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Abstract

Although small numbers of immune-mediated diseases are inherited due to rare genetic mutations,
most are multifactorial diseases caused by multiple elements including genetic and environmental
factors. In the case of autoimmune diseases, many disease-susceptibility genes, including several
in the major histocompatibility gene complex, have been reported, and over the past 10 years,
genome-wide association studies (GWAS) have been used to analyze disease-susceptibility loci

in representative diseases. Furthermore, many disease-susceptibility variants have been found to
be related to gene expression levels. The expression of genes involved in disease pathogenesis is
often cell-type-specific, and this is closely related to epigenome alterations. Genomic information
is present even before the onset of a disease and has a clear causal relationship to the disease
(i.e. the outcome). Therefore, it is important to establish functional genetics in human immunology
to understand the pathogenesis of diseases using these pieces of information. We can then

apply these results to drug discovery. Here, we will review these issues, especially focusing on
autoimmune diseases, and discuss current and future directions of human immune system research.
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Introduction

Although there have been significant mandates to pro-
mote study of the human immune system, relatively limited
methods have been offered. We propose here that human
genetics should play important roles in this field because of
the large numbers of human genetic variations and their func-
tional involvements in immune functions.

Human immunology research and genome function

Immunological responses are generated by the interaction of
many immunocompetent cells and molecules. Immunology
as a science has several different analytical tools, mainly
using mice, including gene knockouts; as a result, many new
mechanistic insights continue to be discovered. However, al-
though the mouse and the human immune systems are fun-
damentally similar, there are many important differences in
the details. In particular, it is often the case that treatments
that are effective in mouse models of immune diseases are
ineffective in humans. Therefore, the importance of research
that directly analyzes the human immune system has been
emphasized.

In general, cause and consequence cannot be deter-
mined based solely on the observation of immune response

phenomena. For example, data on gene expression, protein
expression and epigenetics alone do not allow us to establish
whether they are the cause or the consequence of a disease.
Therefore, analytical systems that clearly identify cause and
outcome, similar to gene knockouts in mice, are needed in
human immunology research. Disease-susceptibility (risk)
gene variations deserve attention as one means to achieve
this. With a few exceptions, such as antigen receptor genes,
genomic information exists prior to the onset of disease and
does not change. Therefore, genetic variations that are stat-
istically associated with a particular phenomenon indicate a
clear relationship of being the cause of that phenomenon.
Furthermore, many of the disease-susceptibility variants
revealed by genome-wide association studies (GWAS) have
been found to be expression quantitative trait loci (eQTLS),
which are involved in gene expression levels. In particular,
significant overlap between disease-susceptibility variations
and the location of histone modifications in promoters and
activating enhancers of specific immune cell subsets has
been reported (1). By using these relationships, we can quali-
tatively and quantitatively determine the functional molecules
of immunocompetent cells in various immunological dis-
eases by integrating genomic information, gene expression
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(mRNA), epigenome and protein analysis to provide causal
information on intermediate traits between genome and
disease. Comprehensive understanding of these traits will
enable the development of genomic functional studies that
provide detailed information of an individual’s immune status,
including causal and consequential factors (2, 3).

Autoimmune diseases and genetic factors

Among immunological diseases, autoimmune diseases have
a high incidence of disease in families, and the concordance
rate of disease among monozygotic twins is higher than that
of dizygotic twins, which is higher than the prevalence in
the general population. For example, the disease concord-
ance rate for rheumatoid arthritis (RA) in monozygotic twins
varies from report to report, but is roughly 12-15%, while the
concordance rate for dizygotic twins or siblings who share
50% of their genes is 2-4%. On the other hand, the overall
prevalence of RA has been reported to be 0.5-1%, although
it varies somewhat depending on ethnicity. Naturally, there
is a possibility that factors such as infectious agents, differ-
ences in economic status and environmental factors may
be involved in family clustering, but even taking these into
account, the involvement of genetic factors is considered to
be certain.

