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Abstract: NGS technologies have transformed clinical diagnostics and broadly used from neonatal
emergencies to adult conditions where the diagnosis cannot be made based on clinical symptoms.
Autoimmune diseases reveal complicate molecular background and traditional methods could not
fully capture them. Certainly, NGS technologies meet the needs of modern exploratory research,
diagnostic and pharmacotherapy. Therefore, the main purpose of this review was to briefly present
the application of NGS technology used in recent years in the understanding of autoimmune diseases
paying particular attention to autoimmune connective tissue diseases. The main issues are presented
in four parts: (a) panels, whole-genome and -exome sequencing (WGS and WES) in diagnostic, (b)
Human leukocyte antigens (HLA) as a diagnostic tool, (c) RNAseq, (d) microRNA and (f) microbiome.
Although all these areas of research are extensive, it seems that epigenetic impact on the development
of systemic autoimmune diseases will set trends for future studies on this area.

Keywords: next-generation sequencing; autoimmune diseases; autoimmune connective tissue dis-
eases; HLA; microRNA; microbiome

1. Introduction

High-throughput nucleic acid sequencing methods are a breakthrough in research
based on molecular biology. Possibility of generation of a massive pool of data has changed
the scientific approach in basic, applied and clinical research. ‘First-generation’ technology
is referred to as the automated Sanger method whereas newer methods which may use
different sequencing technologies and variable platforms are called next-generation se-
quencing (NGS) or deep sequencing [1]. ‘Third-generation’ of sequencing includes the use
of scanning tunneling electron microscope (TEM), fluorescence resonance energy transfer
(FRET), single-molecule detection, and protein nanopores [2]. ‘Fourth-generation’ technol-
ogy eliminates optical detection and the nucleotide bases are labeled with distinct heavy
atoms to distinguish bases [3] or measures the density of electron flow through a scanning
tip [4].

Although the concept of Sanger and NGS sequencing technology is similar, with fluo-
rescently tagged nucleotides added onto an amplified DNA template by DNA polymerase,
the main difference between those two methods is the sequencing volume. In Sanger
method, only a single DNA fragment may be sequenced at a time, NGS allow sequencing
of millions of fragments per run. Therefore, deep sequencing more likely allows detecting
of novel and rare variants. Nevertheless, Sanger sequencing can be still recommended for
the analysis of small regions and study on limited number of samples or genomic targets.

Frederick Sanger started his research on sequencing of nucleic acid around 1960,
in 1977 appeared an article which described newly developed method based on using
small amounts of dideoxynucleotides [5]. Over the years, technology of sequencing has
been developed and gained importance in many fields of life science. Certainly a race in
the Human Genome Project triggered development of NGS [6,7]. First NGS technology
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was based on pyrosequencing method by 454 Life Sciences (now Roche) in 2005. In this
technology, incorporation of nucleotide is associated with releasing of pyrophosphate
which leads to monitored in real time light emission [8]. In 2008, first time used high-
throughput DNA sequencing results has been published in Nature. This analysis of
James Watson’s DNA, as a part of Human Genome Project, revealed novel genes not
previously identified by traditional genomic sequencing. Furthermore, this technology
confirmed the results of sequencing by traditional method but appeared to be faster and
cheaper. Additionally it avoided the arbitrary loss of genomic sequences inherent in
random shotgun sequencing by bacterial cloning because it amplifies DNA in a cell-free
system [9]. Nowadays, novel NGS applications allow analyzing not only sequencing of
DNA in traditional meaning but also analysis of the interaction between protein-DNA
(CHIP-seq) [10], analysis of gene expression without knowledge of the targeted genes (RNA-
seq) [11], RNA–protein interactions CLIP-seq [12], RNA–DNA interactions (CHART) [13],
RNA-chromatin interaction [14], and DNA methylation [15]. Different platforms are
available to date including Roche, Ion Torrent (Thermofisher), Illumina, Solid, PacBio,
Helicose, Oxford Nanopore, Qiagen and BGI etc. Ion Torrent Personal Genome Machine
(PGM) does not rely on the optical detection of incorporated nucleotides using fluorescence
and camera scanning but employs semiconductor technology to measure pH changes in
polymerization events [16].

