the SNP.
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Estimation of phenotypic variance explained by DHSs specific SNPs

As a consequence of the very large number of tests performed in GWAS, the criteria used to define
genetic associations need to be very stringent and a Bonferroni correction is strongly suggested. As a
consequence, several truly associated variants fail to reach genome wide significance and are not
recognized. This represents one of the reasons why associated SNPs usually explain a relatively small
proportion of the phenotypic variance between cases and controls. However, this fraction
considerably increases if all genotyped SNPs rather than only those that reach genome wide
significance are considered. | used raw GWAS data from a total of 1,854 MS patients and 5,164
unrelated controls from the United Kingdom generated by the Wellcome Trust Case Control
Consortium 2 (WTCCC2) (31). | estimated the proportion of phenotypic variance between MS cases
and controls explained by all genotyped SNPs located within cell specific active chromatin using the
Genome-wide Complex Trait Analysis (GCTA) tool (222, 223). | first estimated the genetic relationship
between individuals from GWAS SNP data and this pair-wise information was stored in a genetic
relationship matrix (GRM). The total phenotypic variance between cases and controls is a variable
depending on the GRM, the polygenic additive genetic variance explained by the SNPs (o,) and error
variance (o.). The narrow sense heritability of a trait (proportion of phenotypic variance explained by
additive genetic effects or h?) can be defined as h’= o, / (o, + 0.) and was calculated via residual
maximum likelihood (REML) analysis. These variances are on the observed 0-1 scale. However,
heritability is most interpretable on a continuous scale and the estimated variance was therefore

transformed on the liability scale assuming a disease prevalence of 0.001 (222, 223).
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RESULTS

Overlap between cell specific DHSs and MS associated genomic regions

My first aim was to assess in which cell types and tissues DHSs overlapped with genomic regions
associated with MS more than expected from the general tendency of DHSs across all cell types. The
overlap between MS regions and DHSs was higher than expected only for a number of immune cell
types. The highest enrichment values were observed for various T cell types (in particular Thl, Th17
and CD8+ cytotoxic T cells). CD19+ B cells, CD56+ natural killer (NK) and fetal thymus also showed
high enrichment values (figure 17 and supplementary table 6). | then calculated enrichment
considering confirmed and suggestive SNPs as defined above. There was a clear overrepresentation
of immune cell types in both groups and there was a considerable correlation between confirmed

and suggestive MS regions (Pearson’s rho=0.86; p<2.2e-16) (figure 18) (supplementary table 7).
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Figure 17: Enrichment and significance of overlap between MS associated genomic regions and cell specific DHSs. Only the top 40 cell types are
shown in the figure. For cell types with more than 1 replicate available, the number after the underscore indicates the number of replicate (e.qg.
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Figure 18: Correlation between enrichment of regions with confirmed vs suggestive association with
MS

| further confirmed these results and the immunological nature of suggestive associations by using
the software GRAIL (Gene Relationships Across Implicated Loci) (224). This tool is able to examine
relationships between genes in disease associated loci based on the Novartis Gene Expression Atlas, a
database containing expression measurements for more than 30 thousand probes across multiple
tissues and cell types (224, 225). | observed that both confirmed and suggestive MS candidate genes
were expressed in the several immune cell types that were also suggested by the DHSs analysis (CD4+
and CD8+ T, B and NK cells). In addition, | found a large number of connections between genes with
confirmed and suggestive association with MS and 8 genes located within suggestive regions were
connected within the network more than expected by chance only (CARD11, FCRL2, CHST12, SYK,

TCF7, SOCS1, NFKBIZ and NPAS1) (figure 19).
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Figure 19: Gene-gene connections found by GRAIL based on the Novartis Gene Expression Atlas. Those
genes that participate in the network are indicated in bold while red stars indicate genes located
within regions of suggestive association that are connected within the network more than expected
by chance.

Estimation of phenotypic variance explained by DHSs specific SNPs

| next investigated cell type specific genetic variants and MS heritability. All SNPs genotyped by the
WTCCC2 were grouped based on their location relative to cell specific DHSs. Several studies have
suggested that T and B cells play an important role in the etiology of MS. | therefore decided to focus
on CD4+, Thl, Th17, CD8+ T and CD19+/CD20+ B cell DHSs (immune group). The overall proportion of
variance on the liability scale that was explained by all autosomic SNPs in the immune group

(n=35,336) was 18.5% (standard error (SE) = 1.2%). | then pooled DHSs from CD4+ T, Th1l and Th17
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into a single T helper group and DHSs from CD19+ and CD20+ cells into a single B cell group. The
proportion of variance explained by SNPs in B DHSs, CD8+ T DHSs and CD4+ helper T DHSs was 16.5%
(SE=1.1%), 9.8% (SE=0.8%) and 13.9% (SE=0.9%) respectively. | reasoned that many of these SNPs
may well be shared across more than one cell type. | therefore grouped SNPs into those that were
located within: 1) only B DHSs; 2) only T helper DHSs; 3) only CD8+ T DHSs; 4) T helper and B but not
CD8+ T DHSs; 5) CD8+ T and B but not T helper DHSs; 6) T helper and CD8+ T but not B DHSs; 7) both
T helper, CD8+ T and B DHSs. The proportion of phenotypic variance explained by SNPs located in
only B DHSs (4.63%, SE=1.10%) was higher than that explained by SNPs in only CD8+ T DHSs (0.02%,
SE=0.22%) and only T helper DHSs (2.48%, SE=0.69%). However, the highest proportion of variance
was explained by SNPs located in DHSs that were shared across all cell types (5.96%, SE=0.73%)

(figure 20).

Variance explained

3.00% 0.30%

T helper

2.48%

Figure 20: Proportion of phenotypic variance explained by SNPs within 1) only B DHSs; 2) only T helper
DHSs; 3) only CD8+ T DHSs; 4) T helper and B but not CD8+ T DHSs; 5) CD8+ T and B but not T helper
DHSs; 6) T helper and CD8+ T but not B DHSs; 7) both T helper, CD8+ T and B DHSs.
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| finally investigated the DHSs profile of 11 additional complex traits. Among immune-mediated

diseases, the top enriched cell types were CD8+ T cells in psoriasis, Th17 in T1D and RA, Thl in celiac

disease and CD, cord blood CD3+ T and CD19+ B cells in SS, B cells in SLE, CD14+ monocytes and

colorectal carcinoma cells in UC. Among non-immune mediated diseases, the top cell types were

hepatocellular carcinoma cells and fetal intestine in CC, CD14+ monocytes in leprosy and fetal brain

in schizophrenia (figure 21, table 17 and supplementary table 6).

Table 17: Table 1: Top enriched cell types and tissues in all 17 conditions tested (GM12878=B
lymphoblastoid cell line; HEPG2= hepatocellular carcinoma cells).

Disease Top Cell type / tissue Enrichment P value
MsS Thl 2.338 0.001
RA Th17 3.26 0.001
TiD Th17 2.678 0.001
Celiac disease Thl 2.774 0.001
CD Thl 2.441 0.001
uc CD14+ monocytes 2.153 0.001
SLE GM12878 2.582 0.001
Psoriasis CD8+T 2.867 0.001
SS CD3+ cord blood T 3.52 0.001
Leprosy CD14+ monocytes 2.721 0.0015
cc HEPG2 1.837 0.021
Schizophrenia Fetal brain 1.486 0.0419
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Figure 21: Enrichment of overlap between genomic regions associated with T1D, SLE, leprosy and colorectal cancer and cell specific DHSs. Only
the top 40 cell types are shown in the figure. For cell types with more than 1 replicate available, the number after the underscore indicates the

number of replicate (e.g. Th1_2

Th1 second replicate)
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DISCUSSION

| observed that genomic regions with association with MS overlap with immune specific DHSs more
than expected by chance only. These findings add further support to the hypothesis that the
pathogenesis of MS is primarily immune-mediated (19, 31). By considering all genomic regions
associated to MS (rather than only MHC variants), | was able to show that DHSs from a variety of T
cell subtypes (in particular Thl, Thl7 and CD8+ cytotoxic T cells) but also CD19+ B cells, CD56+ NK
cells and fetal thymic tissue have a strong tendency to overlap with MS regions. This is substantially
different from the previous observation that pointed at cord blood CD3+ T cells as the major
determinant of MS pathogenesis (220). These results are different and | believe more reasonable
because | considered and assigned equal weight to each MS associated variant.

Notably, the same overrepresentation of DHSs from immune cell types was found when associated
SNPs were divided into those with confirmed and suggestive evidence of association. This finding
strongly suggests that many genetic variants that influence the risk of MS actually fail to reach
genome-wide significance and that additional common variants associated to MS remain to be
uncovered. | also investigated the proportion of phenotypic variance in MS and controls that was
explained by SNPs in immune specific DHSs. | found that the 35,336 SNPs located inside either
CD19+/CD20+ B, CD4+ helper T or CD8+ T DHSs explained more than 18% of the variance. Notably,
when all autosomal genotyped SNPs are considered (n=475,806), the proportion of explained
variance is approximately 30% (226). Since DHSs are likely to vary according to activation states and
across subsets of B and helper and cytotoxic T cells, it was remarkable that the SNPs | identified (7.4%
of the total genotyped SNPs) actually explain more than 50% of the variance explained by all SNPs. B
cell specific SNPs appeared to play a prominent role, however the highest proportion of variance was

explained by SNPs located within DHSs shared across T helper, CD8+ T and B cells.
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| performed similar overlap analyses between cell specific DHSs and genomic regions associated with
11 additional complex conditions. The method used was sensitive enough to discriminate between
diseases driven by different components of the immune system. For example, genomic regions
associated with SLE and psoriasis were particularly active in B and CD8+ T cells respectively, while MS,
RA, CD and celiac disease showed a marked T helper profile. The observation of a high enrichment of
CD14+ and colorectal DHSs in UC associated regions adds further evidence for host-microbe
interactions at the colonic level in shaping the risk of UC (227). Genetic variants active in CD14+
monocytes also influence the risk of leprosy and this is expected given the role of the innate immune
response against this infectious condition (228). | also show that schizophrenia associated variants
tend to be active in the developing brain further confirming the neurodevelopmental origin of this
disease (229). The future identification of new associated loci and chromatin profiling in additional
cell types will provide further insights in the pathogenesis of these conditions.

That an important role in MS is played by T cells is perhaps unremarkable, although | here show the
importance of both CD4+ helper T and CD8+ T subsets. MS associated genomic regions are enriched
for genes involved in T cell proliferation and activation (31). Furthermore, the main MS genetic risk
factor resides in the MHC class Il region, which plays a central role in the development of CD4+ helper
T cell central tolerance (18, 230). The importance of CD8+ T cells is increasingly being recognised,
especially given the fact that clonally expanded CD8+ T cells typically outnumber CD4+ T cells in
active MS lesions and that HLA class | genes (necessary for CD8+ T central tolerance development)
also influence MS risk (30, 31, 231, 232). The role of B cells in the pathogenesis of MS has been more
debated. | am now able to confirm that my previous findings (see chapter 4) were not biased by the
immortalization process and that MS associated variants considerably overlap with genomic regions

that are active in B cells. In addition, | found that SNPs located within B cell DHSs explain a high
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proportion of the phenotypic variance between MS patients and controls and this adds further
evidence for the important role played by this cell type in MS.

To conclude, | show how the integration of GWAS and functional genomics information can help our
understanding of complex diseases with relevant clinical implications. Genomic regions with
confirmed and suggestive association with MS are active in immunological cell types and in particular
T helper, T cytotoxic and B cells. The same strategy applied to other complex traits highlights
differences in the pathogenesis of diseases driven by different components of the immune system as
well as of non-immune mediated conditions. Future functional studies should aim to identify how MS
associated variants can modify the chromatin landscape and gene expression. Since these effects are

likely to be cell specific, our data should be considered when planning these experiments.



98

CONCLUSIONS:

In the course of my DPhil, | have been involved in a variety of projects aimed to elucidate the role
played by genetic and environmental factors in the aetiology of MS. In particular, my aim was to
investigate not only how each MS associated factor independently influences disease susceptibility
but also how these factors interact in the causal cascade leading to disease.

In chapter one | was able to confirm the central role played by the HLA-DRB1*1501 allele by showing
that this genetic factor increases the risk of conversion to MS in an unselected population of children
experiencing a first demyelinating event. In addition, | provided evidence that EBV negative paediatric
cases of MS represent a separate entity characterized by lower age at disease onset, a considerably
lower female to male ratio and a trend towards a lower frequency of the HLA-DRB1*1501 allele.
Although the presence of a co-association between EBV and MS cannot be excluded, | believe these
findings indicate the peculiarity of EBV negative MS patients and further strengthen the hypothesis of
a necessary role for EBV in the aetiology of MS.

In chapter two | investigated the potential role of another environmental factor, gestational vitamin
D deficiency, underlying the seasonality of birth that characterizes MS patients. | was able to show
that not only MS but also RA, UC and SLE are influenced by the season of birth suggesting a common
mechanism behind this intriguing epidemiological phenomenon. Furthermore, | provided evidence
for the presence of differences in the developing immune system of individuals born in different
times of the year. By measuring TRECs, | could show that those individuals who were born in the high
risk month for MS (May) had a considerably higher number of recently produced T cells compared to
those born in the low risk month (November). Furthermore, the inverse correlation found between
cord blood vitamin D and TRECs levels suggests that the seasonal nature of vitamin D status during

gestation is the agent driving these observations.
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In chapter three | wondered whether vitamin D could also be involved in the association observed
between MS and EBV infection. | observed that EBV seroprevalence in both MS patients and controls
is positively associated with latitude and | also demonstrated that vitamin D supplementation can
effectively influence the immune response against EBV and results in a decreased production of
antibodies against this virus. These results add further support to the increasing evidence suggesting
the presence of a cascade linking these two environmental agents in the causal model of MS,
whereby vitamin D deficiency leads to an altered immune response against EBV that in turn
influences the development of MS.

The aim of chapter four was to investigate how non-MHC genetic variants associated with MS may be
acting. | found that the genomic regions associated to MS susceptibility are located in regions of the
genome which are active and have a regulatory function (enhancers and promoters) in immune cells
and in particular immortalized B cell lines. | therefore concluded that the causative associated SNPs
influence the risk of MS by influencing the chromatin landscape and regulating the expression of
genes and that this happens specifically in the immune system.

In chapter five | aimed to provide a biological link between vitamin D and the genetics of MS. | found
that a very large proportion of VDR binding in B cell lines localizes to regulatory active genomic
regions (again enhancer and promoters) and that this overlap is particularly evident within MS
associated regions. These findings indicate how the roles played by vitamin D and by MS associated
genetic variants converge into the regulation of the expression of the same genes that likely drive the
abnormal immune response in MS.

Finally, in chapter six | used publicly available chromatin data across more than 100 different cell
types to define the pathogenic cell types driving the onset of MS. | observed that MS associated
genetic variants are active in both T helper and CD8+ cytotoxic T cells, B cells and to a lesser extent

NK cells and fetal thymic tissue. | found a similar overrepresentation of immune cell types when |
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looked at genetic variants with only suggestive association with MS and this strongly suggests that a
large number of SNPs influencing MS risk remain to be uncovered. Lastly, | showed how similar cell
types are involved in the pathogenesis of immunological diseases other than MS, a finding that
further confirms the presence of shared mechanisms across multiple immune mediated conditions.
Multiple pathways appear to link genetics and environment in MS. Based on what is currently known
in this disease and based on the novel observations resulting from this thesis, we can conclude that
MS has a strong genetic component and that the main genetic factor in MS plays an equally
important role in adult and paediatric patients. MS associated genetic variants act by influencing the
function of regulatory regions that are active in immune cell types and in particular T helper, T
cytotoxic and B cells. Susceptibility to MS is further modified by environmental factors. One of them
is vitamin D which is likely to influence the risk of MS through the action of its cognate nuclear
receptor VDR that binds to the genome in proximity of a very large proportion of MS associated
genes. The importance of vitamin D in the very early stages of the developing immune system is
supported by the fact that both the risk of MS and the activity of the immune system are influenced
by the month of birth and correlated with gestational vitamin D exposure. Vitamin D also appears to
play an important role in modifying the immune response against EBV which is also associated with
MS. The observation that vitamin D treatment has a considerable effect on the production of
antibodies against this virus suggests the presence of a causal cascade linking vitamin D deficiency,
EBV and the onset of MS.