The importance of the major histocompatibility complex
(MHC), also known as the human leukocyte antigen (HLA),
system in immune responses has been widely reported. The
association between HLA genetic polymorphisms and auto-
immune diseases has been reported not only in RA but also in
many other diseases such as systemic lupus erythematosus
(SLE), ankylosing spondylitis, Behcet's disease, Graves’
disease and type 1 diabetes. The fact that HLA class | and
class Il molecules have the ability to present antigens to T
cells makes it easy to speculate about the relationship be-
tween these molecules and the immune response, but it is not
clear whether these associations can really be explained by
the antigen presentation function alone.

For example, we, together with an international research
consortium analyzed the genomic data of ~60 000 RA pa-
tients from Japanese, Asian and European populations using
the HLA imputation method, which comprehensively analyzes
HLA gene sequences on a supercomputer (4). We found that
the HLA-DOA gene, one of the non-classical HLA genes that
is involved in peptide loading on HLA class Il molecules, is
independently involved in the pathogenesis of RA, in addition
to the classical HLA genes such as HLA-DRB1, HLA-DPB1
and HLA-B that have been reported so far. Furthermore, un-
like conventional classical HLA genes, this non-classical HLA
gene has been shown to be involved in disease pathogenesis
through changes in its expression levels (4).

Concept and current status of genome-wide
association analysis

Since the complete deciphering of the human genome, the
possibility of analyzing disease-susceptibility gene vari-
ations in autoimmune diseases and other frequent diseases
(common diseases, synonymous with multifactorial diseases)
has been discussed. Among the variations, single-nucleotide

polymorphisms (SNPs) have been the focus of attention as
the target of analysis. A polymorphism is a variation with a
frequency of 1% or more in a population and is often referred
to as a genetic variation, including those with low frequen-
cies. On the other hand, internationally, the HapMap pro-
ject has analyzed haplotype blocks (linkage disequilibrium
blocks) and selected tag SNPs to detect them (5). With the
development of SNP typing technology on microarrays, the
methodology of GWAS in its current form was finalized (6).
Since 2007, GWAS of common diseases using commercial
microarrays has been conducted worldwide, and many risk
variants of immunological diseases, especially autoimmune
diseases, have been reported (7).

In 2014, we integrated previously conducted GWAS data
related to RA and analyzed 30 000 RA patients and 70 000
controls, with a particular focus on Asian and European
populations (8). As a result, 42 new regions were found to
be associated with RA, and a total of 101 gene regions,
including those previously reported, were found to be
disease-susceptibility loci for RA. However, each region con-
tains a large number of variants and several genes in linkage
disequilibrium. Therefore, we integrated various databases to
estimate the genetic variants and genes that are most likely
to be implicated in RA in each gene region. Then, we inves-
tigated the relationship between the target genes of thera-
peutic drugs for various diseases registered in the drug
discovery database and found that the RA-associated genes
are related to the target genes of therapeutic drugs for RA
through a network of protein—protein interactions. These dis-
coveries demonstrate that genetic analysis not only provides
important information for understanding the pathogenesis of
RA, but is also useful for future drug discovery (genomic drug
discovery).

Although some of these reported genetic variants are in-
volved in the production of qualitatively different protein mol-
ecules with amino acid mutations, it is becoming clear that
many (estimated 80-90%) of the disease-susceptible genetic
variants are eQTLs, and the accumulation of differences in
gene function and expression due to such genetic variants
is now thought to be associated with the development of
disease.