NGS approaches are used in the study on drug resistance [17], cancer research [18]
and many others. The aim of this review is to present the recent scope of NGS analysis in
the aspect of autoimmune connective tissue diseases. These entities, a part of autoimmune
diseases family represented by at least 80 different maladies [19], are characterized by
continuous inflammatory process in the joints, ligaments, bones, and muscles as a conse-
quence leading to their irreversible degradation [20]. Systemic forms of inflammation cause
damage to virtually any bodily organ or system, including the heart, kidneys, lungs, blood
vessels, eyes, and skin. Prolonged destruction of these organs leads to significant mortality.
Therefore in clinical practice autoimmune diseases require a holistic, interdisciplinary
approach. Injuries/Destruction process is the result of T cell activities [21], disturbed T
cell subtypes homeostasis [22–25]. The immune activation may persist after the infection
and then whereas any microbial antigen cannot be detected [26]. Furthermore, immune
complexes with DNA, RNA, citrullinated proteins, B and T cell epitopes underlie Toll-like
receptor (TLR) activation and trigger the inflammatory pathways [27,28]. The molecular
mechanisms of the autoimmune diseases pathogenesis are not yet completely clear [26].
Furthermore, in case of connective tissue diseases (CTD), once diagnosed autoimmune
CTD may evolve into another. It has happened in case of mixed connective tissue dis-
ease (MCTD) and systemic lupus erythematosus (SLE) or systemic sclerosis (SSc) [29].
Few years of observation of the patients with undifferentiated connective tissue disease
(UCTD) demonstrated the most frequent development into RA, SLE, Sjogren’s syndrome,
scleroderma or MCTD [30,31] Profesor Shoenfeld with his colleagues use the term “kalei-
doscope of autoimmunity” which describes the possible shift of one disease to another or
co-existence of few autoimmune diseases in a patient or in the same family [32]. Humbert
and Dupond in 1988 described for the first time Multiple autoimmune syndromes (MAS) as
a coexistence of three or more different ADs in a single patient. MAS has been divided into
three types, where Type II includes Sjögren’s syndrome (SS), RA, primary biliary cirrhosis,
scleroderma, and autoimmune thyroid disorders [33]. Currently, polyautoimmunity term
is commonly used. This phenomenon is explained by shared similar immunogenetic and
pathologic mechanisms [34]. On the one hand, complex genetic and epigenetic factors
involved in the pathogenesis and clinical course of the disease may obscure the diagnostic
process, affect the clinical picture and its qualification. On the other hand, it seems that
high-throughput research methods, including NGS, are necessary in the case of basic
research and may give more possibilities for diagnostics and individualized therapy. Areas
of exploration range are really broad, from sequencing of selected genes, to comprehensive



J. Clin. Med. 2021, 10, 3334 3 of 20

analysis of microRNA expression or transcriptome, to sequencing and describing variety
in the microbiome with correlation to the disease entities.

In Table 1 some selected studies on autoimmune connective tissue conducted within
the last 5 years using NGS technology are presented. In the present article, we refer to the
technological approaches/methods. Clinical NGS applications described in the review
are presented in Table 2. For information on NGS methods in the aspect of particular
autoimmune diseases, we refer the readers to the H.Niu review [35].

Table 1. Studies on autoimmune connective diseases conducted by NGS in last 5 years.

CTD Description/Notes Reference

SLE
The repertoire of T-cells in clonal expansion of T cells may be efficiently measured by emerging of
B-loci of the T-cell receptor (TCR): peripheral blood (PB) in SLE patients revealed decreased and
more uneven distributed repertoire of diversity in comparison to healthy controls (HC)

[36]

SLE

Significant upregulation (high diagnostic potential) of hsa_circ_0000479 was observed in PBMCs
of SLE patients compared to HC in comprehensive expression analysis of circRNAs; effect of
hsa_circ_0000479 affects SLE progression by modulation of the Wnt signaling and
metabolic pathways

[37]

SLE
MicroRNA screening for early detection of lupus nephritis in SLE patients: statistically significant
mir-125a-5p, miR-146a-5p and mir-221-3p. 146a-5p significantly correlated with markers of clinical
biochemistry and proved to be one of the biomarkers for early detecting of lupus nephritis.