Further work is needed to fully elucidate how these causative factors and their interactions lead to
MS. For example, new EBV- PMS samples should be collected and genetic and demographic features
of this particular subgroup of patients investigated with a larger sample size and therefore greater
statistical power to detect differences (in particular genetic differences). Furthermore, | have shown a

correlation between vitamin D, month of birth, immune system and risk of MS but intervention
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studies are needed to prove causation. Therefore, | believe future studies should assess the effect of
vitamin D supplementation in pregnant women on the developing immune system and the risk of
immune-mediated diseases in their children. In addition, the effect of vitamin D supplementation on
the immune response against EBV should also be studied. A recent study has shown that the CD8+ T-
cell response to EBV correlates with disease activity in RRMS patients (233). Therefore, | propose that
the effect of vitamin D on both the humoral and CD8+ T cell response against EBV as well as other
viruses should be investigated in randomized placebo controlled trials of vitamin D supplementation
in both MS patients and healthy controls. Finally, | have used epigenetic marks to define pathogenic
cells in MS and | believe that the same marks in addition to DNA methylation could be used to assess
if and how the epigenome of MS patients in disease relevant cell types is different from that of
healthy controls and whether these differences are corrected by currently available treatments.
These studies will be important because it is only by improving our knowledge of the mechanisms
driving the onset of this often devastating condition that we will be able to develop effective

strategies of disease treatment and prevention.
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Supplementary table 1: List of studies assessing EBV seropositivity in MS cases and controls

STUDY LOCATION CASES CONTROLS EBV DETECTION
Author Year |]City and Country Latitude Total EBV+ [Total EBV+ JMethod Antibodies tested
Sumaya 1980 [Los Angeles (US) 34N 157 0.987 |81 0.938 JIIF VCA
Bray 1983 [Salt lake city (US) 40N 313 0.987 |406 0.894 |IIF VCA IgG
Larsen 1985 [Salt lake city (US) 40N 93 1.000 |93 0.839 |IIF + ACIF VCA, EBNA
Sumaya 1985 |JLos Angeles (US) 34N 104 1.000 J104 0.952 JIIF + ACIF VCA, EA, EBNA
Ferrante 1987 |ltaly 42N 30 0.967 |42 0.738 |- -
Shirodaria 1987 |Belfast (Northern Ireland) 54 N 26 1.000 J26 0.923 |IIF + ACIF VCA IgG, EBNA
Munch 1997 |JAarhus (Denmark) 56 N 138 0.993 |138 0.899 |JELISA EBNA-1, EA IgG and IgM
Myhr 1998 |Hordaland (Norway) 60 N 144 1.000 170 0.953 |IIF + ELISA VCA IgM and IgG, EBNA IgG and EA IgG
Wagner 2000 |Lubeck (Germany) 53N 107 1.000 163 0.939 JELISA EBNA IgG, EA IgG and IgM
Ascherio 2001 JUSA - 144 0.993 |287 0.937 JIIF + ACIF VCA IgG, EA 1gG, EBNA-complex, EBNA1 and EBNA2 IgG
Haahr 2004 |Aarhus (Denmark) 56 N 153 1.000 |53 0.943 JELISA EBNA-1 1gG and EA IgM
Sundstrom 2004 |Vasterbotten (Sweden) 65N 234 1.000 702 0.987 |IIF + ELISA EBNA-1 IgG and VCA IgG
Ponsonby 2005 [Tasmania (Australia) 42S 136 1.000 |261 0.966 JELISA EBNA IgG and VCA IgG
Gronen 2006 [Wirzburg (Germany) 49N 24 1.000 [29 0.897 |IIF + ELISA VCA IgG, EBNA IgG and EA IgG
Riverol 2007 |Pamplona (Spain) 42N 150 0.980 |85 0.882 JELISA EBNA-1 IgG, EA IgG
Jilek 2008 |Lausanne (Switzerland) 46 N 70 1.000 |20 1.000 |ELISPOT + ELISA  Cellular response + EBNA IgG, VCA IgG
Zivadinov 2009 |Trieste (Italy) 45N 140 0.950 J131 1.000 JELISA VCA IgG
Ingram 2010 |Cardiff (Wales) 51N 75 0.950 |25 0.760 JELISA EBNA-1 1gG
Lindsey 2010 |Houston (US) 29N 80 0.975 |80 0.925 JELISA EBNA-1 1gG
Levin 2010 JUSA - 305 1.000 |610 0.963 JIIF + ACIF VCA IgG, EBNA-complex, EBNA1 and EBNA2 IgG
Khaki 2011 |JArak (Iran) 34N 61 0.803 |60 0.650 JELISA Anti-EBV 1gG and IgM
Villegas 2011 |JGranada (Spain) 37N 76 0.868 |75 0.827 JELISA EBNA-1 IgG

IIF= indirect immuno fluorescence
ELISA= enzyme-linked immuno sorbent assay
ACIF= anti complement immunofluorescence




Supplementary table 2: Pre and post vitamin D supplementation anti EBNA levels

EBNA1 antibody
Individual Pre-supplementation Post-supplementation Difference
1 95.438 57.466 37.972
2 140.102 95.618 44.484
3 113.984 71.16 42.824
4 99.186 116.754 -17.568
5 22.824 36.496 -13.672
6 33.91 30.328 3.582
7 81.162 37.114 44.048
8 117.418 113.302 4.116
9 69.642 52.982 16.66
10 84.282 54.396 29.886
11 106.304 77.386 28.918
12 51.816 48.924 2.892
13 96.84 68.662 28.178
14 26.078 34.804 -8.726
15 30.752 38.602 -7.85




Supplementary table 3: List of MS associated SNPs stratified by chromatin state

Chromosome  |Position

[SNPs (primary SNP in yellow)

[candidate Gene

[Chromatin state

1 2527324 |rs4074789 MMELL(TNFRSF14) H
1 2527698  rs41300092 MMELL(TNFRSF14) H
1 2528069  rs10910105 MMELL(TNFRSF14) H
1 2528209  rs10797436 MMELL(TNFRSF14) H
1 2528746  rs10910106 MMELL(TNFRSF14) H
1 2532513 rs10910111 MMELL(TNFRSF14) H
1 2534500  rs10752748 MMELL(TNFRSF14) H
1 2536089 rs6684865 MMELL(TNFRSF14) H
1 2541520  rs10797441 MMELL(TNFRSF14) H
1 2543484  rs3890745 MMEL1(TNFRSF14) H
1 2543618  rs4474198 MMELL(TNFRSF14) H
1 2545500  rs28568531 MMEL1(TNFRSF14) H
1 2545985  rs7368072 MMEL1(TNFRSF14) H
1 2546408  rs7368105 MMEL1(TNFRSF14) H
1 2546569  rs7364820 MMEL1(TNFRSF14) H
1 2549449  rs12730932 MMEL1(TNFRSF14) H
1 2551146  rs28532547 MMELL(TNFRSF14) H
1 2553110  rs12749591 MMELL(TNFRSF14) H
1 2554043  rs6698817 MMEL1(TNFRSF14) H
1 2554325  rs12752515 MMELL(TNFRSF14) H
1 2557360  rs6666788 MMEL1(TNFRSF14) H
1 2559883  rs4648565 MMEL1(TNFRSF14) H
1 2561683  rs28690427 MMELL(TNFRSF14) H
1 2563938  rs9970196 MMEL1(TNFRSF14) AP
1 2688810  rs6666430 MMEL1(TNFRSF14) H
1 2692967  rs6657596 MMEL1(TNFRSF14) H
1 2699024  rs4648356 MMEL1(TNFRSF14) H
1 2706484  rs897628 MMEL1(TNFRSF14) H
1 92913252 | rs11809055 EVI5 H
1 92920965 rs11810217 EVIS H
1 92925852 rs111807611 EVI5 H
1 92926683 rs35612297 EVI5 H
1 92928783 | rs2051841 EVI5 H
1 92930692 rs72724574 EVI5 WT
1 92932826 rs11577426 EVI5 WT
1 92944512 rs12749786 EVI5 H
1 92953113 | rs12749480 EVI5 H
1 92965326  rs12743005 EVIS H
1 101104124 rs12048904 2nd hit in VCAM1 H
1 101165997 |rs58029001 VCAM1 ST
1 101169721 rs56402739 VCAM1 WT
1 101180107 rs11581062 VCAM1 ST
1 101181521 rs3850453 VCAM1 ST
1 101182560 |rs6577216 VCAM1 WT
1 101189459 rs11582211 VCAM1 ST
1 101191157 rs6675403 VCAM1 ST
1 101194997 rs17525451 VCAM1 WT
1 101197149 | rs6693456 VCAM1 WT
1 116902480 rs1335532 CD58 SE
1 116904172 rs1414273 CD58 AP
1 116905738 |rs2300747 CD58 AP
1 190786488 |rs1323298 RGS1 SE
1 190790892 rs2816305 RGS1 SE
1 190791899 rs2760521 RGS1 WE
1 190802176 rs1359063 RGS1 H
1 190803008 |rs2816317 RGS1 H
1 190803381 |rs2760527 RGS1 H
1 190803408 |rs2760528 RGS1 H
1 190803436 |rs2816316 RGS1 H




1 190803509 | rs2816315 RGS1 H
1 190804023 rs1323297 RGS1 H
1 190804131 rs1323296 RGS1 H
1 190807644 rs1323292 RGS1 H
1 190810460 rs1547624 RGS1 WE
1 190811418 rs2984920 RGS1 AP
1 190811722 rs7535818 RGS1 AP
1 199140852 rs35730213 Clorf106(KIF21B) WT
1 199141351 rs55838263 Clorf106(KIF21B) WE
1 199141718 rs12132298 Clorf106(KIF21B) WE
1 199141865 rs12132349 Clorf106(KIF21B) WE
1 199144185 rs7554511 Clorf106(KIF21B) WE
1 199144473 | rs41299637 Clorf106(KIF21B) WT
1 199145350 rs12131796 Clorf106(KIF21B) wWT
1 199148015 rs10800746 Clorf106(KIF21B) H
1 199148218 rs7522462 Clorf106(KIF21B) H
2 43212565  rs12466022 - WE
2 43212631 |rs12471190 - WE
2 43213569 rs28498283 - SE
2 68500040 rs12622670 PLEK WE
2 68500287 rs7592330 PLEK WE
2 68500505  rs7592560 PLEK WE
2 68500599  rs7595037 PLEK WE
2 112373248 rs6729037 MERTK PP
2 112375250 rs1516629 MERTK |
2 112376009 rs2001444 MERTK H
2 112377577 rs17835605 MERTK H
2 112377918 rs55785997 MERTK H
2 112381551 rs79559916 MERTK H
2 112381672 rs17174870 MERTK H
2 112382567 rs55728465 MERTK H
2 112383393 rs55708724 MERTK H
2 112384675 rs75069292 MERTK H
2 112385115 rs12477716 MERTK H
2 112386421 rs7568632 MERTK H
2 112386517 rs1400321 MERTK H
2 112387203 rs58641606 MERTK H
2 112390105 rs7575552 MERTK H
2 112391276 rs80088736 MERTK H
2 136692725 rs882300 CXCR4 PR
2 230796328 rs13384787 SP140 WE
2 230813890 rs10198539 SP140 ST
2 230814968 rs10201872 SP140 ST
2 230815179 rs10202244 SP140 ST
2 230818826  rs28445040 SP140 ST
2 230824034 rs9989746 SP140 WT
3 27763784  rs11129295 EOMES H
3 27766618 rs12330493 EOMES H
3 28046448 15669607 - H
3 107041527 rs2028597 CBLB ST
3 107043568  rs78795990 CBLB ST
3 107050729 rs76314485 CBLB ST
3 107058747 rs75471618 CBLB ST
3 120702624 rs2293370 TMEM39A(CD8O0) WP
3 120705146 rs1131265 TMEM39A(CD80) ST
3 120711198 rs9843355 TMEM39A(CD80) ST
3 120720488 rs62264485 TMEM39A(CD80) ST
3 120727283 rs57271503 TMEM39A(CD80) ST
3 120727734 rs13092998 TMEM39A(CD80) ST
3 120734898 rs34844599 TMEM39A(CD80) ST
3 123143354 rs4285028 2nd hit in CD86 ST
3 123275877 rsh308217 3rd hit in CD86 SE




3 123278779 rs11922347 CD86 SE
3 123279458 rs9282641 CD86 AP
3 161189880 rs7615589 IL12A SE
3 161192345 rs2243123 IL12A WP
3 161197241 rs2243140 IL12A WT
3 161198105 rs2243148 IL12A WT
4 103791368 rs228623 NFKB1 ST
4 103791799 rs228625 NFKB1 WT
4 103792130 rs228627 NFKB1 WT
4 103796513 rs228613 NFKB1 WT
4 103797685 rs228614 NFKB1 ST
4 103798508 rs228615 NFKB1 ST
4 103798739 rs228616 NFKB1 ST
4 103806025 rs227361 NFKB1 ST
5 35887588 rs1494564 IL7R WE
5 35888068  rs6890853 IL7R SE
5 35893461 rs11567694 IL7R SE
5 35893607 rs10213865 IL7R WE
5 35896909 rs11567705 IL7R WT
5 35898598 rs7717955 IL7R WE
5 35910332 rs6897932 IL7R WT
5 35914852 rs6881270 IL7R WT
5 35914913 [rs6881706 IL7R WT
5 35917133 rs11742240 IL7R WT
5 35917200 rs11742270 IL7R WT
5 40355634  rs1445002 PTGER4 H
5 40356444  rs73099712 PTGER4 H
5 40357238  rs73099715 PTGER4 H

5 40362541 rs12374574 PTGER4 H
5 40366841 rs348603 PTGER4 H
5 40367121 rs348604 PTGER4 H
5 40368755 rs73099728 PTGER4 H
5 40373021 rs114616683 PTGER4 H
5 40380421 rs13183025 PTGER4 H
5 40382448 rs73099741 PTGER4 H

5 40383226 rs6889364 PTGER4 H
5 40389945  rs73082840 PTGER4 H

5 40396215 rs11743463 PTGER4 H
5 40411916 rs56244034 PTGER4 WE
5 40413623  rs17227583 PTGER4 WE
5 40419818 rs895123 PTGER4 WP
5 40425044  rs1124233 PTGER4 H
5 40425609 rs12187530 PTGER4 H
5 40427983  rs2371685 PTGER4 H
5 40428485 rs4613763 PTGER4 H

5 40429958 rs10512735 PTGER4 H
5 40430428 rs6897633 PTGER4 H

5 40432182  rs11749040 PTGER4 H
5 40433947  rs113957080 PTGER4 H
5 40435777 rs11738106 PTGER4 H
5 40437266  rs17234657 PTGER4 WE
5 40437990 rs6879283 PTGER4 WE
5 40438434  rs6883975 PTGER4 WT
5 40438950 [rs1373694 PTGER4 WT
5 40442742  rs6896243 PTGER4 SE
5 40457379  [rs115948982 PTGER4 H
5 158692478 rs2546890 IL12B WE
6 91044593 [rs2174281 BACH2 PR
6 91053070 rs4142967 BACH2 WE
6 91053490 rs12212193 BACH2 |

6 128320491 rs802734 THEMIS H
6 135781048 rs11154801 MYB(AHI1) H




6 137494601 rs17066096 IL22RA2 H

6 138002706 rs17066662 - WT
6 138004746 rs12524433 - |

6 138007111 rs13207033 - WT
6 138007580 rs4896289 - WT
6 138008553 rs34810205 - WT
6 138008907 rs13192841 - WT
6 138008945 rs12527282 - WT
6 138010292 rs2056224 - WE
6 138010330 rs2056223 - WE
6 138013551 rs13199053 - H
6 138016529 rs66469519 - H
6 138022567 rs67178054 - WT
6 138039025 rs4896295 - H
6 138040853 rs34996815 - WE
6 138044330 rs10499194 - WE
6 138047121 rs13205649 - WT
6 138050372 rs66499821 - WT
6 138051593 rs34654849 - H

6 138052844 rs12525643 - H

6 159385965 rs1738074 TAGAP AP
6 159388553 rs212411 TAGAP WT
6 159389562 rs182429 TAGAP

7 148855291 rs58026905 ZNF746 H
7 148877613 rs3735320 ZNF746 ST
7 148896661 rs56707870 ZNF746 ST
7 148910553 rs11766910 ZNF746 ST
7 148916854 [rs354031 ZNF746 ST
7 148920397 rs354033 ZNF746 ST
7 148921430 rs354034 ZNF746 ST
7 148928037 [rs354042 ZNF746 SE
7 148928265 rs354043 ZNF746 SE
7 148931541 [rs354045 ZNF746 ST
8 79544710 rs10808825 IL7 H

8 79546415 rs11985754 IL7 H

8 79555183  rs6990902 IL7 H

8 79563593  rs1520333 IL7 H

8 79571297  rs6982372 IL7 H

8 79571904  rs10086475 IL7 H

8 79885663 rs2587156 Previously reported IL7 WT
8 128878739 |rs6470578 MYC AP
8 128884211 rs4410871 MYC ST
8 129236322 rs13249280 PVT1 H
8 129239778 |rs4733839 PVT1 H
8 129239958 [rs4733840 PVT1 H
8 129240264 rs13255672 PVT1 H

8 129241743 rs36111777 PVT1 H
8 129242943 rs55886082 PVT1 H

8 129243466 |rs4733842 PVT1 H

8 129244227 rs13276381 PVT1 H

8 129244642 rs4733843 PVT1 H
8 129245193 rs7826401 PVT1 H

8 129245841 rs7017155 PVT1 H

8 129246952 rs11989574 PVT1 H

8 129248272 rs13280095 PVT1 H
8 129248278 rs13280365 PVT1 H
8 129248970 rs7830477 PVT1 H
8 129249491 rs36099148 PVT1 WE
8 129249512 rs34746976 PVT1 WE
8 129249889 [rs1995218 PVT1 WE
8 129250829 [rs4733598 PVT1 WT
8 129252026 [rs7016362 PVT1 WT




8 129252266 |rs16902685 PVT1 wWT
8 129254581 |rs6989829 PVT1 WE
8 129255133 | rs6470605 PVT1 WE
8 129255178 |rs6470606 PVT1 WE
8 129255251 |rs6470607 PVT1 WE
8 129255607 |rs7825733 PVT1 WE
8 129255730 |rs7826019 PVT1 WE
8 129255818 |rs7826413 PVT1 WE
8 129256930 |rs6987197 PVT1 WE
8 129257152 |rs6987519 PVT1 WE
8 129257607 |rs4733844 PVT1 wWT
8 129257639 |rs4733845 PVT1 wWT
8 129259726 |rs12156002 PVT1 wT
8 129261453 152019960 PVT1 wWT
8 129262797 rs11997042 PVT1 wWT
8 129267472 |rs59602790 PVT1 WP
8 129268067 |rs16902700 PVT1 WE
8 129271758 |rs34409623 PVT1 wWT
8 129273373 |rs6996790 PVT1 wWT
8 129279508 |rs62527078 PVT1 WT
10 6140731  rs3134883 IL2RA WP
10 6141719  rs3118470 IL2RA WE
10 6150835  rs7090512 2nd hit in IL2RA WE
10 80730323  rs1250550 ZMIZ1 ST
10 94459960 rs11187144 HHEX H

10 94461575  rs4933736 HHEX WE
10 94463609 rs7087591 HHEX wWT
10 94464077 rs10786053 HHEX wWT
10 94467199 rs10748582 HHEX PR
10 94469087 rs1112718 HHEX PR
10 94471897  rs7923837 HHEX PR
10 94472056  rs7923866 HHEX PR
11 60588858  rs650258 CD6 WT
11 118259563 15630923 CXCRS PP
12 6310270  rs1800693 TNFRSF1A SE
12 6317038  rs1860545 TNFRSF1A SE
12 9766166  rs10844597 CLECL1 SE
12 9767358  rs10466829 CLECL1 SE
12 9767617  rs11052710 CLECL1 SE
12 9768035  rs10743819 CLECL1 AP
12 9768144  rs10772085 CLECL1 AP
12 9769090  rs7307111 CLECL1 AP
12 9769850  rs2401391 CLECL1 AP
12 9769922  rs7976584 CLECL1 AP
12 9770351  rs2401393 CLECL1 AP
12 9770502  rs2192437 CLECL1 AP
12 9770635  rs10844617 CLECL1 AP
12 9770693  rs2401394 CLECL1 AP
12 9770807  rs2401395 CLECL1 AP
12 9771381  rs7970116 CLECL1 AP
12 9771708  rs7973638 CLECL1 AP
12 9776349  rs10844622 CLECL1 AP
12 9777266  rs10492166 CLECL1 AP
12 9780424  rs7956831 CLECL1 SE
12 56419523  rs12368653 CYP27B1 WE
12 56421687 rs12371356 CYP27B1 AP
12 122013881 |rs4275659 ARL6IP4 WT
12 122016971 |rs61955196 ARL6IP4 WP
12 122026915 |rs884956 ARL6IP4 WP
12 122030232 |rs3759115 ARL6IP4 AP
12 122032064 |rs55742290 ARL6IP4 AP
12 122067925 |rs12425850 ARL6IP4 H




12 122086024 |rs11613937 ARL6IP4 H
12 122095009 rs11608811 ARL6IP4 PR
12 122107559 rs10773921 ARL6IP4 |

12 122110831 |rs7957096 ARL6IP4 WT
12 122134572 | rs4148862 ARL6IP4 SE
12 122135328 rs4148863 ARL6IP4 WE
12 122138448 rs10848428 ARL6IP4 WT
12 122141695 |rs1727307 ARL6IP4 WE
12 122152641 |rs1790094 ARL6IP4 H