From GWAS to genetic function studies

As mentioned above, since the majority of risk genetic vari-
ants in autoimmune diseases are eQTLs, the importance of
studying genetic functions on the basis of this information
has been recognized. We collected peripheral blood mono-
nuclear cells from 105 healthy individuals, separated them
into major immune cell subsets such as CD4-positive T cells,
CD8-positive T cells, B cells, natural killer (NK) cells and
monocytes using a cell sorter, and quantified the gene ex-
pression levels of these cells by next-generation sequencing.
Furthermore, the association with genetic variations known
from GWAS was comprehensively analyzed and an eQTL
catalog was created. We used healthy subjects in order to
minimize as much as possible the bias of disease on eQTL.
Whereas most of the previous studies have analyzed total
blood leukocytes, this study has created a database of how
genetic variations affect the expression levels of particular
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genes in particular immune cell subsets. Since expression
levels vary among cell subsets because of various mechan-
isms, including the epigenome, for example, these data can
be used to understand which cells are affected by risk vari-
ants and which cells are affected by individual differences in
expression levels. Such cell subset-specific information may
explain the genetic mechanisms of these diseases. For ex-
ample, the function of risk variants for RA can be assessed
with the eQTL catalog to understand which genes, in which
immune cells, are a risk for RA (9).

Next, we developed a new method to further analyze the
pathogenesis of immune diseases by applying this eQTL
catalog. This method focuses on the direction of gene ex-
pression (increase or decrease in expression level) caused
by risk mutations. Normally, most risk variants are genetically
calculated to have no significant influence on disease patho-
genesis on their own. Therefore, independent evaluation of
individual risk variants is unlikely to provide a complete pic-
ture of the genetic mechanisms underlying immune diseases.
The new method, however, allows us to comprehensively
evaluate and interpret the effects of multiple risk variants by
aggregating them into a single pathway activity. Specifically,
by using genetic information from RA patients and healthy
controls, we were able to estimate that the involvement of
176 genes is genetically influenced in CD4-positive T cells,
and that activation of the intracellular pathway from the tumor
necrosis factor (TNF) receptors has an important role in the
pathogenesis of RA. It is interesting to note that these re-
sults were calculated based solely on genetic information.
Although TNF inhibitors are one of the effective treatments for
RA and it was clear that TNF is important in the pathogenesis
of RA, the genetic mechanism of its involvement in RA had
not been understood. In this regard, it turned out to be clear
that the activation of pathways from TNF receptors in a CD4-
positive T cell plays an important role (9). A similar approach,
called transcriptome-wide association study (TWAS), which
integrates GWAS and gene expression data sets, has been
proposed (10).

It is not clear by what mechanism genetic risk variants
for each disease lead to individual differences in gene ex-
pression. GWAS is a system to obtain information covering
all chromosomes by typing a limited number of tag SNPs
representing the linkage disequilibrium blocks. However,
since there are many genetic variants in each linkage dis-
equilibrium block that behave in the same fashion, it is not
possible to narrow down the responsible variant from this
information alone. Initially, it was assumed that the variant
most strongly associated with the disease, i.e. with the
lowest P-value, was responsible, but it has become clear
that this is not always the case (Fig. 1). Therefore, various
methods have been tried to identify the functionally respon-
sible variants.

Most of the disease-associated eQTLs are located in
non-coding regions and exert their functions in a cell subset-
specific manner. The first step is to study the genetic vari-
ation for promoter and enhancer functions. If we can identify
the location of promoters and enhancers that are working in
a cell-specific manner, we can presume and test whether
disease-risk variants near or within those locations are af-
fecting gene expression, for example, through differential
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binding of transcription factors. In this regard, allele-specific
expression (ASE) of genes could be used to identify cis-
regulatory effects of variants (11). More recently, the involve-
ment of long non-coding RNAs (IncRNAs) in particular has
been reported in several immunological diseases. In fact,
however, methods to detect INcRNAs have not been estab-
lished, and known IncRNA information is currently limited to
the study of each disease. Therefore, the analysis of such
cell-specific and stimulus-specific promoters, enhancers and
IncRNAs is becoming an important future research area.

Epigenome research

As mentioned above, the probability that the identical twin of
a patient suffering from an autoimmune disease develops the
disease is not 100%, clearly indicating that factors other than
genetic factors are in play. In this regard, it has been sug-
gested that the epigenome, which regulates gene expression
through environmental influences, plays an important role in
autoimmune diseases. Indeed, differences in DNA methyla-
tion and gene expression have been reported in monozygotic
twins discordant for SLE (12). Further, it is important to point
out that the epigenome regulates gene expression in a cell-
type-specific manner. In fact, several approaches such as
stratified linkage disequilibrium score regression (stratified
LDSC), which annotate the cell-type specificity of GWAS risk
variants, have been reported (13).