[38]

RA
Whole-genome SNP array and NGS analysis revealed strong association of
HLA loci DRB1*03:01, DRB1*04:05, DQA1*03:03, and DQB1*04:01 in Taiwanese population
with RA

[39]

RA
Changes in mitochondrial genome may be one of the factors leading to the RA progression;
mitochondrial variants 12,308 A > G (gene tRNALeu(CUN)) and 15,924 A > G (gene tRNAThr) were
found to be pathogenic.

[40]

RA
Serum level of miR-16-5p and miR-223-3p was significantly reduced in early RA patients
compared to patients with established RA and HC;
patients with established RA revealed upregulated miR-16-5p level in comparison to/with HC.

[41]

RA

Shared epitope (SE) alleles were studied as the most significant genetic predisposition locus in RA:
SE allele-positive patients with RA showed reduced diversity of the T cell receptor (TCR)
repertoire in memory CD4+ T cells compared to HC.
RA activity and SE alleles negatively correlated with the diversity of TCR repertoire.
Compensation of altered TCR repertoire diversity in RA may serve as a potential
therapeutic target.

[42]

SSc miRNA-26a-2-3 may be involved in pathogenic IFN signature in SSc monocytes [43]

PsA

NGS was used to perform analysis of global microRNA expression in dermal and epidermal
compartments: the epidermis and in the dermal inflammatory infiltrates of psoriatic skin
deregulated compared with normal psoriatic skin and pool of deregulated miRNA was identified
including miR-193b and miR-223 (described also as deregulated in PBMCs in patients
with psoriasis).

[44]

PsA

The variant rs1061622 G (p.M196R) in TNFRSF1B was identified as strongly associated with the
risk of psoriasis and the response to anti-TNF or anti-Il-12/Il-23 treatment. HLA-CW6-positive
patients were more frequent carriers of rs1061622 G. Variant rs1061622 G was significantly more
common in the non-responder group

[45]

Graves’ disease,
RA, T1D

NGS-based typing of high-resolution HLA gene polymorphisms in Japanese population revealed
significant nonadditive effects of HLA-DPB1*05:01 and HLA-DPB1*02:02 alleles on the risk of
Graves’ disease; HLA-DQβ1 at rs9273367 in LD with HLA-DQβ1 Ile185 (r2 = 0.81) with
type 1 diabetes,
RA significantly associated with HLA-DRB1, HLA-DQA1

[46]
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Table 1. Cont.

CTD Description/Notes Reference

PsA

MiRNA expression pattern in CD14 + monocytes was investigated in PsA patients. MiR-941 was
shown to enhance osteoclastogenesis in PsA through repression of WNT16. The miR-941 is
considered as a possible biomarker and target for the PsA treatment since its expression level in
CD14+ monocytes is correlated with disorder activity.

[47]

RA, SjS

A repertoire of expressed BCRs was analyzed in RA and Sjögren’s syndrome cohorts, focusing on
the main antigen-binding IgG variable heavy (IgGHV) region. Both cohorts expressed
significantly more IgG+ve BCR sequences with fewer than five mutations referred as
hypomutated (or IgGhypoM). The prevalence of IgGhypoM expressing B cells may play a crucial
role in driving chronic inflammation in systemic autoimmunity.

[48]

BD NOD2 seems to be the main contributor in the pathogenesis of Behcet’s disease. [49]

SLE—Systemic Lupus Erythematosus; RA—Rheumatoid Arthritis; SSc—Systemic Sclerosis’ PsA—Psoriasis; T1D—Type 1 diabetes;
SjS—Sjögren syndrome; BD—Behçet’s disease. An asterisk [*] in HLA allele name indicates that the allele was typed using molecular
methods.

Table 2. Summary of the clinical NGS applications described in the review.