12 122157549 |rs1790106 ARL6IP4 WE
12 122161116 rs949143 ARL6IP4 H

12 122170445 rs1790121 ARL6IP4 WE
12 122172692 rs1790122 ARL6IP4 H

14 68320644 |rs12435329 ZFP36L1 WT
14 68323096 rs11158763 ZFP36L1 SE
14 68323117 rs12434551 ZFP36L1 SE
14 68323944  rs4902647 ZFP36L1 SE
14 75071810 |rs2359737 BATF ST
14 75075310  rs2300603 BATF SE
14 87464613 |rs7141097 GALC(GPR65) WT
14 87476282 |rs112634971 GALC(GPR65) WE
14 87483638 | rs17123925 GALC(GPR65) WT
14 87487851 | rs8019944 GALC(GPR65) WE
14 87489111 rs2301123 GALC(GPR65) WE
14 87495397 rs116150779 GALC(GPR65) WT
14 87496271 | rs8015102 GALC(GPR65) WT
14 87497777  rs80094596 GALC(GPR65) WT
14 87502745 rs7141758 GALC(GPR65) WT
14 87516953  rs17203370 GALC(GPR65) WT
14 87529548 rs73312836 GALC(GPR65) AP
14 87530522 | rs8007714 GALC(GPR65) SE
14 87532614 | rs73312845 GALC(GPR65) WE
14 87532759 rs73312850 GALC(GPR65) WE
14 87533141  rs8003806 GALC(GPR65) WT
14 87533845  rs57564449 GALC(GPR65) WT
14 87536592  rs58824819 GALC(GPR65) WT
14 87536980 rs117262875 GALC(GPR65) WT
14 87538233  rs4418995 GALC(GPR65) WE
14 87542931 rs1372363 GALC(GPR65) AP
14 87544206 | rs68177277 GALC(GPR65) WP
14 87550770 |rs7156702 GALC(GPR65) WT
14 87551047 rs7156254 GALC(GPR65) WT
14 87551745 rs58961470 GALC(GPR65) WT
14 87552685 | rs74929665 GALC(GPR65) WT
14 87553945 |rs7152721 GALC(GPR65) WT
14 87554297 rs8016427 GALC(GPR65) WT
14 87557442  rs2119704 GALC(GPR65) WT
14 87557842 | rs56972319 GALC(GPR65) WT
14 87559576 | rs59761017 GALC(GPR65) WT
14 87559964 | rs74074328 GALC(GPR65) WE
14 87567480 | rs67412305 GALC(GPR65) H

14 87569798 |rs17123978 GALC(GPR65) H

14 87570398 | rs60623686 GALC(GPR65) H

14 87570899 | rs66469373 GALC(GPR65) H

14 87570953 |rs56168158 GALC(GPR65) H

14 87571482 rs10220369 GALC(GPR65) H

14 87571605 | rs10220371 GALC(GPR65) H

14 87572918 | rs66475691 GALC(GPR65) H

14 87575490 | rs59246400 GALC(GPR65) H

14 87575495 | rs58839614 GALC(GPR65) H

14 87576031 |rs7157875 GALC(GPR65) H

14 87577583 | rs28424269 GALC(GPR65) H

14 87577695 |rs28645517 GALC(GPR65) H




14 87582448 |rs17123987 GALC(GPR65) H
14 87583770 rs7151916 GALC(GPR65) H
14 87593775 rs57103834 GALC(GPR65) H
14 87599632 | rs74850043 GALC(GPR65) H
14 87601968 | rs60410555 GALC(GPR65) H
14 87602495 | rs59578734 GALC(GPR65) H
14 87603654 rs73318427 GALC(GPR65) H
14 87604985 rs1441810 GALC(GPR65) H
14 87605194  rs8013837 GALC(GPR65) H
14 87613716 | rs17124024 GALC(GPR65) H
14 87614954 | rs57668430 GALC(GPR65) H
14 87626072 | rs76306664 GALC(GPR65) H
16 1013373 rs2573148 SOX8 H
16 1013532 rs63194866 SOX8 H
16 1013553  rs2744148 SOX8 H
16 1014444 | rs449295 SOX8 H
16 1014459  rs421245 SOX8 H
16 1014527  rs400354 SOX8 H
16 1014932  rs416055 SOX8 H
16 11085302 rs7200786 CLEC16A(CIITA) WT
16 84567261 |rs12232384 IRF8 H
16 84568534  rs13333054 IRF8 H
17 37761506 rs9891119 STAT3 SE
17 37773416 rs957970 STAT3 WT
17 37773451 rs957971 STAT3 WT
17 37783361 rs1026916 STAT3 SE
17 37786227 | rs8068748 STAT3 ST
17 37787601 rs7211777 STAT3 WE
17 55379057  rs180515 RPS6KB1 ST
18 54504665 | rs4940738 MALT1 SE
18 54511871 | rs7239068 MALT1 ST
18 54522363 | rs7230925 MALT1 ST
18 54522999  rs9946837 MALT1 ST
18 54526781  rs8088079 MALT1 ST
18 54526838  rs4940743 MALT1 ST
18 54534303  rs9959997 MALT1 SE
18 54535031 | rs7234035 MALT1 ST
18 54535172  rs7238078 MALT1 ST
18 54535685  rs7238879 MALT1 ST
18 54540412 rs11873030 MALT1 ST
18 54546377 | rs9966968 MALT1 ST
18 54550898 | rs9963281 MALT1 ST
18 54551806 | rs28740963 MALT1 ST
18 54553775 |rs7236784 MALT1 ST
18 54557937 | rs55653859 MALT1 ST
18 54573848 rs4545915 MALT1 WT
19 6619972  rs1077667 TNFSF14 AP
19 10380410 |rs17697965 TYK2(ICAM3) WP
19 10381064  rs8112449 TYK2(ICAM3) WE
19 10381891 | rs12978984 TYK2(ICAM3) WE
19 10382548  rs35951601 TYK2(ICAM3) SE
19 10383176  |rs7253917 TYK2(ICAM3) SE
19 10387831 rs35916055 TYK2(ICAM3) SE
19 18158608 |rs62120363 MPV17L2(IL12RB1) WT
19 18158656 rs62120364 MPV17L2(IL12RB1) WT
19 18163239 rs55990904 MPV17L2(IL12RB1) SE
19 18163261 rs56128769 MPV17L2(IL12RB1) SE
19 18165700  rs874628 MPV17L2(IL12RB1) AP
19 54560863  rs2303759 DKKL1(CD37) H
20 44114260 |rs12624433 CD40 H
20 44126005 |rs13037326 CD40 SE
20 44135527  rs2425752 CD40 ST




20 52223150 [rs2248137 CYP24A1 PR
20 52224925 rs2248359 CYP24A1 PR
20 61880157 rs6062314 TNFRSF6B H
22 20436618 | rs5749806 MAPK1 H
22 20445004  rs6928 MAPK1 ST
22 20445498 rs3810610 MAPK1 ST
22 20446202  rs13943 MAPK1 ST
22 20458678 | rs2006893 MAPK1 ST
22 20461125  rs2283792 MAPK1 WT
22 20475101 | rs5999515 MAPK1 WT
22 20476399 1 rs5999521 MAPK1 ST
22 20486789 rs2266967 MAPK1 ST
22 20487661 rs5749986 MAPK1 ST
22 20493425 rs9607287 MAPK1 WT
22 20501567 | rs3788332 MAPK1 SE
22 20515347 | rs6518986 MAPK1 WT
22 20516479 rs1892846 MAPK1 WT
22 20516562 rs1892848 MAPK1 WT
22 20518009 rs5999750 MAPK1 WT
22 49318132  rs140522 SCO2 AP




Supplementary table 4: List of GWAS SNPs from the GWAS catolog

PUBMEDID First Author Journal SNPs Disease
21833088 Sawcer S Nature rs7200786 Multiple sclerosis
21833088 Sawcer S Nature rs10466829 Multiple sclerosis
21833088 Sawcer S Nature rs630923 Multiple sclerosis
21833088 Sawcer S Nature rs233100 Multiple sclerosis
21833088 Sawcer S Nature rs2303759 Multiple sclerosis
21833088 Sawcer S Nature rs11129295 Multiple sclerosis
21833088 Sawcer S Nature rs11810217 Multiple sclerosis
21833088 Sawcer S Nature rs12048904 Multiple sclerosis
21833088 Sawcer S Nature rs2119704 Multiple sclerosis
21833088 Sawcer S Nature rs7923837 Multiple sclerosis
21833088 Sawcer S Nature rs2546890 Multiple sclerosis
21833088 Sawcer S Nature rs17066096 Multiple sclerosis
21833088 Sawcer S Nature rs6897932 Multiple sclerosis
21833088 Sawcer S Nature rs13333054 Multiple sclerosis
21833088 Sawcer S Nature rs17594362 Multiple sclerosis
21833088 Sawcer S Nature rs7238078 Multiple sclerosis
21833088 Sawcer S Nature rs281380 Multiple sclerosis
21833088 Sawcer S Nature rs228614 Multiple sclerosis
21833088 Sawcer S Nature rs2283792 Multiple sclerosis
21833088 Sawcer S Nature rs17174870 Multiple sclerosis
21833088 Sawcer S Nature rs4648356 Multiple sclerosis
21833088 Sawcer S Nature rs2248359 Multiple sclerosis
21833088 Sawcer S Nature rs806321 Multiple sclerosis
21833088 Sawcer S Nature rs3761959 Multiple sclerosis
21833088 Sawcer S Nature rs2243123 Multiple sclerosis
21833088 Sawcer S Nature rs7090512 Multiple sclerosis
21833088 Sawcer S Nature rs386965 Multiple sclerosis
21833088 Sawcer S Nature rs4792814 Multiple sclerosis
21833088 Sawcer S Nature rs874628 Multiple sclerosis
21833088 Sawcer S Nature rs6062314 Multiple sclerosis
21833088 Sawcer S Nature rs793108 Multiple sclerosis
21833088 Sawcer S Nature rs9321490 Multiple sclerosis
21833088 Sawcer S Nature rs4410871 Multiple sclerosis
21833088 Sawcer S Nature rs12466022 Multiple sclerosis
21833088 Sawcer S Nature rs669607 Multiple sclerosis
21833088 Sawcer S Nature rs13192841 Multiple sclerosis
21833088 Sawcer S Nature rs2425752 Multiple sclerosis
21833088 Sawcer S Nature rs1062158 Multiple sclerosis
21833088 Sawcer S Nature rs140522 Multiple sclerosis
21833088 Sawcer S Nature rs1520333 Multiple sclerosis
21833088 Sawcer S Nature rs9821630 Multiple sclerosis
21833088 Sawcer S Nature rs7595037 Multiple sclerosis
21833088 Sawcer S Nature rs4613763 Multiple sclerosis
21833088 Sawcer S Nature rs7255066 Multiple sclerosis
21833088 Sawcer S Nature rs2019960 Multiple sclerosis
21833088 Sawcer S Nature rs4075958 Multiple sclerosis
21833088 Sawcer S Nature rs180515 Multiple sclerosis
21833088 Sawcer S Nature rs11755724 Multiple sclerosis
21833088 Sawcer S Nature rs11581062 Multiple sclerosis
21833088 Sawcer S Nature rs2744148 Multiple sclerosis
21833088 Sawcer S Nature rs9891119 Multiple sclerosis
21833088 Sawcer S Nature rs290986 Multiple sclerosis
21833088 Sawcer S Nature rs1738074 Multiple sclerosis
21833088 Sawcer S Nature rs1800693 Multiple sclerosis
21833088 Sawcer S Nature rs1077667 Multiple sclerosis
21833088 Sawcer S Nature rs4902647 Multiple sclerosis
21833088 Sawcer S Nature rs1250550 Multiple sclerosis
21833088 Sawcer S Nature rs354033 Multiple sclerosis
21833088 Sawcer S Nature rs10936599 Multiple sclerosis

21833088 Sawcer S Nature rs4409785 Multiple sclerosis




21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S
21833088 Sawcer S

Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature
Nature

rs771767
rs802734
rs1323292
rs307896
rs10201872
rs756699
rs12048904
rs4285028
rs4308217
rs3118470
DRB*15:01
DRB*13:03
DRB*03:01
A*¥02:01
DRB*08:01
rs12368653
rs11154801
rs12456021
rs12212193
rs2300603
rs7522462
rs2293370
rs650258
rs1335532
rs9282641
rs8112449
rs6952809

Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis
Multiple sclerosis

23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W
23273568 Yang W

Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet
Am J Hum Genet

rs2785197
rs9270984
rs742108
rs10276619
rs729302
rs7574865
rs6705628
rs4852324
rs6804441
rs4948496
rs12822507
rs10845606
rs34330
rs4622329
rs10911390
rs11717455
rs12529935
rs2252996
rs12917712
rs2303745
rs4522865
rs2254546
rs877819
rs6590330
rs1385374
rs7329174
rs13385731
rs10036748
rs5754217
rs3734266
rs12599402
rs9937837
rs2230926
rs2205960

Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus
Systemic lupus erythematosus

20453842 Stahl EA
20453842 Stahl EA

Nat Genet
Nat Genet

rs840016
rs7155603

Rheumatoid arthritis
Rheumatoid arthritis




20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA
20453842 Stahl EA

Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet

rs934734
rs13315591
rs3093023
rs10488631
rs11676922
rs706778
rs13119723
rs3184504
rs2872507
rs11203203
rs6910071
rs13031237
rs3087243
rs4750316
rs4810485
rs17374222
rs2476601
rs10865035
rs6859219
rs874040
rs12131057
rs6920220
rs951005
rs3890745
rs7574865
rs3761847
rs26232

Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis
Rheumatoid arthritis

21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O
21779181 Gorlova O

PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet
PLoS Genet

rs11642873
rs12540874
rs11047102
rs987870
rs3129763
rs10488631
rs10488631
rs11171747
rs10488631
rs3821236
rs2056626
rs9275390
rs443198
rs11047102
rs3129882
rs9296015
rs10488631
rs9275390

Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis
Systemic sclerosis

19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC
19430480 Barrett JC

Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet

rs11755527
rs2290400
rs7111341
rs12708716
rs229541
rs10517086
rs7020673
rs1465788
rs4788084
rs7221109
rs2664170
rs12444268
rs12251307
rs4505848
rs425105
rs9268645
rs7804356
rs16956936

Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes
Type 1 diabetes




19430480 Barrett JC Nat Genet rs2476601 Type 1 diabetes
19430480 Barrett JC Nat Genet rs1990760 Type 1 diabetes
19430480 Barrett JC Nat Genet rs3087243 Type 1 diabetes
19430480 Barrett JC Nat Genet rs11258747 Type 1 diabetes
19430480 Barrett JC Nat Genet rs2292239 Type 1 diabetes
19430480 Barrett JC Nat Genet rs3184504 Type 1 diabetes
19430480 Barrett JC Nat Genet rs3825932 Type 1 diabetes
19430480 Barrett JC Nat Genet rs1893217 Type 1 diabetes
19430480 Barrett JC Nat Genet rs11203203 Type 1 diabetes
19430480 Barrett JC Nat Genet rs3024505 Type 1 diabetes
19430480 Barrett JC Nat Genet rs9388489 Type 1 diabetes
19430480 Barrett JC Nat Genet rs4948088 Type 1 diabetes
19430480 Barrett JC Nat Genet rs10509540 Type 1 diabetes
19430480 Barrett JC Nat Genet rs4763879 Type 1 diabetes
19430480 Barrett JC Nat Genet rs4900384 Type 1 diabetes
19430480 Barrett JC Nat Genet rs7202877 Type 1 diabetes
19430480 Barrett JC Nat Genet rs2281808 Type 1 diabetes
19430480 Barrett JC Nat Genet rs5753037 Type 1 diabetes
19430480 Barrett JC Nat Genet rs2269241 Type 1 diabetes
19430480 Barrett JC Nat Genet rs1534422 Type 1 diabetes
21102463 Franke A Nat Genet rs3180018 Crohn's disease
21102463 Franke A Nat Genet rs4809330 Crohn's disease
21102463 Franke A Nat Genet rs2476601 Crohn's disease
21102463 Franke A Nat Genet rs1893217 Crohn's disease
21102463 Franke A Nat Genet rs11742570 Crohn's disease
21102463 Franke A Nat Genet rs694739 Crohn's disease
21102463 Franke A Nat Genet rs6568421 Crohn's disease
21102463 Franke A Nat Genet rs2076756 Crohn's disease
21102463 Franke A Nat Genet rs4409764 Crohn's disease
21102463 Franke A Nat Genet rs6738825 Crohn's disease
21102463 Franke A Nat Genet rs11167764 Crohn's disease
21102463 Franke A Nat Genet rs6908425 Crohn's disease
21102463 Franke A Nat Genet rs3091315 Crohn's disease
21102463 Franke A Nat Genet rs3792109 Crohn's disease
21102463 Franke A Nat Genet rs6651252 Crohn's disease
21102463 Franke A Nat Genet rs4871611 Crohn's disease
21102463 Franke A Nat Genet rs359457 Crohn's disease
21102463 Franke A Nat Genet rs4656940 Crohn's disease
21102463 Franke A Nat Genet rs415890 Crohn's disease
21102463 Franke A Nat Genet rs4077515 Crohn's disease
21102463 Franke A Nat Genet rs10181042 Crohn's disease
21102463 Franke A Nat Genet rs7554511 Crohn's disease
21102463 Franke A Nat Genet rs7927997 Crohn's disease
21102463 Franke A Nat Genet rs1847472 Crohn's disease
21102463 Franke A Nat Genet rs13073817 Crohn's disease
21102463 Franke A Nat Genet rs7702331 Crohn's disease
21102463 Franke A Nat Genet rs17309827 Crohn's disease
21102463 Franke A Nat Genet rs736289 Crohn's disease
21102463 Franke A Nat Genet rs1736020 Crohn's disease
21102463 Franke A Nat Genet rs3764147 Crohn's disease
21102463 Franke A Nat Genet rs11564258 Crohn's disease
21102463 Franke A Nat Genet rs713875 Crohn's disease
21102463 Franke A Nat Genet rs3197999 Crohn's disease
21102463 Franke A Nat Genet rs11871801 Crohn's disease
21102463 Franke A Nat Genet rs2413583 Crohn's disease
21102463 Franke A Nat Genet rs1799964 Crohn's disease
21102463 Franke A Nat Genet rs10758669 Crohn's disease
21102463 Franke A Nat Genet rs7714584 Crohn's disease
21102463 Franke A Nat Genet rs12722489 Crohn's disease
21102463 Franke A Nat Genet rs151181 Crohn's disease
21102463 Franke A Nat Genet rs11209026 Crohn's disease
21102463 Franke A Nat Genet rs2058660 Crohn's disease
21102463 Franke A Nat Genet rs6556412 Crohn's disease




21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A
21102463 Franke A

Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet

rs2797685
rs3024505
rs1456896
rs2838519
rs2872507
rs740495
rs780093
rs8005161
rs281379
rs102275
rs2549794
rs13428812
rs1998598
rs12242110
rs10761659
rs1250550
rs4902642
rs181359
rs1819658
rs12720356
rs7517810
rs3810936
rs2062305
rs10495903
rs212388
rs7423615
rs17293632
rs12521868

Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease
Crohn's disease

21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA

Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet

rs6451493
rs6871626
rs6920220
rs12261843
rs907611
rs3024505
rs1297265
rs6499188
rs2872507
rs6017342
rs2836878
rs5771069
rs35675666
rs7524102
rs2310173
rs254560
rs4246905
rs798502
rs4728142
rs10758669
rs10781499
rs2155219
rs941823
rs11209026
rs17085007
rs2297441
rs2838519
rs7554511
rs6426833
rs1801274
rs7608910
rs9268853
rs4676406
rs9822268
rs17388568

Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis
Ulcerative colitis




21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA
21297633 Anderson CA

Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet

20953190 Strange A
20953190 Strange A
20953190 Strange A
20953190 Strange A
20953190 Strange A
20953190 Strange A
20953190 Strange A
20953190 Strange A
20953190 Strange A
20953190 Strange A
20953190 Strange A
20953190 Strange A
20953190 Strange A
20953190 Strange A
20953190 Strange A
20953190 Strange A
20953190 Strange A

Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet

20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC
20190752 Dubois PC

Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet
Nat Genet

rs11739663 Ulcerative colitis
rs4510766 Ulcerative colitis
rs6584283 Ulcerative colitis
rs7134599 Ulcerative colitis
rs734999 Ulcerative colitis
rs11676348 Ulcerative colitis
rs267939 Ulcerative colitis
rs3194051 Ulcerative colitis
rs943072 Ulcerative colitis
rs6911490 Ulcerative colitis
rs678170 Ulcerative colitis
rs16940202 Ulcerative colitis
rs27524 Psoriasis
rs240993 Psoriasis
rs12720356 Psoriasis
rs3213094 Psoriasis
rs610604 Psoriasis
rs8016947 Psoriasis
rs458017,rs465' Psoriasis
rs11209026 Psoriasis
rs2066808 Psoriasis
rs2235617,rs49! Psoriasis
rs6809854 Psoriasis
rs702873 Psoriasis
rs4649203 Psoriasis
rs17716942 Psoriasis
rs4112788 Psoriasis
rs280519 Psoriasis
rs10484554 Psoriasis
rs13151961 Celiac disease
rs859637 Celiac disease
rs653178 Celiac disease
rs3748816 Celiac disease
rs10903122 Celiac disease
rs6974491 Celiac disease
rs4899260 Celiac disease
rs296547 Celiac disease
rs13003464 Celiac disease
rs2327832 Celiac disease
rs17035378 Celiac disease
rs13314993 Celiac disease
rs11712165 Celiac disease
rs10806425 Celiac disease
rs802734 Celiac disease
rs1250552 Celiac disease
rs11221332 Celiac disease
rs4819388 Celiac disease
rs1033180 Celiac disease
rs2298428 Celiac disease
rs917997 Celiac disease
rs4675374 Celiac disease
rs13098911 Celiac disease
rs17810546 Celiac disease
rs2074404 Celiac disease
rs6806528 Celiac disease
rs12727642 Celiac disease
rs10936599 Celiac disease
rs2762051 Celiac disease
rs1893217 Celiac disease
rs9792269 Celiac disease
rs12928822 Celiac disease
rs2816316 Celiac disease
rs864537 Celiac disease




20190752 Dubois PC Nat Genet rs1738074 Celiac disease
20190752 Dubois PC Nat Genet rs5979785 Celiac disease
20190752 Dubois PC Nat Genet rs13010713 Celiac disease
20190752 Dubois PC Nat Genet rs1464510 Celiac disease
20190752 Dubois PC Nat Genet rs6691768 Celiac disease
20190752 Dubois PC Nat Genet rs2187668 Celiac disease
22634755 Dunlop MG Nat Genet rs3824999 Colorectal cancer
22634755 Dunlop MG Nat Genet rs5934683 Colorectal cancer
22634755 Dunlop MG Nat Genet rs1321311 Colorectal cancer
21761138 Peters U Hum Genet rs7315438 Colorectal cancer
21761138 Peters U Hum Genet rs16892766 Colorectal cancer
21761138 Peters U Hum Genet rs4779584 Colorectal cancer
21761138 Peters U Hum Genet rs3802842 Colorectal cancer
21761138 Peters U Hum Genet rs4939827 Colorectal cancer
20972440 Houlston RS Nat Genet rs6691170 Colorectal cancer
20972440 Houlston RS Nat Genet rs4925386 Colorectal cancer
20972440 Houlston RS Nat Genet rs11169552 Colorectal cancer
20972440 Houlston RS Nat Genet rs10936599 Colorectal cancer
21926974 Ripke S Nat Genet rs10894294 Schizophrenia
21926974 Ripke S Nat Genet rs4624519 Schizophrenia
21926974 Ripke S Nat Genet rs7914558 Schizophrenia
21926974 Ripke S Nat Genet rs11191580 Schizophrenia
21926974 Ripke S Nat Genet rs17512836 Schizophrenia
21926974 Ripke S Nat Genet rs16915157 Schizophrenia
21926974 Ripke S Nat Genet rs2239547 Schizophrenia
21926974 Ripke S Nat Genet rs13025591 Schizophrenia
21926974 Ripke S Nat Genet rs6703335 Schizophrenia
21926974 Ripke S Nat Genet rs1869901 Schizophrenia
21926974 Ripke S Nat Genet rs2021722 Schizophrenia
21926974 Ripke S Nat Genet rs7004633 Schizophrenia
21926974 Ripke S Nat Genet rs10503253 Schizophrenia
21926974 Ripke S Nat Genet rs12699131 Schizophrenia
21926974 Ripke S Nat Genet rs1879248 Schizophrenia
21926974 Ripke S Nat Genet rs17662626 Schizophrenia
21926974 Ripke S Nat Genet rs1625579 Schizophrenia
21926974 Ripke S Nat Genet rs2252865 Schizophrenia
21926974 Ripke S Nat Genet rs12966547 Schizophrenia
21926974 Ripke S Nat Genet rs4775413 Schizophrenia
21926974 Ripke S Nat Genet rs4765905 Schizophrenia
21926974 Ripke S Nat Genet rs548181 Schizophrenia
21926974 Ripke S Nat Genet rs11130874 Schizophrenia
21926974 Ripke S Nat Genet rs4356203 Schizophrenia
21926974 Ripke S Nat Genet rs1009080 Schizophrenia
22019778 Zhang F Nat Genet rs3762318 Leprosy
22019778 Zhang F Nat Genet rs16948876 Leprosy
22019778 Zhang F Nat Genet rs2275606 Leprosy
22019778 Zhang F Nat Genet rs538147 Leprosy
20018961 Zhang FR N Engl J Med rs6478108 Leprosy
20018961 Zhang FR N Engl J Med rs3764147 Leprosy
20018961 Zhang FR N Engl J Med rs42490 Leprosy
20018961 Zhang FR N Engl J Med rs602875 Leprosy
20018961 Zhang FR N Engl J Med rs40457 Leprosy
20018961 Zhang FR N Engl J Med rs9302752 Leprosy




Supplementary table 5: List of cell types profiled for DHSs and used in the analysis

Name Description Number of replicates
A549 Epithelial cell line derived from a lung carcinoma tissue 1
AG04449 Fetal buttock/thigh fibroblast 1
AG04450 Fetal lung fibroblast 1
AG09309 Adult human toe fibroblast 1
AG09319 Adult human gum tissue fibroblast 1
AG10803 Adult human abdominal skin fibroblast 1
AOAF Normal Human Aortic Adventitial Fibroblast Cells 1
BE2_C Human Neuroblastoma cell line 1
BJ Skin fibroblast 1
Caco-2 Colorectal adenocarcinoma 1
CD14+ Monocytes 1
CD19+ B lymphocytes 1
CD20+ B lymphocytes 2
CD3+ T lymphocytes adult 1
CD34+ Mobilized hematopoietic progenitor cells 1
CD3+_Cord blood T lymphocytes cord blood 1
CD4+ T helper cells 1
CD56+ CD56+ lymphocytes 1
CD8+ Cytotoxic T cells 1
CMK Acute megakaryocytic leukaemia cells 1
LCLs Lymphoblastoid cell lines (GM12865, GM06990, GM12878) 3
H1 P18 H1-derived embryonic stem cells 1
H7-hESC Undifferentiated embryonic stem cells 1
H9_P42 H9-derived embryonic stem cells 1
HAEpiC Human Amniotic Epithelial Cells 1
HAc Human astrocytes cerebellar 1
HAh Human astrocytes hippocampal 1
HAsp Human astrocytes spinal cord 1
HBMEC Human Brain Microvascular Endothelial Cells 1
HCF Human Cardiac Fibroblasts 1
HCFaa Human Cardiac Fibroblasts adult atrial 1
HCM Human cardiomyocytes 1
HCPEpiC Human Choroid Plexus Epithelial Cells 1
HCT-116 Colon adenocarcinoma 1
HConF Human Conjunctival Fibroblasts 1
HEEpiC Human Esophageal Epithelial Cells 1
HepG2 Hepatocellular carcinoma 1
HESC Human H1 Embryonic Stem Cell line 1
HFF Human foreskin fibroblasts 1




HFF_Myc

HGF

HIPEpiC

HL-60

HMEC

HMF
HMVEC-LBI
HMVEC-LLY
HMVEC-dAd
HMVEC-dBI-Ad
HMVEC-dBI-Neo
HMVEC-dLy-Ad
HMVEC-dLy-Neo
HMVEC-dNeo
HNPCEpiC
HPAEC

HPAF

HPF

HPdLF
HRCEpiC

HRE

HRGEC
HRPEpiC
HSMM
HSMM_D
HUVEC

HVMF
Hela-S3
IMR90

Jurkat

K562

LNCaP

MCF-7
Mesendoderm
NB4

NH-A
NHDF-Ad
NHDF-neo
NHEK

NHLF

NPC

Human foreskin fibroblast_Myc transgene

Human gingival fibroblasts

Human Iris Pigment Epithelial Cells

Human promyelocytic leukaemia cells

Human mammary epithelial cells

Human Mammary Fibroblasts

Human Lung Blood Microvascular Endothelial Cells

Human Lung Lymphatic Microvascular Endothelial Cells
Adult Human Dermal Microvascular Endothelial Cells

Adult Human Dermal Blood Microvascular Endothelial Cells
Neonatal Human Dermal Blood Microvascular Endothelial Cells
Adult Human Dermal Lymphatic Microvascular Endothelial Cells
Neonatal Human Dermal Lymphatic Microvascular Endothelial Cells
Neonatal Human Dermal Microvascular Endothelial Cells
Human Non-Pigment Ciliary Epithelial Cells

Human Pulmonary Artery Endothelial Cells

Human Pulmonary Artery Fibroblasts

Human Pulmonary Fibroblasts

Human Periodontal Ligament Fibroblasts

Human renal cortical epithelial cells (normal)

Human renal epithelial cells (normal)

Human Renal Glomerular Endothelial Cells

Human Retinal Pigment Epithelial Cells

Human Skeletal Muscle Myoblasts

Human Skeletal Muscle Myoblasts_differentiated

Human umbilical vein endothelial cells

Human Villous Mesenchymal Fibroblasts

Cervical carcinoma

Fibroblast

T lymphoblastoid cell line derived from acute T cell leukaemia
Chronic myeloid leukaemia

Prostate adenocarcinoma cell line

Mammary gland adenocarcinoma

H1 derived mesendoderm cells

Acute Promyelocytic Leukaemia cell line

Normal Human Astrocytes

Adult Human Dermal Fibroblasts

Neonatal Human Dermal Fibroblasts

Normal Human Epidermal Keratinocytes

Normal Human Lung Fibroblasts

H1 derived neuroprogenitor cells
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NT2-D1
PANC-1
Prec

RPTEC

SAEC
SK-N-SH_RA

SK_N_MC
SKMC
WERI-Rb1
WI-38
WI-38_TAM
fAdrenal
fBrain

fHeart
fintestine_Lg
fintestine_Sm
fKidney cortex
fKidney pelvis
fLung
fMuscle
fPlacenta
fSkin
fSpinal_cord
fSpleen
fStomach
fTestes
fThymus

Thl

Th17

Th2

iPS_19 11
vHMEC

Human malignant pluripotent embryonal cancer cell line Induced by RA to neuronal
cells

Pancreatic carcinoma cell line

Human prostate epithelial cell line

Human renal proximal tubule cells

Small airway epithelial cells

Neuroblastoma cell lines differentiated with retinoic acid

Neuroepithelioma cell line derived from a metastatic supra-orbital human brain tumor
Human skeletal muscle cells

Retinoblastoma cell line

Embryonic lung fibroblasts immortalized hTERT
Embryonic lung fibroblasts immortalized hTERT_Tamoxifen treated
Fetal adrenal gland

Fetal brain

Fetal heart

Fetal intestine large

Fetal intestine small

Fetal kidney cortex

Fetal kidney pelvis

Fetal lung

Fetal muscle

Fetal placenta

Fetal skin

Fetal spinal cord

Fetal spleen

Fetal stomach

Fetal testicle tissue

Fetal thymus

Human primary T helper 1

Human primary T helper 17

Human primary T helper 2

Induced pluripotent stem cells

Human mammary epithelial cells
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Supplementary table 6: Enrichment and significance of overlap between GWAS associations and cell specific DHSs

Multiple sclerosis
Cell type Enrichment P value

Type 1 diabetes
Cell type Enrichment P value

Systemic lupus erythematosus
Cell type Enrichment P value

Thi 1

CD8

Th1 2

Th17

CD3 adult
Th2_1

CD3 CordBlood
Th2 2

CD4

CD19
GM12878
GM06990
CD56

CD20_2
GM12865
CD14

Fetal thymus_2
Fetal thymus_3
Fetal thymus_1
NB4

Jurkat

HL60

CD34

Fetal spleen
CMK

HCT116

HEPG2

CACO2

A549

Fetal stomach_1
K562

NHEK

Fetal intestine small_2

Fetal stomach_3
Fetal stomach_2
HMEC
HMVEC_dNeo
HConF

2.3375 <0.0001
2.2695 <0.0001
2.2584 <0.0001
2.1875 <0.0001
2.1654 <0.0001
2.1574 <0.0001
2.1392 <0.0001
2.1079 <0.0001
2.0694 <0.0001
2.0459 <0.0001
1.9819 <0.0001
1.9654 <0.0001
1.9539 <0.0001
1.9217 <0.0001
1.8071 <0.0001
1.7677 <0.001

1.7000 <0.001

1.6896 <0.001

1.6640 <0.001

1.4878 <0.001

1.4870 0.0020
1.4667 0.0140
1.3821 0.0006
1.3398 <0.001

1.2867 0.1095
1.2588 0.0655
1.2557 0.1921
1.2351 0.5248
1.1946 0.1036
1.1109 0.2970
1.1011 0.3960
1.0674 0.2871
1.0630 0.4356
1.0389 0.5545
1.0355 0.4950
1.0284 0.3762
1.0117 0.6337
1.0080 0.5842

Th17 2.6779 <0.001
Thl_ 1 2.5221 <0.001
Thl 2 2.4087 <0.001
Th2_1 2.3905 <0.001
Th2_2 2.2984 <0.001
CD56 2.2347 <0.001
CD3 adult 2.1335 <0.001
CD4 2.1275 <0.001
CD8 2.1135 <0.001
CD19 1.7812 0.0023
CD3 CordBlood 1.7805 0.0040
GM12878 1.7581 0.0056
GMO06990 1.7098 0.0072
CD20_2 1.6739 0.0034
Fetal thymus_1 1.6719 0.0031
GM12865 1.6401 0.0064

Fetal thymus_3
Fetal thymus_2
CD14

Jurkat

NB4

Fetal spleen
CD34
HMVEC_dAd
CMK
HMVEC_dLyAd
HCT116
HMVEC_LLy
HMVEC_dBIAd
HMVEC_LBI
AG04450
HEPG2

HRE
HMVEC_dNeo
Fetal stomach_1
HRGEC

Fetal placenta_2
HRCE

1.6228 0.0059
1.5043 0.0247
1.4818 0.0247
1.4271 0.0306
1.2789 0.1095
1.2785 0.0108
1.2639 0.0956
1.2590 0.0764
1.2039 0.2376
1.1986 0.1589
1.1911 0.1523
1.1529 0.2178
1.1502 0.1457
1.1327 0.1589
1.1123 0.2079
1.1114 0.5743
1.1051 0.1244
1.1002 0.3564
1.0899 0.3069
1.0888 0.1523
1.0886 0.4356
1.0878 0.1457

GM12878 2.5818 <0.001
GMO06990 2.4424 <0.001
GM12865 2.3946 <0.001
CDb19 2.3566 <0.001
CD3 CordBlood 2.2227 <0.001
Th17 2.2015 <0.001
Ccb8 2.1765 <0.001
Thl_ 2 2.1168 <0.001
CD3 adult 2.0914 <0.001
Th2_2 2.0708 <0.001
Cb4 2.0550 <0.001
CD56 2.0262 <0.001
CD20_2 2.0258 <0.001
Thl_ 1 2.0182 <0.001
Th2_1 1.9721 0.0011
Cbi4 1.6925 0.0051

Fetal thymus_2
Fetal thymus_1
Jurkat

Fetal thymus_3
HL60

1.6619 0.0033
1.6480 0.0035
1.5878 0.0159
1.5749 0.0123
1.4368 0.0764

NB4 1.4091 0.0627
Fetal spleen 1.3817 0.0051
K562 1.3369 0.1144
CD34 1.2889 0.0916
NHEK 1.2638 0.1523
HMVEC_dLyAd 1.2416 0.0897
HMVEC_dAd 1.1904 0.1523
CMK 1.1384 0.3762
HMVEC_dNeo 1.1372 0.2119
HMVEC_LLy 1.1289 0.2475
PANC1 1.1286 0.2871
HMVEC_dBIAd 1.1276 0.1656
HMEC 1.1185 0.2079

HMVEC_dBINeo
VHMEC
HMVEC_dLyNeo
HMVEC_LBI

1.1078 0.1921
1.1042 0.2277
1.0773 0.3168
1.0703 0.3861




HMVEC_dAd
HMVEC_dLyAd

Fetal intestine large_2
NPC

HPF

HMVEC_dLyNeo
HMVEC_LLy
AG09319

PANC1

AG04450

Fetal intestine large_1
HFF

HRE

HMEF

Fetal kidney pelvis_3
HPAEC

SKNSH

HRCE

HMVEC_LBI

Fetal intestine large_3
HPAF

HFF_MyC

Fetal placenta_2

Fetal intestine small_1
HGF

Prec

HCF

WI_38

CD20_1

HIPEpiC

MCF7

Fetal placenta_1

Fetal kidney cortex_3
Fetal placenta_3
SAEC

Fetal adrenal_3
AG10803

IMR90

Fetal muscle_3

Fetal intestine small_3
HEEpiC

WI_38 TAM

1.0001
0.9964
0.9944
0.9942
0.9940
0.9890
0.9838
0.9834
0.9815
0.9719
0.9717
0.9714
0.9710
0.9688
0.9644
0.9616
0.9610
0.9586
0.9573
0.9569
0.9569
0.9555
0.9513
0.9459
0.9417
0.9405
0.9401
0.9394
0.9392
0.9381
0.9365
0.9346
0.9334
0.9330
0.9327
0.9313
0.9288
0.9269
0.9231
0.9228
0.9226
0.9221