With regard to the epigenome, SLE has been studied earlier
than other diseases and, since the 1990s, it has been shown
that the level of methylation in peripheral T cells is lower in
active SLE than in inactive SLE. Furthermore, genome-wide
analysis of DNA methylation in CD4-positive T cells has re-
ported changes in methylation levels with the development
of SLE (14). A more comprehensive study compared methy-
lation of ~46 000 CpG sites in CD4-positive T cells, CD19-
positive B cells and CD14-positive monocytes in SLE and
healthy subjects. According to this analysis, hypomethylation
was more pronounced in SLE, especially in the vicinity of the
gene bodies. The degree of hypomethylation was evident in
the order of T cells, B cells and monocytes (15). In terms of
histone modifications, hypoacetylation of histones H3 and H4
and hypomethylation of H3K9 in CD4-positive T cells have
been reported (16).

In RA, as in SLE, DNA of T cells is demethylated, thereby
possibly inducing activation of autoreactive T cells. On the
other hand, aggressive granulation tissue is also thought to
be induced in synovial fibroblast-like cells (17). Suppression
of the activity of DNA methyl-transferase 1 (DNMT1), which
is involved in maintenance of methylation, is thought to lead
to demethylation. For example, abnormal methylation of the
CpG site of the MMP13 gene causes increased expression
of MMP13, which leads to degradation of type Il collagen in
cartilage. In terms of histone modifications, it has been shown
that the histone deacetylase (HDAC) has different activities in
different cells. For example, it has been reported that HDAC
expression is up-regulated in peripheral blood and synovial
fibroblast-like cells, although HDAC activity is low in synovial
tissue as a whole (17). In synovial tissue, hypomethylation of
histone H3K9 and hyperacetylation of histones H3 and H4
have been observed (18).
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Fig. 1. Genetic variants and QTL. Genetic variants can affect different

types of transcriptional and post-transcriptional regulatory factors,

including gene expression level detected by RNA-sequencing (A), open chromatin status by ATAC-sequencing (B) or DHS-sequencing (C), his-
tone modifications by ChlP-sequencing (D), transcription factor binding sites by ChlP-sequencing (E), DNA methylation by Bisulfite-sequencing
(F), promoter usage and enhancer activity by CAGE-sequencing (G) (19) and chromatin conformation by capture HiC-sequencing/Micro-

sequencing (H) (20) (partially modified from references (21, 22)). APC,

antigen-presenting cells; ATAC, assay for transposase-accessible

chromatin; CAGE, cap analysis gene expression; ChlP, chromatin immunoprecipitation; DHS,DNase | hypersensitive site; HiC, high-throughput

chromosome conformation capture.

By combining the results of the previous analysis of
epigenomic changes in each disease with the genome
functional analysis, including GWAS information described
above, we can understand that the analysis of epigenomic
changes such as DNA methylation and histone modifica-
tion around disease-susceptible genetic regions in each
cell subset is becoming more important. By integrating this
information, we can proceed to the accurate identification

of the responsible risk variations and the analysis of the
mechanisms of functional changes mediated by these
variations. In addition, we can identify the environmental
factors that cause cell-specific and site-specific epi-
genetic changes, and analyze the interaction between
genetic and environmental factors. In this way, we can ex-
pect to expand our understanding of the human immune
system (Fig. 1).
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Conclusions

We have discussed the relationship of genetic polymorphisms
and immune cell functions, focusing on functional genomics
based on GWAS analysis. Considering the enormous variety
of human genetic variations and the differences in individual
immune functions suggested by these variations, we propose
that study of functional genetics is an important direction to
better understand the human immune system.
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