NGS Applications in Clinical Use References

Panels, whole-genome and -exome sequencing in diagnostic

1. Example of genes evaluated as important in AID by Rusmini [50]

2. PTEN mutation and example of genes evaluated as important in vasculitis, inflammation by Mauro [51]

3. ACP5 mutation associated with SLE, Sjogren Syndrome, inflammatory myositits [52]

4. AIRE in Autoimmune Polyendocrine syndrome Type I [53]

5. NLRP3 in Cryopyrin-associated periodic syndrome (CAPS) [54]

6. NOD2 mosaicism in Blau Syndrome [55]

7. homozygous mutation in TREX1 (R97H) in SLE [56]

8 BTNL2 variant associated with RA [57]

9. CLC (rs146776010),FBXL14 (rs117331652), DCLRE1C (rs772438042) or NOTCH1 (rs758642073) may have
direct impact on immunology system and possible development of autoimmune disorders. [58]

10. Copy number loses in HIST2H2AA3), HIST2H2AA4, HIST2H3A, HIST2H3C, HIST2H4A and HIST2H4B
in SLE [59]

11. mutations in C1S, DNASE1L3, DNASE1, IFIH1, and RNASEH2A, C1QC in SLE [60]

12 DNASE1L3 and HDAC7 in SLE [61]

13
NRAS and PI3CKD gene with TNFAIP3 should be considered as candidates gene for testing in children
with SLE with lymphoproliferation, particularly for male patients with renal and hematologic
involvement and recurrent fevers

[62]

Human leukocyte antigens as a diagnostic tool

1.
DQB1*04:02:01 and DR8-haplotype frequencies significantly higher in patients with oligoarthritis but not
systemic juvenile idiopathic arthritis; protective effect against systemic and oliarticular JIA of
DQA1*05:01:01 and DQB1*02:01:01

[63]

2.
Asp at HLA-B position 9 and Phe at HLA-DPB1 position 9- predisposition to RA development; Val and
Leu at HLA-DRB1 position 11 association with a risk of a higher rate of radiographic progression and
predisposition to RA development

[64]

3. HLA-B27 association with ankylosis spondylitis [65]

4. HLA-DQß1 in position 57, 13 and 71—higher risk of Type 1 Diabetis [66]

RNA-seq

1. RNA-seq for the prediction of medical treatment [67–69]
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Table 2. Cont.

NGS Applications in Clinical Use References

micro-RNA

1. miR-223-3p and miR-16-5p biomarkers of RA [41]

2. miR-146a-5p associated with carnitine level in lupus nephritis and may be a potential diagnostic
biomarker of lupus nephritis among lupus patients [38]

3. Higher levels of miR-146a-5p, miR-155-5p and miR-132-3p might be useful marker of the methotrexate
treatment response. [70]

4. miR-941 is associated with PsA activity [47]

5. Overexpression of miR-146a, miR-16 and miR-21 in primary Sjogren Syndrome and SLE patients [71]

NLRP3—family pyrin domain containing 3; BTNL2—butyrophilin-like 2 gene; CLC—Charcot-Leyden crystal protein, FBXL14—F-box and
leucine-rich repeat protein 14, DCLRE1C—DNA cross-link repair protein 1C, NOTCH1—NOTCH receptor 1; HIST2H2—histone cluster 2
H2A/H3C/H4A/H4B family member A3/A4/3C/4A/4B; C1QC—Complement C1q C Chain; HDAC7—histone decetylase 7. An asterisk
[*] in HLA allele name indicates that the allele was typed using molecular methods.

2. Panels, Whole-Genome and -Exome Sequencing in Diagnostic

Molecular diagnosis is of major importance for treatment, prognosis, and genetic
counseling. NGS technologies have transformed clinical diagnostics and are broadly used
from neonatal emergencies to adult conditions where the diagnosis cannot be made based
on clinical symptoms.

Recently, Boegel et al. analyzed usage of highthroughput sequencing in rheumatic
research. According to the authors, the most studied entities among the rheumatic diseases
are rheumatoid arthritis, systemic lupus erythematous and osteoarthritis (OA). Whole
exome sequencing (WES) and target panels are estimated to consist about 24% of applica-
tions used in high throughput methods used in research in rheumatology [72]. However,
especially WES reveals high diagnostic potential.