0.5347
0.6139
0.5941
0.7327
0.4554
0.6535
0.7030
0.4356
0.5545
0.5248
0.7426
0.6634
0.4950
0.5545
0.8119
0.6832
0.7822
0.4356
0.6040
0.6832
0.5545
0.7426
0.8317
0.7030
0.7030
0.6634
0.7426
0.6139
0.8119
0.6634
0.8218
0.8614
0.8614
0.8713
0.6238
0.8515
0.7327
0.7525
0.8119
0.8218
0.7426
0.7129

HMVEC_dLyNeo
RPTEC

HPF

Fetal muscle_3

Fetal placenta_1
HMVEC_dBINeo

Fetal stomach_3

Fetal placenta_3

Fetal stomach_2

HCF

WI_38

K562

HPAEC

HMF

PANC1

IMR90

HFF_MyC

A549

Fetal intestine large_1
WI_38_TAM

HL60

HPAF

HUVEC

Fetal intestine small_1
HVMEF

Fetal intestine large_3
HConF

AG09319

Fetal kidney pelvis_3
Fetal lung_1

Fetal muscle_2

Fetal kidney cortex_3
HFF

Fetal muscle_1

Fetal intestine large_2
Fetal intestine small_2
HAEpiC

Fetal intestine small_3
HCPEpiC

VHMEC

CD20_1

HCM

1.0839
1.0746
1.0594
1.0571
1.0537
1.0499
1.0440
1.0429
1.0391
1.0306
1.0282
1.0235
1.0213
1.0199
1.0198
1.0180
1.0134
1.0126
1.0070
0.9867
0.9856
0.9853
0.9818
0.9812
0.9793
0.9760
0.9709
0.9661
0.9599
0.9578
0.9566
0.9554
0.9541
0.9539
0.9503
0.9468
0.9465
0.9453
0.9403
0.9351
0.9240
0.9200

0.2871
0.2185
0.2772
0.3366
0.4158
0.3168
0.5149
0.4257
0.4554
0.3069
0.3267
0.4059
0.5446
0.3564
0.3960
0.2970
0.4356
0.6535
0.6238
0.4455
0.5743
0.4752
0.3861
0.5446
0.4356
0.5842
0.6238
0.6040
0.7030
0.6337
0.7129
0.7228
0.6733
0.4752
0.7030
0.7921
0.5644
0.7426
0.5248
0.6436
0.7030
0.6931

Fetal placenta_2
AOAF

Fetal intestine small_2
RPTEC

HUVEC

HRGEC

Fetal stomach_3
HVMF

HPAF

Fetal stomach_1
HCFaa

Fetal intestine large_2
HRCE

HMF

HPAEC

SAEC

HEPG2

Fetal intestine large_1
Fetal placenta_3

HFF

Fetal intestine large_3
HCPEpiC

HFF_MyC

Fetal intestine small_1
HAEpiC

HCT116

WI_38

IMR90

HRE

HCM

BJ

CD20_1

HPF

Fetal intestine small_3
AG09309

Fetal stomach_2
HEEpiC

AG09319

NHDF_Ad
WI_38_TAM

HCF

AG10803

1.0675
1.0579
1.0553
1.0499
1.0466
1.0449
1.0335
1.0311
1.0274
1.0274
1.0186
1.0183
1.0137
1.0137
1.0118
1.0036
0.9948
0.9880
0.9868
0.9867
0.9864
0.9771
0.9741
0.9677
0.9563
0.9549
0.9536
0.9516
0.9513
0.9450
0.9434
0.9414
0.9395
0.9347
0.9306
0.9282
0.9279
0.9246
0.9223
0.9201
0.9170
0.9155

0.3960
0.3663
0.4554
0.3267
0.2475
0.2871
0.5347
0.3564
0.3861
0.4554
0.3267
0.5248
0.4059
0.4455
0.3663
0.3267
0.5644
0.5941
0.5149
0.4653
0.6040
0.5347
0.5149
0.6337
0.5347
0.6337
0.6040
0.6634
0.6040
0.5347
0.6238
0.5941
0.6733
0.6436
0.6931
0.7921
0.6337
0.5941
0.6337
0.6634
0.7228
0.6238




vVHMEC
HCPEpiC

HVMF

HAEpiC
H1_P18

HCM
HMVEC_dBIAd
HMVEC_dBINeo
HNPCEpiC

HAc

RPTEC

Fetal lung_3
NHA

AOAF

NHLF

HPdLF

iPS_6_9

Fetal muscle_2
AG09309
H9_P42

HESC

Fetal skin_1
Fetal lung_1
Fetal kidney pelvis_1
Fetal kidney pelvis_2
HUVEC
AG04449

Fetal testes
HBMEC

HCFaa

BJ

HSMM_D

Fetal skin_2
NHDF_Neo
Fetal kidney cortex_1
HRGEC
NHDF_Ad
iPS_19 7

Fetal lung_2
Fetal adrenal_2
HAh

Fetal adrenal_1

0.9201
0.9197
0.9179
0.9151
0.9149
0.9100
0.9094
0.9065
0.9041
0.8965
0.8932
0.8913
0.8903
0.8849
0.8801
0.8797
0.8778
0.8762
0.8748
0.8745
0.8744
0.8707
0.8675
0.8673
0.8654
0.8646
0.8622
0.8574
0.8568
0.8556
0.8505
0.8397
0.8379
0.8326
0.8305
0.8291
0.8284
0.8216
0.8199
0.8187
0.8152
0.8142

0.7624
0.8416
0.5842
0.8218
0.9109
0.8515
0.9010
0.8020
0.7426
0.8218
0.7327
0.9604
0.7624
0.8911
0.8317
0.8218
0.9604
0.9505
0.8416
0.9406
0.9901
0.8614
0.9307
0.9802
0.9802
0.8515
0.8911
0.9208
0.9505
0.8119
0.9307
0.9901
0.9208
0.9208
1.0000
0.9010
0.9703
0.9901
1.0000
1.0000
1.0000
1.0000

NHLF

NHEK

HAc

NHA

HBMEC
HIPEpIC

AOAF

Fetal kidney pelvis_1
Fetal kidney pelvis_2
AG10803

Fetal lung_3
HMEC

Fetal adrenal_3
SkmMC

Fetal lung_2
HPdLF

HCFaa
HNPCEpiC
Fetal kidney cortex_1
AG04449

Fetal adrenal_2
MCF7

BJ

NHDF_Neo
PreC

HGF

CACO2

Fetal skin_1
fetal kidney cortex_2
Fetal adrenal_1
Fetal skin_2
HSMM

Fetal skin_3
AG09309
HSMM_D
NHDF_Ad

HAsp

SKNSH

Fetal testes
HAh

HEEpiC

HESC

0.9171
0.9158
0.9151
0.9144
0.9135
0.9104
0.9101
0.9090
0.9061
0.9061
0.9056
0.9054
0.9028
0.9021
0.8897
0.8896
0.8877
0.8844
0.8690
0.8652
0.8647
0.8615
0.8614
0.8608
0.8561
0.8537
0.8534
0.8466
0.8405
0.8362
0.8350
0.8338
0.8268
0.8264
0.8244
0.8118
0.8099
0.8082
0.8078
0.8054
0.8016
0.7984

0.6040
0.6634
0.6040
0.5842
0.6337
0.6733
0.7030
0.8416
0.8515
0.7921
0.8218
0.8119
0.8119
0.6535
0.7822
0.7228
0.5248
0.6931
0.9307
0.7921
0.9010
0.8317
0.7129
0.8317
0.8515
0.8515
0.9010
0.8416
0.9010
0.9406
0.8317
0.8020
0.8911
0.8911
0.9406
0.8911
0.7426
0.8614
0.8911
0.9307
0.9604
0.9901

HSMM_D
Fetal placenta_1
HPdLF

HBMEC

HConF

HIPEpiC

HGF

PrecC

AG04449

Fetal heart_1

HAh

NHLF

HSMM

Fetal kidney pelvis_3
NHA

Fetal adrenal_3
Fetal testes

A549

AG04450

Fetal heart_3

Fetal skin_3

HAsp

HNPCEpiC

Hela

Fetal kidney cortex_3
Fetal heart_2

Fetal kidney pelvis_2
Fetal lung_1

HAc

HRPEpiC

CACO2

NHDF_Neo

Fetal muscle_3

Fetal lung_2

Fetal skin_1

Fetal kidney pelvis_1
Fetal skin_2

Fetal lung_3

Fetal kidney cortex_1
fetal kidney cortex_2
Fetal adrenal_2
Fetal muscle_1

0.9138
0.9121
0.9079
0.9074
0.8999
0.8987
0.8979
0.8965
0.8962
0.8947
0.8876
0.8864
0.8828
0.8811
0.8792
0.8733
0.8695
0.8692
0.8678
0.8635
0.8587
0.8585
0.8559
0.8513
0.8474
0.8460
0.8458
0.8408
0.8311
0.8303
0.8254
0.8186
0.8135
0.8132
0.8111
0.8033
0.7879
0.7868
0.7701
0.7575
0.7553
0.7503

0.6733
0.8218
0.7129
0.6931
0.7525
0.7624
0.7129
0.6733
0.7426
0.6832
0.7228
0.7525
0.7723
0.8614
0.7129
0.8119
0.8614
0.7228
0.8020
0.7228
0.8020
0.7426
0.8119
0.7426
0.8911
0.8515
0.8713
0.9208
0.8317
0.9010
0.8119
0.8317
0.9208
0.9010
0.8911
1.0000
0.9307
0.9505
0.9901
0.9901
0.9703
1.0000




Fetal muscle_1
NT2_D1

Fetal skin_3
Mesendoderm
HRPEpiC

iPS_ 4 7

SkMC

Hela

HSMM

fetal kidney cortex_2
HAsp

Fetal spinal cord_2
hESCTO

Fetal heart_1
SK_N_MC

Fetal heart_3

Fetal heart_2

0.8119 0.9703
0.8118 0.9901
0.8095 0.9802
0.8033 0.9901
0.8014 1.0000
0.7964 1.0000
0.7922 0.9703
0.7753 0.9505
0.7728 0.9802
0.7659 1.0000
0.7621 0.9703
0.7591 1.0000
0.7529 1.0000
0.7527 0.9901
0.7296 0.9901
0.7183 0.9901
0.7075 1.0000

NT2_D1
SAEC

Hela

HRPEpiC

I Mesendoderm
iPS_19 7

NPC

H9_P42

Fetal heart_1
iPS_4 7

H1_P18

Fetal heart_3
LNCap

Fetal spinal cord_2
iPS 6 9

Fetal spinal cord_3
hESCTO

0.7934 0.9505
0.7854 0.9010
0.7838 0.7822
0.7786 0.9604
0.7754 0.9901
0.7728 0.9901
0.7716 0.9802
0.7693 0.9604
0.7400 0.9802
0.7364 0.9901
0.7237 0.9901
0.7117 0.9505
0.7000 0.9703
0.6965 1.0000
0.6962 1.0000
0.6841 1.0000
0.6771 1.0000

BE2_C
SkmMcC

NPC

Fetal adrenal_1
SK_N_MC

Fetal muscle_2
Mesendoderm
SKNSH

HESC

H9_P42

MCF7

LNCap

Fetal spinal cord_1
NT2_D1

iPS 69

Fetal spinal cord_2
Fetal spinal cord_3

0.7445 0.9109
0.7434 0.9406
0.7388 0.9406
0.7341 0.9802
0.7336 0.8812
0.7325 1.0000
0.7061 1.0000
0.7021 0.9406
0.6836 1.0000
0.6610 1.0000
0.6411 0.9802
0.6394 0.9604
0.6393 1.0000
0.6324 1.0000
0.6292 1.0000
0.6278 1.0000
0.6214 1.0000

BE2_C 0.7073 1.0000] BE2_C 0.6628 0.9802]iPS_19 7 0.6174 1.0000
Fetal spinal cord_3 0.6942 1.0000] Fetal heart_2 0.6620 1.0000f] H1_P18 0.6094 1.0000
LNCap 0.6879 1.0000] Fetal spinal cord_1 0.6144 1.0000] WERI_Rb1 0.6009 0.9901
WERI_Rb1 0.6777 1.0000] SK_N_MC 0.5980 0.9703]iPS_4 7 0.5862 1.0000
Fetal spinal cord_1 0.6716 1.0000] WERI_Rb1 0.5580 1.0000] Fetal brain_3 0.5552 1.0000
Fetal brain_1 0.5843 1.0000] Fetal brain_2 0.5219 1.0000] hESCTO 0.5545 1.0000
Fetal brain_2 0.5555 1.0000] Fetal brain_3 0.5068 1.0000] Fetal brain_2 0.4804 1.0000
Fetal brain_3 0.5500 1.0000] Fetal brain_1 0.4954 1.0000] Fetal brain_1 0.4766 1.0000
Rheumatoid arthritis Psoriasis Celiac disease
Cell type Enrichment P value [Cell type Enrichment P value [Cell type Enrichment P value
Th1l7 3.2603 <0.001 | CD8 2.8673 <0.001 | Th1_1 2.7736 <0.001
GMO06990 2.9596 <0.001 | CD4 2.7236 <0.001 | Th1_2 2.7023 <0.001
CD3 adult 2.6052 <0.001 ] CD3 adult 2.4539 0.0015] Th17 2.6724 <0.001
Thl_1 2.5906 <0.001 | cCD14 2.4309 <0.001 |JCD8 2.4476 <0.001
Cb8 2.5755 <0.001 | CD56 2.2805 0.0010] CD3 adult 2.4149 <0.001
Th2_2 2.5723 <0.001 j GM12878 2.1950 0.0067] Th2_1 2.3230 <0.001
GM12865 2.5664 <0.001 ] CD3 CordBlood 2.1258 0.0042] Th2_2 2.3107 <0.001
CD4 2.5540 <0.001 | GM12865 2.1088 0.0050) CD3 CordBlood 2.2958 <0.001
Th2_1 2.5257 <0.001 | Th1_1 2.0975 0.0108] CD56 2.2351 <0.001
Thl_2 2.5232 <0.001 | Th2_1 2.0895 0.0064] CD4 2.2052 <0.001
GM12878 2.4857 <0.001 | CD19 2.0698 0.0108] CD19 2.1265 <0.001
CD3 CordBlood 2.3545 <0.001 | GM06990 1.9768 0.0142] CD20_2 2.0244 <0.001
CD19 2.2969 <0.001 | CD20_2 1.9750 0.0074] GM12878 2.0052 0.0010
CD20_2 2.2473 <0.001 | NHEK 1.9439 0.0086] GM06990 1.9735 <0.001




CD56

Fetal thymus_2

Fetal thymus_1

Fetal thymus_3

CD14

Fetal spleen

CD34

Jurkat

HMVEC_dAd

NB4

CMK

HMVEC_dLyAd

HL60

HMVEC_LLy
HMVEC_dBIAd
HMVEC_dNeo

HRCE
HMVEC_dLyNeo
HMVEC_LBI

HPAEC
HMVEC_dBINeo

HRE

Fetal intestine large_2
Fetal intestine large_3
HRGEC

Fetal intestine small_1
RPTEC

Fetal intestine small_3
PANC1

Fetal intestine small_2
WI_38_TAM

HCF

Fetal muscle_3

HESC

HGF

HEPG2

HPAF

CD20_1

HUVEC

K562

NT2_D1

Fetal muscle_2

2.2153 <0.001

1.8285
1.8207
1.8159
1.7093
1.4948
1.4142
1.3444
1.3382
1.3352
1.3179
1.3125
1.2345
1.1738
1.1543
1.1398
1.1236
1.1075
1.1063
1.0802
1.0674
1.0664
1.0432
1.0254
1.0220
1.0168
0.9979
0.9868
0.9736
0.9610
0.9571
0.9470
0.9459
0.9438
0.9433
0.9317
0.9301
0.9298
0.9284
0.9267
0.9229
0.9196

0.0010
0.0027
0.0029
0.0042
0.0010
0.0100
0.1194
0.0218
0.0532
0.0627
0.0599
0.1144
0.1854
0.1921
0.1854
0.2277
0.2178
0.2871
0.2475
0.3762
0.3465
0.3069
0.4059
0.4653
0.3960
0.3663
0.5248
0.4653
0.5149
0.6535
0.6733
0.6436
0.5644
0.7723
0.5842
0.7822
0.6139
0.7723
0.7525
0.6238
0.7426

Th2 2

Thi 2

HL60

NB4

Th17

HMEC

Fetal thymus_2

Fetal thymus_1

Fetal thymus_3
VHMEC

CD34

HEEpIC

Fetal intestine small_2
Jurkat

Fetal spleen

K562

HEPG2

Fetal intestine large_2
Fetal intestine small_1
SAEC

HPAEC

Fetal intestine small_3
CMK

CD20_1

Fetal intestine large_3
Fetal placenta_3

PreC

Fetal placenta_2
CACO2

HRGEC

Fetal intestine large_1
HMVEC_LBI

Fetal placenta_1
HPAF

A549

HAEpiC

HRCE

WI_38_TAM
HMVEC_dAd

Fetal stomach_1
HCPEpiC
HMVEC_dLyAd

1.8660
1.8536
1.8447
1.7726
1.7011
1.6837
1.6528
1.6456
1.6324
1.5813
1.5168
1.4981
1.3530
1.3322
1.3180
1.2873
1.2709
1.2519
1.2262
1.2219
1.1598
1.1585
1.1363
1.1294
1.1148
1.1053
1.0998
1.0737
1.0674
1.0445
1.0406
1.0374
1.0320
1.0304
1.0295
1.0166
1.0140
1.0137
1.0106
1.0062
1.0058
1.0033

0.0135
0.0323
0.0262
0.0123
0.0598
0.0055
0.0182
0.0357
0.0381
0.0127
0.0381
0.0145
0.0698
0.2178
0.0627
0.2574
0.2574
0.1391
0.1493
0.1194
0.2178
0.2178
0.3366
0.3366
0.2970
0.3465
0.2574
0.4356
0.3861
0.3663
0.4752
0.2970
0.4851
0.3564
0.3663
0.4653
0.3861
0.3762
0.4554
0.4950
0.4554
0.4257

GM12865

Fetal thymus_3
Fetal thymus_1
CD14

Fetal thymus_2
Jurkat

NB4

HL60

CD34

Fetal spleen
CMK

Fetal placenta_3
Fetal placenta_2
Prec

NHEK

HMEC

HCT116

SAEC

K562
HMVEC_dLyAd
Fetal placenta_1
HMVEC_LBI
VHMEC

HRGEC
HMVEC_dLyNeo
HEEpiC

PANC1

HRE

A549

HRCE
HMVEC_dAd
Fetal stomach_1
HMVEC_dBIAd
HMVEC_dNeo
HEPG2

HIPEpiC
HMVEC_LLy
Fetal stomach_3
HPAEC
AG04450
HMVEC_dBINeo
HVMF

1.9225 <0.001

1.9195 <0.001

1.9124 <0.001

1.8091 0.0010
1.7645 0.0010
1.6627 0.0060
1.4946 0.0079
1.4015 0.0655
1.3189 0.0102
1.2904 0.0145
1.2557 0.1393
1.1399 0.1987
1.1319 0.1987
1.1302 0.1788
1.1164 0.3267
1.1162 0.2277
1.0982 0.2970
1.0921 0.2376
1.0921 0.3564
1.0833 0.2079
1.0810 0.1656
1.0763 0.2673
1.0667 0.2574
1.0643 0.4257
1.0532 0.3168
1.0527 0.3267
1.0490 0.3465
1.0427 0.3861
1.0403 0.2673
1.0395 0.3960
1.0336 0.3168
1.0202 0.3663
1.0036 0.5644
0.9998 0.4455
0.9980 0.5050
0.9973 0.6139
0.9958 0.4356
0.9856 0.5347
0.9763 0.4455
0.9653 0.6238
0.9650 0.6436
0.9633 0.7030




HCM

SAEC

HFF

Fetal intestine large_1
Hela

HMEC

Prec

Fetal placenta_1
HConF

CACO2

HIPEpiC

HFF_MyC

HSMM_D

Fetal kidney pelvis_2
A549

BE2_C

Fetal kidney pelvis_3
iPS_19 7

Fetal stomach_3
HCPEpiC

fetal kidney cortex_2
VHMEC

AG09319

Fetal kidney cortex_1
HAh

HEEpiC

HAc

Fetal muscle_1

Fetal stomach_2
H1_P18

AOAF

MCF7

IMR90

LNCap

HMF

HBMEC

HCT116

Fetal adrenal_3
NHDF_Neo

Fetal kidney pelvis_1
Fetal kidney cortex_3
HNPCEpiC

0.9122
0.9068
0.9061
0.8985
0.8960
0.8880
0.8880
0.8868
0.8843
0.8766
0.8712
0.8698
0.8653
0.8639
0.8620
0.8591
0.8587
0.8573
0.8573
0.8554
0.8506
0.8478
0.8466
0.8457
0.8442
0.8434
0.8388
0.8381
0.8376
0.8374
0.8370
0.8356
0.8336
0.8304
0.8280
0.8272
0.8239
0.8215
0.8212
0.8154
0.8144
0.8142

0.7327
0.7426
0.7525
0.6634
0.6040
0.7228
0.8020
0.8614
0.7426
0.5842
0.8416
0.8020
0.8812
0.8713
0.6733
0.6436
0.8515
0.7822
0.8614
0.9010
0.9208
0.7921
0.7327
0.8812
0.9109
0.9109
0.9307
0.9307
0.8911
0.7822
0.8119
0.8020
0.9406
0.8515
0.8515
0.9406
0.7822
0.8515
0.8713
0.9406
0.8911
0.9109

HCFaa
HMVEC_dBIAd
HUVEC

AOAF

Hela

IMR90

MCF7

RPTEC
HMVEC_dLyNeo
HCF

HMF

HRE

Fetal stomach_3
PANC1
AG09309
HMVEC_dBINeo
Fetal adrenal_3
HCT116

Fetal stomach_2
HPdLF

Fetal adrenal_2
HMVEC_dNeo
HGF

HFF

WIi_38

HAc

HFF_MyC

Fetal adrenal_1
HIPEpiC

Fetal kidney pelvis_3
Fetal kidney cortex_3
AGO04450

HESC

HCM

HSMM
HNPCEpiC
HSMM_D
NT2_D1
NHDF_Ad
Mesendoderm
HBMEC

H1_P18

0.9903
0.9899
0.9724
0.9724
0.9721
0.9711
0.9693
0.9601
0.9363
0.9315
0.9314
0.9309
0.9295
0.9187
0.9172
0.9145
0.9111
0.9102
0.9094
0.9040
0.8955
0.8930
0.8830
0.8823
0.8815
0.8732
0.8588
0.8571
0.8538
0.8536
0.8520
0.8469
0.8467
0.8460
0.8456
0.8384
0.8352
0.8274
0.8273
0.8169
0.8144
0.8064

0.3663
0.5446
0.5149
0.5248
0.4851
0.5149
0.6436
0.4950
0.6337
0.6238
0.5842
0.5842
0.6931
0.5743
0.6733
0.6238
0.6040
0.6931
0.7327
0.6436
0.7228
0.6535
0.7030
0.7624
0.6238
0.7327
0.7822
0.7228
0.7822
0.7822
0.8218
0.8119
0.8119
0.8020
0.7426
0.8119
0.7921
0.8416
0.8515
0.8020
0.8020
0.7426

WI_38

WI_38 TAM
AG04449

HUVEC

HMF

Fetal intestine small_2
IMR90

CACO2

Fetal intestine large_2
HConF

HPF

HAEpiC

HCPEpiC

HBMEC

RPTEC

Fetal stomach_2
MCF7

Fetal skin_3
HNPCEpiC

Fetal intestine large_1
Fetal intestine small_3
HCFaa

SkmC

HFF_MyC

Fetal intestine small_1
CD20_1

HGF

HPdLF

Fetal intestine large_3
HPAF

BJ

AG09319

HFF

Fetal muscle_3

HCF

Fetal muscle_2

NPC

AG10803

NHLF

Fetal skin_1
NHDF_Neo

SKNSH

0.9565
0.9535
0.9500
0.9439
0.9426
0.9406
0.9394
0.9391
0.9359
0.9356
0.9326
0.9264
0.9252
0.9234
0.9202
0.9176
0.9171
0.9151
0.9149
0.9130
0.9130
0.9079
0.9007
0.8956
0.8940
0.8920
0.8903
0.8891
0.8877
0.8873
0.8843
0.8798
0.8790
0.8695
0.8568
0.8546
0.8544
0.8543
0.8528
0.8448
0.8422
0.8400

0.6337
0.7030
0.7822
0.6040
0.7228
0.6634
0.6535
0.2970
0.6832
0.7921
0.7030
0.7723
0.7426
0.8119
0.7327
0.8416
0.6040
0.8119
0.7921
0.6733
0.7327
0.7822
0.8515
0.8515
0.8317
0.7822
0.8218
0.8218
0.8416
0.8416
0.8416
0.8119
0.9406
0.8614
0.8416
0.9604
0.6139
0.9010
0.9406
0.9307
0.9109
0.7228




HCFaa

Fetal placenta_2
Fetal stomach_1
Fetal spinal cord_2
Fetal lung_1

H9 P42

HPF

Fetal adrenal_1
iPS_6_9

SKNSH

HVMF

NHA

WERI_Rb1

Fetal skin_1
HSMM
NHDF_Ad
HPdALF

HAsp

Fetal lung_3
Fetal skin_3
HAEpiC

WI_38

Fetal lung_2
Fetal testes
Fetal adrenal_2
NHEK

BJ

hESCTO

NHLF

AG10803
AG09309

Fetal placenta_3
SkmMC

Fetal spinal cord_3
AG04450
Mesendoderm
Fetal brain_3
Fetal spinal cord_1
NPC

AG04449

Fetal skin_2
iPS_4 7

0.8134
0.8100
0.8077
0.8064
0.8061
0.8038
0.8009
0.7963
0.7925
0.7881
0.7861
0.7851
0.7830
0.7828
0.7827
0.7815
0.7727
0.7698
0.7683
0.7657
0.7632
0.7611
0.7610
0.7579
0.7467
0.7454
0.7443
0.7440
0.7432
0.7408
0.7363
0.7300
0.7275
0.7252
0.7238
0.7188
0.7124
0.7059
0.7042
0.6967
0.6879
0.6707

0.8812
0.8911
0.8317
0.9010
0.9604
0.8218
0.9505
0.9208
0.9109
0.7723
0.9505
0.9505
0.8416
0.9604
0.9406
0.9604
0.9109
0.9604
0.9703
0.9406
0.9406
0.9406
0.9604
0.9406
0.9505
0.8713
0.9703
1.0000
0.9703
0.9406
0.9802
0.9010
0.9901
0.9802
0.9703
1.0000
0.9505
0.9802
0.8911
0.9406
0.9901
1.0000

HConF
AG04449

HPF

Fetal kidney pelvis_2
BE2_C
iPS_19 7

HAh

AG10803

NHA

hESCTO
HMVEC_LLy
Fetal skin_3
H9_P42

SkmMC

NHLF

HRPEpIC

Fetal skin_1
Fetal kidney pelvis_1
NPC

Fetal muscle_3
iPS_6_9
AG09319

Fetal muscle_2
HVMF

SKNSH

Fetal kidney cortex_1
fetal kidney cortex_2
LNCap

Fetal skin_2
Fetal testes

BJ

Fetal heart_3
Fetal heart_1
iPS_4 7
SK_N_MC
Fetal heart_2
HAsp
WERI_Rb1
NHDF_Neo
Fetal lung_3
Fetal lung_1
Fetal lung_2

0.8026
0.8015
0.7984
0.7879
0.7866
0.7845
0.7837
0.7816
0.7808
0.7784
0.7763
0.7712
0.7704
0.7696
0.7562
0.7551
0.7511
0.7458
0.7403
0.7400
0.7369
0.7333
0.7263
0.7259
0.7239
0.7186
0.7095
0.7081
0.7034
0.6998
0.6990
0.6940
0.6892
0.6822
0.6797
0.6725
0.6668
0.6484
0.6238
0.6204
0.5871
0.5563

0.8515
0.8614
0.8713
0.8713
0.7525
0.8713
0.8911
0.8614
0.8614
0.9505
0.8317
0.8812
0.8218
0.9010
0.9208
0.9604
0.9109
0.9208
0.8713
0.9604
0.9505
0.9010
0.9703
0.9010
0.8218
0.9604
0.9307
0.9208
0.8911
0.9406
0.9505
0.8614
0.9109
0.9901
0.8713
0.9307
0.9703
0.9406
0.9901
0.9802
0.9901
1.0000

HSMM_D
NHA

HCM

AG09309

Fetal kidney cortex_3
hESCTO

HSMM

Fetal skin_2

HAsp

Fetal kidney pelvis_3
HESC

Fetal testes

Fetal lung_2

Hela

HAh

Fetal lung_1

H9_P42

AOAF

HAc

Fetal adrenal_3
NT2_D1

Fetal muscle_1
iPS_6_9

NHDF_Ad

Fetal heart_1

Fetal kidney cortex_1
HRPEpiC

H1_P18

iPS_ 4 7

Fetal lung_3
iPS_19 7

Fetal kidney pelvis_1
Mesendoderm

Fetal kidney pelvis_2
LNCap

Fetal adrenal_1

fetal kidney cortex_2
Fetal adrenal_2
Fetal heart_3

Fetal heart_2
WERI_Rb1

Fetal spinal cord_2

0.8393
0.8386
0.8382
0.8349
0.8292
0.8274
0.8223
0.8217
0.8216
0.8203
0.8199
0.8162
0.8131
0.8046
0.8045
0.8016
0.8012
0.7978
0.7939
0.7938
0.7923
0.7833
0.7765
0.7749
0.7668
0.7596
0.7590
0.7572
0.7567
0.7561
0.7559
0.7519
0.7499
0.7498
0.7343
0.7343
0.7207
0.7097
0.6892
0.6866
0.6594
0.6301

0.9604
0.8515
0.9703
0.9010
0.9505
0.9505
0.9703
0.9802
0.9307
0.9010
0.8713
0.9406
0.9901
0.8911
0.9901
0.9802
0.9208
0.9802
0.9802
0.9109
1.0000
0.9802
0.9505
0.9901
0.9901
0.9703
0.9901
0.9406
0.9604
0.9703
0.9406
0.9703
0.9802
0.9802
0.9703
0.9505
0.9901
0.9802
0.9802
1.0000
1.0000
1.0000




Fetal heart_2
HRPEpiC
Fetal brain_2
Fetal brain_1
Fetal heart_3
Fetal heart_1
SK_N_MC

Cell type

Crohn's disease
Enrichment P value

0.6597 1.0000
0.6536 1.0000
0.6407 1.0000
0.6393 0.9901
0.6333 0.9901
0.6316 0.9802
0.5982 0.9703

Fetal brain_1
Fetal muscle_1

Fetal spinal cord_2

Fetal brain_2

Fetal spinal cord_3

Fetal brain_3

Fetal spinal cord_1

Cell type

Ulcerative colitis

0.5493 1.0000
0.5386 1.0000
0.5367 1.0000
0.5156 1.0000
0.4750 1.0000
0.4385 1.0000
0.4344 1.0000

Enrichment P value

SK_N_MC

BE2_C

Fetal spinal cord_1
Fetal spinal cord_3
Fetal brain_1

Fetal brain_2

Fetal brain_3

Systemic sclerosis
Enrichment P value

Cell type

0.6227 1.0000
0.6219 1.0000
0.5955 1.0000
0.5916 1.0000
0.5445 1.0000
0.5438 1.0000
0.5164 1.0000

Thi 1

Th2_1

Th17

Th2 2

Th1 2

CD3 adult

CcD8

CD56

CD14

CD4

HL60
GM06990
Fetal thymus_1
NB4

CD19
GM12878
CD20 2

CD3 CordBlood
Fetal thymus_3
GM12865
CD34

Fetal thymus_2
CMK

Fetal spleen
Jurkat

CACO2

K562

HEPG2

Fetal intestine small_2

Fetal placenta_2

Fetal intestine large_2

A549

2.4405 <0.001
2.4395 <0.001
2.4369 <0.001
2.1288 <0.001
2.0480 <0.001
2.0236 <0.001
2.0083 <0.001
1.9506 <0.001
1.9413 <0.001
1.9377 <0.001
1.7478 <0.001
1.6754 <0.001
1.6566 <0.001
1.6563 <0.001
1.6356 <0.001
1.5958 0.0041
1.5930 <0.001
1.5534 0.0033
1.5471 <0.001
1.5136 0.0022
1.4846 <0.001
1.4807 0.0028
1.4627 0.0155
1.3995 <0.001
1.2521 0.0549
1.2518 0.2178
1.2440 0.1244
1.2408 0.1393
1.1725 0.1036
1.1608 0.1095
1.0906 0.2079
1.0860 0.3069

CD14
CACO2
Th2_1
Thi 1
CD20_2
GM12878
GM06990
CD19

NB4

CD3 CordBlood
HL60

CD8
GM12865
CD34

CD4

Th17
Thi 2

CD3 adult
Th2 2
Fetal spleen

Fetal intestine large_2

CMK

Fetal intestine large_1

CD56

Fetal intestine small_1
Fetal intestine small_2
Fetal intestine large_3

Fetal thymus_2
HEPG2

Fetal intestine small_3

Fetal stomach_1
CD20_1

2.1528 <0.001
2.0740 0.0024
1.9384 <0.001
1.8337 <0.001
1.8223 <0.001
1.7895 <0.001
1.7607 <0.001
1.7588 <0.001
1.7438 <0.001
1.7314 <0.001
1.7162 0.0013
1.6073 0.0058
1.6038 0.0026
1.5989 <0.001
1.5593 0.0033
1.5494 0.0093
1.5371 0.0150
1.5064 0.0163
1.5035 0.0155
1.5033 <0.001
1.4819 0.0016
1.4713 0.0349
1.4445 <0.001
1.4435 0.0182
1.4268 0.0022
1.4239 0.0054
1.4194 0.0010
1.3797 0.0182
1.3554 0.0510
1.3518 0.0052
1.3155 0.0087
1.2935 0.0145

CD3 CordBlood
CD19

CD20_2
GM12878

Th17

Th1 2

CD8

Th2_1
GMO06990

CD3 adult

CD56

Thi 1

Th2 2
GM12865

Cbi4

CD4

Fetal spleen
Fetal thymus_3
Fetal thymus_1
Fetal thymus_2
CD34

NB4

Jurkat

Fetal intestine small_2
Fetal stomach_1
NPC

HL60

H9_P42

Fetal intestine large_2
Fetal intestine large_1
Fetal stomach_2
HCT116

3.5197 <0.001

3.3328 <0.001

3.0701 <0.001

3.0324 0.0019
2.8720 0.0026
2.8445 0.0042
2.7702 0.0028
2.6776 0.0035
2.6472 0.0038
2.5763 0.0042
2.5500 0.0019
2.3003 0.0131
2.2484 0.0100
2.2260 0.0107
2.1714 0.0046
2.1634 0.0074
1.6500 0.0100
1.6397 0.0731
1.5921 0.1144
1.5720 0.0598
1.4297 0.0837
1.3738 0.2277
1.3008 0.1722
1.2718 0.1542
1.2524 0.1294
1.2084 0.2475
1.1999 0.3366
1.1632 0.1987
1.1495 0.3663
1.1430 0.2574
1.1394 0.1589
1.1240 0.4257




HCT116

Fetal stomach_1
Fetal placenta_1
NHEK

Fetal placenta_3
Fetal intestine large_3
Fetal stomach_3
HAEpiC

Fetal intestine large_1
HMVEC_dNeo
HMVEC_dAd
Fetal intestine small_1
HMEC
HMVEC_dLyNeo
Fetal intestine small_3
WI_38_TAM
HMVEC_dBIAd
HEEpiC

HVMF

Fetal stomach_2
AG04450
VHMEC

CD20_1
HMVEC_LBI

HRE
HMVEC_dLyAd
SAEC

HPAEC
HMVEC_LLy
HRCE

HMF

HESC

Prec
HMVEC_dBINeo
Fetal muscle_3
HBMEC

HPAF

IMR90

HIPEpiC

Hela

HPF

WI_38

1.0841
1.0812
1.0744
1.0739
1.0703
1.0644
1.0609
1.0584
1.0578
1.0547
1.0392
1.0366
1.0311
1.0274
1.0168
1.0130
1.0104
1.0092
1.0048
1.0042
1.0011
0.9992
0.9992
0.9911
0.9886
0.9866
0.9823
0.9814
0.9786
0.9749
0.9748
0.9723
0.9671
0.9660
0.9630
0.9577
0.9563
0.9549
0.9547
0.9536
0.9495
0.9476

0.3564
0.3663
0.2970
0.3267
0.2772
0.2574
0.3564
0.2079
0.2772
0.3762
0.5347
0.4554
0.3069
0.3564
0.3762
0.4059
0.4257
0.2277
0.4950
0.6040
0.4851
0.4554
0.5842
0.4752
0.5347
0.5743
0.4554
0.5941
0.6436
0.4455
0.4653
0.6832
0.5743
0.5347
0.8515
0.5050
0.6436
0.6238
0.5050
0.4950
0.7525
0.6634

Fetal thymus_1
Fetal stomach_3
HVMF

Fetal stomach_2
HAEpiC

Fetal placenta_2
Fetal placenta_1
Fetal kidney pelvis_3
Fetal kidney cortex_3
Fetal muscle_2