Targeted gene panels still have some benefits in clinical application, such as reduced
cost, easier interpretative challenges and shorter time for results given. The usefulness of a
targeted NGS approach in monogenic auto-inflammatory disorders (AID) and vasculitis
diagnosis was demonstrated by Omoyinmi et al. A panel of 166 genes accurately detected
disease-causing variants in 22 AID patients with previously validated mutations in a
variety of the genes; and in 16 patients with suspected AID in whom previous Sanger-
based genetic screening had been non-diagnostic. A diagnosis was reached in 32% of
participants [54]. Rusmini et al. developed and evaluated an NGS-based protocol for
simultaneous screening of 10 genes to improve the diagnosis and genotype interpretation
of systemic AIDs. As a result, the overall clinical picture of 34 patients tested with the gene
panel was re-evaluated and pathogenic variants were not found in several patients with a
typical AID phenotype. Moreover, some patients with previously genetically confirmed
AID were carriers of additional mutations in other genes that could contribute to the
clinical presentation. No pathogenic variants have been found in several cases of undefined
systemic AID allowing some diagnoses to be ruled out [50].

In recent years, there has been an increasing amount of case reports reported, which
may be useful for clinicians. For example, Mauro et al. diagnosed PTEN hamartoma tumor
syndromes (PHTS) caused by sporadic heterozygous mutation in phosphatase and tensin
homolog (PTEN) in a 3-year-old boy by using an NGS panel. The authors designed a
diagnostic panel using The Agilent EArray online tool. Overall, 166 genes broadly associ-
ated with immune dysregulation or vasculopathy, the vasculitis and inflammation were
targeted [51]. For the first time, the association between tartrate-resistant acid phosphatase
activity and interferon metabolism has been identified thanks to the targeted sequencing of
the tartrate-resistant acid phosphatase gene (ACP5). Biallelic mutations in ACP5 have been
described in SLE, Sjögren’s syndrome, hemolytic anemia, thrombocytopenia, hypothy-
roidism, inflammatory myositis, Raynaud’s disease and vitiligo. Moreover, regardless of the
disease entity, all subjects were characterized by elevated serum interferon-alpha (IFN-α)
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activity, and gene expression profiling in whole blood defined a type I interferon signa-
ture [52]. Based on a targeted panel designed to selectively capture known genes associated
with different forms of calcium/parathormone metabolic disorders, novel pathogenic vari-
ants of the autoimmune regulator (AIRE) gene in Autoimmune Polyendocrine Syndrome
Type I with Atypical Presentation have been identified by Cinque et al. [53].

Another advantage of gene panels is the increased depth of coverage, which allows
the detection of mosaicism in targeted sequences. NGS detection of mosaicism depends on
the number of reads at the position and the thresholds for calling a variant. Omoyinmi et al.
used a sensitive bioinformatics pipeline to determine low-level mosaicism (3%) for NLR
family pyrin domain containing 3 (NLRP3) mutation in Cryopyrin-associated periodic
syndrome (CAPS) patient and recommended manually checking the sequence alignment
file (BAM) of the gene if mosaicism is suspected [54]. Extremely low (nucleotide-binding
oligomerization domain containing 2 (NOD2) mosaicism was verified in a patient with
the mild phenotype of Blau syndrome. The amplicon-based deep sequencing determined
0.9–12.9% mosaicism in different tissues, where the depth of coverage of the NOD2 targeted
sequences was 5503–7418 reads [55].

Although targeted panels have obvious benefits, the WES has become the most pop-
ular NGS approach in molecular diagnostics. The main disadvantage of gene panels is
not all disease-related genes have been identified and included in them. At this point
of view, WES provides coverage of all coding parts of the human genome and reveals
high diagnostic potential. Approximately 85% of disease-related mutations are found in
the exome [73]. This method can be used to identify rare or novel deleterious variants as
genetic causes of disease and may be to the treatment implication like in the case described
by Ellyard et al. The authors performed WES in a 4 year old girl with early onset SLE
and discovered a rare, homozygous mutation in the three prime repair exonuclease 1 gene
(TREX1) that was predicted to be highly deleterious. The TREX1 R97H mutant protein
was characterized by high reduction in exonuclease activity and was associated with an
increased IFN-α signature in the SLE patient. Based on this study the patient is now a
candidate for neutralizing anti- IFNα therapy [56]. Mitsunaga (2013) successfully applied
WES to uncover rare variants in butyrophilin-like 2 gene (BTNL2) associated with RA [57].