Fetal thymus_3

Fetal muscle_3

Fetal kidney cortex_1
Fetal kidney pelvis_2
SKNSH

K562

Fetal kidney pelvis_1
HESC

HRCE

Fetal placenta_3
HMEC
HMVEC_dLyAd

NPC

HMVEC_LLy

Fetal lung_3

Hela

PreC

NHEK

HMVEC_dAd
WI_38_TAM
HMVEC_LBI

H1_P18

HRE

HMVEC_dNeo
HSMM_D

HPF

Jurkat

HSMM

HCM

HCF

Fetal adrenal_2
VvHMEC

1.2603
1.2348
1.2275
1.2135
1.2064
1.1795
1.1748
1.1600
1.1109
1.1104
1.1086
1.0883
1.0882
1.0603
1.0486
1.0445
1.0382
1.0254
1.0241
1.0225
1.0188
1.0169
1.0080
1.0043
0.9849
0.9831
0.9713
0.9700
0.9516
0.9495
0.9469
0.9458
0.9426
0.9406
0.9389
0.9377
0.9369
0.9355
0.9338
0.9325
0.9181
0.9140

0.0996
0.0323
0.0532
0.0247
0.0366
0.0956
0.0731
0.1095
0.1788
0.2079
0.2574
0.2376
0.2475
0.3267
0.4158
0.5248
0.3663
0.4158
0.4257
0.3861
0.4158
0.3663
0.4158
0.4257
0.5842
0.6436
0.5446
0.5347
0.5941
0.6436
0.6832
0.6733
0.7327
0.5248
0.7822
0.7129
0.6634
0.7030
0.7525
0.7525
0.7723
0.7030

CMK

CACO2

Fetal stomach_3
H1_P18

iPS_19 7

MCF7

HPAEC

Fetal intestine small_3
NT2_D1

CD20_1

SKNSH

PANC1

Fetal intestine large_3
Fetal intestine small_1
iPS_6_9

K562

HFF

HConF

HESC

iPS_4 7

Fetal adrenal_3
HMVEC_dBIAd
HMVEC_dLyNeo
HUVEC

Fetal kidney pelvis_3
Fetal kidney cortex_3
HMVEC_dLyAd

Fetal placenta_2
Fetal adrenal_1
HMVEC_dBINeo
HEPG2

HMVEC_dAd

HGF

HMVEC_dNeo
RPTEC

HMVEC_LBI
AG09319

Fetal testes

Fetal adrenal_2
HCM

HRGEC

HMVEC_LLy

1.1083
1.0997
1.0892
1.0812
1.0796
1.0731
1.0683
1.0524
1.0487
1.0458
1.0446
1.0384
1.0295
1.0289
1.0152
1.0101
1.0080
0.9953
0.9867
0.9784
0.9714
0.9583
0.9470
0.9424
0.9349
0.9266
0.9089
0.9081
0.9061
0.9051
0.9039
0.9037
0.9023
0.8960
0.8912
0.8871
0.8858
0.8828
0.8733
0.8732
0.8730
0.8714

0.3861
0.2277
0.3168
0.3267
0.3762
0.2871
0.4653
0.3267
0.5248
0.4950
0.2871
0.6535
0.5644
0.4752
0.5644
0.5743
0.3960
0.4059
0.5050
0.6832
0.3861
0.6139
0.5743
0.6139
0.5842
0.6238
0.6436
0.6139
0.6040
0.6040
0.5644
0.6040
0.6238
0.5644
0.6535
0.5842
0.6436
0.6436
0.5842
0.6931
0.7228
0.7129




NPC

Fetal adrenal_3
Fetal muscle_2
HCF

PANC1

HRGEC
HCPEpIC

AOAF

iPS_ 6.9

HConF
HFF_MyC
AG04449

HFF

MCF7

HCM

H1_P18
AG09309
iPS_19 7
HCFaa

Fetal kidney pelvis_3
SkMC
HNPCEpiC
HSMM_D
H9_P42

HAc

AG10803
HUVEC

BJ

HGF

SKNSH

Fetal adrenal_2
NHLF

NHA

AG09319

Fetal skin_3
Fetal skin_1
HSMM

Fetal kidney cortex_3
HPdLF
Mesendoderm
NT2_D1

Fetal kidney pelvis_2

0.9455
0.9452
0.9398
0.9377
0.9321
0.9299
0.9284
0.9280
0.9246
0.9190
0.9121
0.9085
0.9065
0.9058
0.9024
0.8997
0.8931
0.8912
0.8900
0.8896
0.8877
0.8824
0.8770
0.8763
0.8753
0.8751
0.8728
0.8700
0.8696
0.8696
0.8681
0.8667
0.8606
0.8593
0.8573
0.8553
0.8544
0.8538
0.8531
0.8522
0.8435
0.8413

0.6931
0.8317
0.7822
0.7624
0.6733
0.6337
0.7030
0.6931
0.7624
0.8713
0.8515
0.7822
0.8812
0.7426
0.8812
0.9505
0.8713
0.9406
0.7723
0.9505
0.7624
0.8416
0.9208
0.9109
0.9307
0.8614
0.6733
0.7624
0.9307
0.8713
0.9505
0.8515
0.9208
0.9307
0.9109
0.9109
0.9208
0.9901
0.8119
0.9604
0.9307
0.9703

Fetal adrenal_3
HPAF

HMF
HMVEC_dBIAd
SkmcC
HFF_MyC
HCPEpiC
HIPEpiC

fetal kidney cortex_2
HPAEC

iPS_6_9
HUVEC

RPTEC
HMVEC_dLyNeo
HRGEC

Fetal lung_1
H9_P42

HFF

SAEC

Fetal adrenal_1
HEEpiC
HCT116

Fetal lung_2
NT2_D1
iPS_19 7

Fetal muscle_1
HBMEC
HMVEC_dBINeo
WI_38

Fetal testes

BJ

AoAF

A549
NHDF_Neo
HConF
AG04450
IMR90

hESCTO

MCF7

LNCap

HCFaa

HGF

0.9114
0.9080
0.9069
0.9052
0.8988
0.8970
0.8933
0.8902
0.8899
0.8865
0.8838
0.8829
0.8804
0.8769
0.8715
0.8680
0.8679
0.8652
0.8605
0.8579
0.8548
0.8530
0.8467
0.8387
0.8380
0.8316
0.8315
0.8291
0.8184
0.8163
0.8139
0.8127
0.8118
0.8092
0.8044
0.7930
0.7914
0.7895
0.7868
0.7848
0.7839
0.7818

0.7624
0.8218
0.8119
0.7228
0.7822
0.8713
0.8317
0.8218
0.8812
0.7921
0.7525
0.7030
0.7822
0.7921
0.7624
0.9010
0.8020
0.9010
0.8614
0.8911
0.9208
0.7030
0.9604
0.9901
0.9109
0.9406
0.9307
0.9109
0.9703
0.9703
0.9010
0.9505
0.7723
0.9406
0.9604
0.9802
1.0000
0.9901
0.9703
0.9505
0.9703
0.9505

Fetal kidney cortex_1
A549

Fetal lung_1

Hela

Fetal muscle_3
BE2_C

Fetal heart_1

Fetal placenta_3
HMEC

Fetal placenta_1
HRCE

HCF

Fetal kidney pelvis_1
HEEpiC

fetal kidney cortex_2
WERI_Rb1
AG10803
Mesendoderm
Fetal lung_2

Fetal muscle_1
VHMEC

Fetal heart_3
SAEC

HFF_MyC

Fetal kidney pelvis_2
hESCTO

Fetal lung_3

Fetal muscle_2
Fetal spinal cord_3
NHEK

LNCap

HPAF

HPdLF

HMF

Fetal spinal cord_1
HVMF

HAEpiC

WI_38

SK_N_MC

Fetal heart_2
AG04450
AGO04449

0.8713
0.8631
0.8559
0.8510
0.8487
0.8478
0.8444
0.8403
0.8390
0.8354
0.8343
0.8335
0.8335
0.8259
0.8248
0.8243
0.8205
0.8190
0.8179
0.8164
0.8112
0.8064
0.8063
0.8057
0.8047
0.7950
0.7926
0.7895
0.7867
0.7817
0.7789
0.7777
0.7709
0.7695
0.7675
0.7594
0.7590
0.7435
0.7406
0.7349
0.7317
0.7262

0.7129
0.6832
0.7129
0.6436
0.6733
0.6337
0.6634
0.7327
0.7228
0.7822
0.8218
0.6931
0.8020
0.8020
0.8515
0.8515
0.7426
0.7624
0.8119
0.6733
0.8020
0.7327
0.8911
0.8713
0.8614
0.8020
0.8317
0.7723
0.6832
0.8416
0.8416
0.8317
0.8317
0.8119
0.7723
0.8020
0.8416
0.9208
0.8416
0.8416
0.9109
0.8812




RPTEC 0.8397 0.9208] Fetal heart_1 0.7785 0.9208] HIPEpiC 0.7247 0.9307
Fetal kidney cortex_1 0.8321 1.0000] NHDF_Ad 0.7755 1.0000] Fetal spinal cord_2 0.7228 0.8515
NHDF_Ad 0.8288 0.9307] NHLF 0.7640 1.0000] HRE 0.7171 0.9406
Fetal adrenal_1 0.8271 0.9901] Fetal skin_3 0.7543 0.9802] IMR90 0.7170 0.9307
Fetal lung_3 0.8242 0.9802] Mesendoderm 0.7541 1.0000] BJ 0.7099 0.9010
Fetal skin_2 0.8202 0.9802] AG09309 0.7529 0.9901] NHDF_Ad 0.7029 0.9406
HAh 0.8167 1.0000]iPS_4_7 0.7502 1.0000] Fetal skin_1 0.7027 0.9703
iPS_4 7 0.8162 0.9604] Fetal heart_3 0.7497 0.9505] HNPCEpiC 0.6996 0.9604
HAsp 0.8139 0.8317] Fetal skin_1 0.7491 0.9802] AG09309 0.6986 0.9505
Fetal lung_1 0.8106 1.0000] NHA 0.7457 0.9802] HCPEpiC 0.6931 0.9703
Fetal muscle_1 0.8068 0.9505] WERI_Rb1 0.7452 1.0000] PreC 0.6930 0.9406
Fetal kidney pelvis_1 0.8053 0.9802] HNPCEpiC 0.7407 1.0000] HPF 0.6915 0.9505
NHDF_Neo 0.7818 0.9703] AG04449 0.7382 0.9802] NHDF_Neo 0.6914 0.9505
Fetal heart_1 0.7656 0.9901] Fetal spinal cord_2 0.7379 1.0000] Fetal skin_3 0.6856 0.9406
hESCTO 0.7575 1.0000f] AG09319 0.7217 1.0000j W1_38 TAM 0.6845 0.9010
Fetal lung_2 0.7571 1.0000] HAh 0.7206 1.0000] HAh 0.6758 0.9802
HRPEpiC 0.7562 1.0000] HAc 0.7175 1.0000] Fetal brain_3 0.6678 0.9109
fetal kidney cortex_2 0.7491 0.9901) BE2_C 0.7157 0.9604] HCFaa 0.6659 0.9208
Fetal heart_3 0.7426 1.0000] Fetal skin_2 0.7152 0.9901] HSMM_D 0.6645 0.9505
Fetal testes 0.7413 1.0000] HRPEpiC 0.7123 1.0000] AoAF 0.6499 0.9505
LNCap 0.7078 1.0000] Fetal heart_2 0.6964 1.0000] HBMEC 0.6406 0.9802
Fetal heart_2 0.6966 1.0000] HPALF 0.6926 1.0000f] NHLF 0.6303 0.9703
WERI_Rb1 0.6853 1.0000] AG10803 0.6891 1.0000] SkmC 0.6134 0.9802
BE2_C 0.6644 1.0000] HAsp 0.6707 1.0000] HAc 0.5984 0.9802
Fetal spinal cord_2 0.6628 1.0000] PANC1 0.6249 0.9901] HAsp 0.5936 0.9604
Fetal spinal cord_3 0.6004 1.0000] Fetal spinal cord_1 0.6149 1.0000f HSMM 0.5858 0.9505
Fetal spinal cord_1 0.5955 1.0000] Fetal spinal cord_3 0.5793 1.0000] Fetal skin_2 0.5840 0.9802
SK_N_MC 0.5866 1.0000] SK_N_MC 0.5757 0.9901] NHA 0.5674 0.9802
Fetal brain_3 0.4652 1.0000] Fetal brain_1 0.4948 1.0000] Fetal brain_2 0.5652 0.9505
Fetal brain_1 0.4547 1.0000] Fetal brain_2 0.4841 1.0000] Fetal brain_1 0.5573 0.9406
Fetal brain_2 0.4323 1.0000] Fetal brain_3 0.4675 1.0000] HRPEpiC 0.5181 1.0000
Leprosy Schizophrenia Colorectal cancer
Cell type Enrichment P value [Cell type Enrichment P value [Cell type Enrichment P value
Cbh14 2.7205 0.0015] Fetal brain_3 1.4855 0.0419] HEPG2 1.8372 0.0210
NB4 2.3519 0.0113] Fetal heart_1 1.4579 0.0419] Fetal intestine small_2 1.5185 0.0323
HL60 2.0174 0.0323] Fetal heart_3 1.3968 0.0574] Fetal intestine large_2 1.4420 0.0698
Cb8 2.0073 0.0419] Fetal brain_2 1.3966 0.0798] SKNSH 1.4388 0.0916
GM12878 1.9994 0.0314] Fetal brain_1 1.3762 0.0599] Fetal intestine large_3 1.3735 0.0731
CD4 1.9706 0.0219| Fetal heart_2 1.3371 0.0627] Fetal stomach_1 1.3535 0.0466
CD19 1.9555 0.0381] HCPEpiC 1.2459 0.0576] Fetal intestine small_3 1.3491 0.0764
CD34 1.9311 0.0084] HSMM_D 1.2183 0.1244] Fetal stomach_2 1.3191 0.0599




GMO06990

Fetal thymus_1
Thi 1

CD3 adult

Fetal placenta_2
CD20_2

Th2_1

Th2 2

Fetal thymus_2

CD3 CordBlood

Fetal placenta_3
GM12865
WI_38_TAM

Fetal thymus_3
CACO2

Fetal placenta_1
HMEC

Th1 2

Fetal intestine large_1
CD56

Fetal intestine small_2
Th17

Fetal spleen

HEEpiC

Fetal stomach_3

CMK

VHMEC

Prec

Fetal intestine large_2
Fetal stomach_1
SAEC

Fetal intestine small_3
HRE

Fetal stomach_2
NHEK

H1_P18

Fetal intestine large_3
Fetal adrenal_3
CD20_1

LNCap

Fetal kidney pelvis_3
HMVEC_dNeo

1.8893
1.8749
1.8668
1.8074
1.7993
1.7679
1.7632
1.7522
1.7496
1.7388
1.6404
1.6246
1.5752
1.5676
1.5458
1.5421
1.5339
1.5140
1.4945
1.4529
1.4394
1.4389
1.3920
1.3858
1.3406
1.3088
1.2942
1.2409
1.2347
1.2337
1.1818
1.1380
1.1084
1.0736
1.0602
1.0591
1.0566
1.0519
1.0423
1.0116
1.0028
0.9871

0.0300] Fetal adrenal_2
0.0262] HAsp

0.0488| Fetal adrenal_1
0.0524] IMR90
0.0200§ HAc

0.0439] HIPEpiC
0.0524] AG04449
0.0599] Fetal thymus_2
0.0419] NHA

0.0524] HCF

0.0698] Fetal spinal cord_2
0.0764] WI_38_TAM
0.0598] Fetal thymus_3
0.0956] hESCTO
0.3069] Fetal lung_1
0.0655] CACO2

0.0466] HFF_MyC
0.1045] Fetal thymus_1
0.0574] BE2_C

0.0876] WI_38

0.0876] AG04450
0.1589] Fetal adrenal_3
0.0574] HFF

0.1391] NT2_D1
0.0698] HCM

0.2970] HMVEC_dLyAd
0.1457] NHLF

0.2772] Fetal lung_3
0.3168] HPdLF

0.1921] Mesendoderm
0.2673] AoAF

0.3168] HPAEC

0.2475] H1_P18
0.3267] HMVEC_LLy
0.3465] HMVEC_dAd
0.4158] Fetal muscle_2
0.3465] HMVEC_LBI
0.5050] HAh
0.4257]iPS_4_7
0.3267] HCFaa

0.5149] HMVEC_dBINeo
0.4950] NPC

1.2116
1.2036
1.1921
1.1858
1.1819
1.1704
1.1585
1.1576
1.1542
1.1541
1.1372
1.1251
1.1228
1.1127
1.1091
1.1077
1.1050
1.1027
1.1027
1.1021
1.0999
1.0979
1.0969
1.0932
1.0911
1.0891
1.0888
1.0881
1.0869
1.0807
1.0759
1.0758
1.0719
1.0717
1.0711
1.0693
1.0652
1.0613
1.0606
1.0595
1.0592
1.0544

0.1294
0.0837
0.1194
0.0876
0.1095
0.1294
0.1788
0.2475
0.1656
0.1523
0.2673
0.2871
0.2970
0.3366
0.2178
0.2178
0.2871
0.2772
0.2277
0.2178
0.2574
0.2772
0.2185
0.4752
0.1921
0.2574
0.3069
0.2178
0.2475
0.2871
0.2871
0.2871
0.2772
0.2475
0.3267
0.2673
0.2673
0.3465
0.3267
0.3960
0.3366
0.4257

AG04450
A549

Fetal intestine large_1
Fetal stomach_3
WwI_38
HVMF
CD20_1
AG10803
AG09319
HPF

WI_38 TAM
HRE
GMO06990
Fetal intestine small_1
IMR90

BJ

BE2_C
NHEK
GM12878
AG09309
HFF

AOAF

CD3 CordBlood
HMEC
NHDF_Neo
PreC

CD19

SAEC
HFF_MyC
NHA

HRCE
HConF
HCT116
CD20_2
Fetal skin_2
HAEpiC

CD8
NHDF_Ad
Fetal skin_1
Th17

NHLF

CD3 adult

1.3152
1.3112
1.2839
1.2663
1.2588
1.2377
1.2331
1.2249
1.2140
1.2023
1.2014
1.1981
1.1978
1.1903
1.1894
1.1712
1.1582
1.1516
1.1450
1.1380
1.1303
1.1293
1.1267
1.1206
1.1202
1.1181
1.1157
1.1138
1.1080
1.1037
1.0971
1.0915
1.0898
1.0892
1.0880
1.0851
1.0826
1.0820
1.0798
1.0787
1.0724
1.0700

0.0764
0.2673
0.1194
0.0876
0.1144
0.0837
0.1854
0.1391
0.1921
0.1343
0.2475
0.1391
0.2970
0.2119
0.2079
0.1854
0.2970
0.2970
0.3267
0.2277
0.1722
0.2673
0.3663
0.3069
0.3168
0.3366
0.4059
0.3267
0.2772
0.3564
0.2871
0.2772
0.3168
0.3762
0.2673
0.2673
0.3564
0.3069
0.3564
0.2970
0.3465
0.3465




HEPG2

Fetal lung_3

HESC

HRCE

Fetal intestine small_1
HConF

iPS_6_9

HCT116

Fetal skin_3
AG04450

Fetal muscle_2

Fetal lung_1
HMVEC_LBI
HMVEC_LLy

HPdLF

HMVEC_dAd

Fetal kidney pelvis_1
PANC1

Fetal muscle_3

Fetal skin_2

SKNSH

SkMC
HMVEC_dLyAd
WI_38

Fetal adrenal_2
iPS_19 7

H9_P42

Fetal kidney cortex_1
HBMEC

HPAEC

Fetal testes

HIPEpiC

A549

Fetal kidney pelvis_2
HAEpiC

K562

Fetal spinal cord_3
Fetal kidney cortex_3
Mesendoderm

Fetal skin_1

IMR90

NHDF_Ad

0.9847
0.9839
0.9815
0.9791
0.9731
0.9660
0.9587
0.9562
0.9445
0.9426
0.9390
0.9336
0.9329
0.9314
0.9259
0.9189
0.9146
0.9096
0.9087
0.8951
0.8918
0.8815
0.8787
0.8768
0.8766
0.8750
0.8750
0.8716
0.8669
0.8616
0.8591
0.8588
0.8506
0.8483
0.8480
0.8425
0.8409
0.8379
0.8375
0.8297
0.8267
0.8255

0.4752
0.5347
0.4455
0.5446
0.5050
0.5149
0.5446
0.5743
0.5644
0.5545
0.6337
0.5545
0.5248
0.4950
0.6139
0.5743
0.6337
0.3168
0.6238
0.7030
0.6040
0.5842
0.5743
0.5545
0.7228
0.6436
0.5347
0.7624
0.6931
0.6337
0.6733
0.6634
0.4257
0.7723
0.7030
0.5941
0.7327
0.6931
0.7030
0.7228
0.7426
0.7921

H9_P42
BJ

HUVEC

HPAF

HNPCEpiC

Fetal spleen

iPS_6_9

Fetal skin_3

Fetal testes
AG10803

Fetal spinal cord_1
HSMM

Hela

HBMEC

Fetal lung_2
NHDF_Ad

AG09309

Fetal spinal cord_3
HGF

HESC

HRGEC

WERI_Rb1

HVMEF
HMVEC_dLyNeo
Fetal stomach_3
CMK

HEPG2

HPF

Fetal kidney cortex_3
HMVEC_dBIAd

Fetal kidney cortex_1
A549

HConF

iPS_19 7
HMVEC_dNeo

SkmMC

HAEpiC

Fetal skin_1
HRPEpiC

Fetal kidney pelvis_2
Fetal stomach_2
Fetal kidney pelvis_3

1.0497
1.0462
1.0427
1.0387
1.0345
1.0344
1.0341
1.0293
1.0264
1.0253
1.0224
1.0190
1.0116
1.0086
1.0078
1.0078
1.0053
1.0045
1.0018
0.9986
0.9986
0.9978
0.9973
0.9933
0.9925
0.9896
0.9881
0.9864
0.9862
0.9857
0.9826
0.9814
0.9768
0.9766
0.9713
0.9707
0.9694
0.9684
0.9675
0.9665
0.9658
0.9504

0.4455
0.3861
0.4356
0.2475
0.4059
0.3762
0.2772
0.4653
0.4356
0.4950
0.4950
0.4554
0.4950
0.4455
0.4653
0.4851
0.5050
0.5842
0.4257
0.5347
0.4356
0.5446
0.4158
0.5248
0.5248
0.4257
0.3366
0.4455
0.5050
0.4554
0.5545
0.2970
0.5149
0.5446
0.4653
0.5644
0.4851
0.5743
0.5545
0.6634
0.5347
0.6436

Hela

HMF

CACO2

HPdLF
GM12865

Fetal adrenal_3
Fetal thymus_2
PANC1

Fetal skin_3
HEEpIC
HNPCEpiC
Mesendoderm
HMVEC_dLyNeo
Fetal kidney pelvis_2
AG04449

HGF

Fetal kidney pelvis_3
HPAF
HMVEC_dBIAd
SkMC

CDh4

NPC

HBMEC
HMVEC_LBI
H1_P18

Fetal placenta_1
MCF7

Fetal kidney cortex_3
CMK

LNCap

Fetal testes
iPS_19 7

Fetal lung_3
Fetal adrenal_2
HCFaa

Fetal placenta_2
Fetal muscle_3
RPTEC

Fetal kidney cortex_1
iPS_6_9

VHMEC

Fetal adrenal_1

1.0687
1.0675
1.0593
1.0588
1.0549
1.0546
1.0528
1.0467
1.0415
1.0394
1.0388
1.0377
1.0344
1.0344
1.0291
1.0284
1.0144
1.0042
1.0025
1.0010
0.9992
0.9979
0.9901
0.9872
0.9840
0.9820
0.9788
0.9767
0.9750
0.9701
0.9701
0.9687
0.9664
0.9656
0.9629
0.9606
0.9580
0.9521
0.9515
0.9506
0.9466
0.9463

0.4554
0.3564
0.4851
0.3168
0.4257
0.3465
0.3267
0.5050
0.4455
0.4059
0.4554
0.4257
0.3366
0.3564
0.3366
0.3960
0.3663
0.4653
0.4653
0.4059
0.4752
0.3960
0.3564
0.6040
0.5149
0.5347
0.6535
0.4851
0.4950
0.5149
0.5842
0.4257
0.4752
0.5545
0.5050
0.4851
0.5149
0.5050
0.6238
0.5347
0.6238
0.5842




AG09309

Fetal adrenal_1
HGF

HNPCEpiC

HFF

fetal kidney cortex_2
NT2_D1

Fetal lung_2
HMVEC_dLyNeo
NHLF

Fetal spinal cord_2
iPS_4 7

MCF7

HRPEpiC
HSMM_D
HCFaa

HVMF
AG04449
AG10803
HSMM

Hela

Fetal heart_2
Fetal heart_3
HCM

HCPEpiC

Fetal heart_1
RPTEC

Fetal spinal cord_1
BJ
HMVEC_dBIAd
HPAF

AG09319

HMF

NPC

NHA

hESCTO

Fetal brain_1
HPF

AOAF
HMVEC_dBINeo
HAh

HAsp

0.8238
0.8222
0.8123
0.8094
0.8034
0.8009
0.8002
0.7941
0.7922
0.7883
0.7879
0.7850
0.7823
0.7812
0.7810
0.7802
0.7801
0.7785
0.7753
0.7598
0.7549
0.7506
0.7460
0.7424
0.7418
0.7293
0.7223
0.7199
0.7167
0.7096
0.7085
0.7043
0.7022
0.7005
0.6953
0.6926
0.6657
0.6596
0.6584
0.6574
0.6547
0.6314

0.7228
0.7723
0.7624
0.7723
0.8020
0.7822
0.8317
0.8119
0.7129
0.7129
0.8614
0.8416
0.6139
0.7426
0.8416
0.6634
0.7525
0.8218
0.7822
0.8119
0.7129
0.7525
0.6931
0.8515
0.8713
0.7327
0.8218
0.8317
0.8317
0.6832
0.9010
0.8713
0.8515
0.7921
0.8614
0.9307
0.8218
0.9604
0.9010
0.8911
0.9802
0.9505

Fetal kidney pelvis_1
HMF

AG09319

Th2 2

Fetal placenta_1

Fetal muscle_3

LNCap

HRE

fetal kidney cortex_2
Fetal intestine large_1
CD19

SKNSH

CD56

Fetal muscle_1

CD14

Fetal skin_2

Th17

K562

CD34

Thi 1

PANC1

RPTEC

HRCE

NHEK

NHDF_Neo

HL60

CD20_2

GM12878

Fetal placenta_2

NB4

Fetal intestine large_2
CD3 CordBlood
HCT116

Jurkat

Fetal stomach_1

Fetal intestine small_2
Fetal intestine large_3
SK_N_MC

Fetal intestine small_1
Th2_1

GMO06990

CD8

0.9469
0.9449
0.9432
0.9414
0.9317
0.9302
0.9277
0.9239
0.9164
0.9155
0.9088
0.9078
0.9027
0.8961
0.8894
0.8841
0.8787
0.8785
0.8764
0.8648
0.8611
0.8538
0.8536
0.8496
0.8468
0.8442
0.8434
0.8419
0.8397
0.8307
0.8303
0.8300
0.8208
0.8118
0.8101
0.8094
0.7998
0.7985
0.7884
0.7784
0.7737
0.7611

0.7030
0.6436
0.5545
0.5842
0.6931
0.5545
0.7228
0.7822
0.7426
0.6832
0.6139
0.5149
0.6139
0.6535
0.6337
0.8317
0.5050
0.6535
0.6634
0.6238
0.7129
0.7921
0.8911
0.7228
0.8317
0.7327
0.7426
0.6337
0.7822
0.7426
0.8515
0.5743
0.8218
0.7921
0.8317
0.8812
0.8614
0.7723
0.9604
0.7426
0.7426
0.7525

HMVEC_dAd
HCPEpiC

Fetal muscle_2
HCF

HESC
HMVEC_dBINeo
NB4

HL60

HSMM_D

H9 P42
NT2_D1

Fetal placenta_3
Fetal thymus_3
Cbi4

Fetal kidney pelvis_1
HCM

hESCTO

iPS_4_7

CD34
HMVEC_dNeo
HSMM

Fetal heart_1
fetal kidney cortex_2
HAsp

Fetal lung_1
Th2_1

K562

HAc

Fetal lung_2
Fetal muscle_1
HRPEpIC
HRGEC

Thi 2

HAh

HUVEC
WERI_Rb1
HIPEpiC

Thi 1

Fetal spinal cord_3
Fetal spleen
Fetal thymus_1
HMVEC_LLy

0.9455
0.9414
0.9399
0.9378
0.9361
0.9326
0.9295
0.9213
0.9206
0.9190
0.9183
0.9119
0.9082
0.9061
0.9058
0.9031
0.8988
0.8965
0.8915
0.8895
0.8873
0.8869
0.8759
0.8756
0.8753
0.8741
0.8727
0.8697
0.8673
0.8671
0.8613
0.8570
0.8525
0.8521
0.8418
0.8349
0.8346
0.8294
0.8281
0.8214
0.8138
0.8098

0.5149
0.5842
0.5248
0.5347
0.5842
0.5941
0.5743
0.6040
0.5347
0.5743
0.6337
0.5545
0.4950
0.5644
0.6733
0.6238
0.7030
0.6238
0.6040
0.5446
0.6733
0.5842
0.6832
0.6337
0.6238
0.5743
0.6436
0.7030
0.7426
0.6139
0.6634
0.6436
0.4950
0.8317
0.6337
0.6931
0.6535
0.6535
0.7129
0.8020
0.6931
0.7228




HFF_MyC
HUVEC

HCF

HAc

Fetal muscle_1
Fetal brain_3
SK_N_MC
NHDF_Neo
HRGEC
Jurkat

Fetal brain_2
WERI_Rb1
BE2_C

0.6296
0.6293
0.6255
0.6148
0.6088
0.6083
0.5716
0.5300
0.5008
0.4972
0.4942
0.4568
0.3817

0.9703
0.8119
0.9208
0.9802
0.9010
0.9406
0.9010
0.9703
0.9109
0.9109
0.9703
0.9901
1.0000

vHMEC

SAEC

CD20_1

Fetal placenta_3

Thi 2

| MCF7
HEEpiC
GM12865
CD3 adult
PreC
HMEC

| cpa

| Fetal intestine small_3

0.7575
0.7466
0.7449
0.7418
0.7304
0.7233
0.7066
0.7058
0.7043
0.7037
0.7035
0.6689
0.6488

0.9406
0.9703
0.9406
0.8515
0.9703
0.7624
0.8317
0.9901
0.8614
0.7624
0.9703
0.9802
0.8515

HPAEC

Jurkat

SK_N_MC

Th2 2

Fetal heart_3

Fetal heart_2
HMVEC_dLyAd
Fetal spinal cord_2
CD56

Fetal spinal cord_1
Fetal brain_1

Fetal brain_2

Fetal brain_3

0.8015
0.7885
0.7754
0.7564
0.7529
0.7500
0.7484
0.7428
0.7344
0.7299
0.6491
0.6339
0.5725

0.7822
0.7426
0.8614
0.7624
0.7525
0.8515
0.7327
0.8812
0.7723
0.8317
0.9109
0.9604
0.9703




Supplementary table 7: Enrichment of MS confirmed and suggestive regions

Cell type

MS_confirmed_enrichment

MS_suggestive_enrichment

Thl 2

Thi 1

CD8

Th17

CD3 CordBlood
Th2 2

CD3 adult
Th2_1

CD19

CD4

GM12878
CD56

CD20_2
GMO06990
GM12865
CD14

Fetal thymus_2
NB4

Fetal thymus_3
Fetal thymus_1
HL60

CD34

Fetal spleen
HCT116

Jurkat

CACO2

HEPG2

CMK

A549

K562

NHEK

Fetal stomach_1
HMEC

Fetal adrenal_3
PANC1

HConF

HPF

Fetal stomach_2
HPAF

Fetal stomach_3
HMVEC_LB
MCF7

HMF

Fetal intestine small_2

HRCE

HRE

NPC

HIPEpIC
HCPEpiC
AG09319

HVMF
HMVEC_dNeo
HAEpIC
WI_38_TAM
HMVEC_dLyNeo
Fetal placenta_3
HFF

Fetal placenta_2
HCF

HFF_MyC

2.563770349
2.458228853
2.449870975
2.442527865
2.363011834
2.341522975
2.320557001
2.295378958
2.245732468
2.214773384
2.140208538
2.124595462
2.099424435
2.08269932
1.957816446
1.905027947
1.627580014
1.563661328
1.560137578
1.536998273
1.51809435
1.37053091
1.364782489
1.342486946
1.312035688
1.300311547
1.286222814
1.275032308
1.256887885
1.090834757
1.075430326
1.067358983
1.036977999
1.033043038
1.03036255
1.021076387
1.015898689
1.015848616
0.997397722
0.9920174
0.991497372
0.990057855
0.988591371
0.987850075
0.982774148
0.98213258
0.978388062
0.97621067
0.974692781
0.973988451
0.969192581
0.968031808
0.967407542
0.962591558
0.961673658
0.961083108
0.960463351
0.960184012
0.958614076
0.957187301

1.312385143
1.856194078
1.765101069
1.448288792
1.759645197
1.33773552
1.619070676
1.612653123
1.722692295
1.512712951
1.506025597
1.384192426
1.71307989
1.524337814
1.278199086
1.310916659
1.607850362
1.274785525
1.690691231
1.665789104
1.172108314
1.38707281
1.411526201
0.964933819
1.644052044
1.013858906
1.222388165
1.225186421
0.87817096
0.996974958
0.883249594
1.061533123
0.847154504
0.832212581
0.885421728
1.003145661
0.981280319
0.98676399
0.96546027
1.017352032
1.028724203
0.726763694
0.937012116
0.994728945
0.977788605
0.998903107
1.016604927
0.952401673
0.848385682
1.097960572
0.902145886
1.11578838
0.857164953
0.912400809
1.1185034
0.892026307
1.050437524
0.929624442
0.952703411
0.96811871




Fetal placenta_1
HMVEC_dAd
HMVEC_LLy
HMVEC_dLyAd

HCM

Wwi_38

HPAEC

AG04450

HGF

Fetal intestine large_2
IMR90
HMVEC_dBIAd

Fetal intestine large_3
RPTEC

HNPCEpiC

AG10803

HEEpIC

H1_P18

Fetal kidney cortex_3
VvHMEC

Fetal intestine large_1
AOAF

SAEC

PreC

Hela

Fetal muscle_3

Fetal kidney pelvis_3
NHA

Fetal adrenal_1
SKNSH

Fetal adrenal_2
CD20_1
HMVEC_dBINeo
Fetal intestine small_1
HCFaa

AG09309

H9_P42

Fetal lung_3

HPdLF

Fetal muscle_2
iPS_6_9

HESC

HAc

Fetal intestine small_3
HBMEC

Fetal kidney pelvis_1
NHLF

NT2_D1

Fetal skin_1
HSMM_D

Fetal kidney pelvis_2
Fetal lung_1

HUVEC

HRPEpiC

iPS_ 4 7

HRGEC

Fetal kidney cortex_1
BJ

Fetal testes
AGO04449

iPS_19 7

Fetal skin_2

Fetal lung_2

0.956540709
0.954094768
0.951669425
0.939852816
0.937956262
0.937506317
0.934493119
0.934350378
0.917216004
0.916463084
0.916383891
0.912982685
0.909372771
0.906704566
0.902664148
0.900388168
0.900293217
0.899741837
0.89960963
0.89871821
0.898317382
0.898201662
0.897777187
0.8935349
0.893184572
0.891574134
0.890694642
0.888496964
0.8829552
0.879415916
0.877223885
0.875616617
0.875016359
0.870887483
0.867882518
0.867175442
0.867125253
0.866233924
0.865932756
0.86565054
0.861849205
0.860833671
0.855058694
0.853940837
0.853811926
0.85318857
0.851821166
0.851803488
0.8455331
0.836883884
0.826084517
0.8230249
0.822720349
0.815086813
0.814378027
0.813116473
0.809100803
0.808125607
0.799770981
0.7977001
0.79686683
0.796819053
0.792836401

0.949892965
1.097515017
1.075446882
1.077501363
0.886639273
1.026742189
1.151807154
1.041790021
0.964395835

0.97896145
0.962002935
1.035973549
0.912860629
0.919009483
0.972632704
1.075320137
0.832245208
0.983248876
0.993824449
0.845417809
1.014930085
0.974385458
0.841276048

0.84146259
0.625794914
0.989551138
1.085359475
0.921998096
0.820084264
1.093433384
0.853453009
0.877708594
1.094891241
0.913860933
0.881536954
0.941904651
0.986577757
0.940737818
0.938872422
0.950753217
1.009186521
0.963059385
0.999712938
0.901684546
1.003013385
0.934225816
0.957824527
0.934245871
0.929369832
0.832918055
0.951173484
0.940380934
1.038273799
0.861611092
0.919448711
1.069437457
0.914741403
0.873063414
0.973843713
0.911192179
1.032765784
0.930974553
0.900264273




NHDF_Ad
Mesendoderm
HAh
NHDF_Neo
hESCTO

SkmcC

Fetal spinal cord_2

Fetal skin_3
Fetal muscle_1
HAsp

HSMM

Fetal heart_1

fetal kidney cortex_2
Fetal spinal cord_3

Fetal heart_2
SK_N_MC
Fetal heart_3

Fetal spinal cord_1

BE2_C
LNCap
WERI_Rb1
Fetal brain_1
Fetal brain_3
Fetal brain_2

0.787335709
0.783711896
0.782339093
0.774247888
0.770161928
0.768125085
0.765637497

0.75938229
0.756117531
0.753359737

0.74940984
0.743865283

0.70908137
0.704800439
0.703808346
0.701365246
0.698442677
0.665041058
0.659722015
0.615726477
0.615319812
0.561309827

0.54742086
0.518316132

0.899218174
1.015716774
0.956859814
0.961629001
0.889971057
0.905419162

0.77280259

0.89132125
0.982325367
0.841455102

0.78427509
0.911092372
0.940361074
0.745613441
0.841213634
0.819325293
0.863866392
0.751342652

0.81235976
0.744077188
0.856721329
0.669570286
0.605467092

0.66471717
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