Delgado-Vega et al. sequenced the exome of the most distantly related patients with
SLE from two well-studied multi-case SLE families from Iceland [58]. The authors iden-
tified 19 non-synonymous single-nucleotide variants (SNV) presented in heterozygous
state in the exome-sequenced patients. In this study none of the identified genes affected
stop gain, stop loss, nonsense, or essential splice variant. Nevertheless, the authors re-
stricted pool of analyzed genes by favoring the best-quality SNVs shared by all the affected
sequenced individuals from each family. Additionally, SNVs revealed a very low allele
frequency (minor allele frequency (MAF) < 0.01) in an internal control population. More-
over, analyzed genes were must have easily recognized functional consequences (gain
or loss of a stop codon, nonsense, missense, and essential splice sites). A total of nine-
teen variants passed all quality-, annotation- and frequency-based filtering criteria, and
were validated by SEQUENOM and/or Sanger sequencing. Indicated changes in some
genes, e.g., Charcot-Leyden crystal protein (CLC, rs146776010), F-box and leucine-rich
repeat protein 14 (FBXL14, rs117331652), DNA cross-link repair protein 1C (DCLRE1C,
rs772438042) or NOTCH receptor 1 (NOTCH1, rs758642073), may have direct impact on
immunology system and possible development of autoimmune disorder. For example
CLC is associated with regulation of T cell anergy, regulation of T cell cytokine produc-
tion, regulation of activated T cell proliferation. Among FBXL14 gene related pathways
are innate immune system and Class I MHC mediated antigen processing and presenta-
tion. Diseases associated with DCLRE1C include severe combined immunodeficiency and
Omenn Syndrome [58].

Nevertheless, there are technical limitations of WES in molecular diagnostics. First,
this approach focuses on the coding regions and nearby intronic sequences where canonical
splice sites are located [73]. As a result, pathogenic variants cannot be detected in regulatory



J. Clin. Med. 2021, 10, 3334 7 of 20

regions or deep intron sequences [74]. Second, it is not easy to detect copy number varia-
tions (CNVs) and to establish accurate breakpoints for deletions and duplications [75,76].
Besides, there are difficulties in the detection of the low-level mosaicism, imprinting and
uniparental disomy [73]. Reliable detection of these genomic pathogenic contributions
requires special bioinformatics pipelines, manual inspection of NGS data or alternative
molecular approaches [76]. Third, the most recognized disadvantage of WES is a higher
rate of ambiguous results, including variants of unknown significance (VUS) and variants
in genes with limited medical management [77]. Both of these findings lead to a lack of
clear recommendations for the diagnosis and treatment of patients.

Some of these limitations can be solved with whole genome sequencing (WGS).
WGS covers coding and non-coding regions and captures the full spectrum of genomic
pathogenic contribution to human disease. But there is another challenge in the clinical
application of WGS. This type of testing identifies a large number of genetic variants. As
a result, the manual stage of interpretation and searching for disease-causing variants
becomes laborious and time-consuming [77].

The most recognized advantage of WGS is ability to detect complex repeat expansions,
CNVs and structural variants (SVs). CNVs associated with human pathologies range
from chromosomal aneuploidy, to microduplication and microdeletion syndromes, and
include smaller SVs that affect single genes and exons [78]. Some CNVs loci are com-
monly implicated in various autoimmune diseases, such as Fcγ receptors in patients with
systemic lupus erythematosus or idiopathic thrombocytopenic purpura and β-defensin
genes in patients with psoriasis or Crohn’s disease [79–81]. Another study that compared
whole-genome sequence in monozygotic twins revealed that CNVs may be associated
with SLE [59]. Only the genes with discordant copy number losses in SLE patient were
significantly enriched in pathways involved in this disease development. Enriched SLE
pathway genes with copy number losses in twin with SLE were histone cluster 2 H2A
family member A3 (HIST2H2AA3), HIST2H2AA4, HIST2H3A, HIST2H3C, HIST2H4A and
HIST2H4B. However, not all genomic regions were completely sequenced. Sequencing
coverage of this study had no sufficient power to identify de novo variants linked with
SLE. Therefore, based on WGS only 1 putative discordant exonic variant in GGT1 gene
(recorded in the Online Mendelian Inheritance in Man database) between the twins was
indicated [59].

Almlöf et al. detected by WGS a significant enrichment of ultra-rare (≤0.1%) missense
and nonsense mutations in 22 genes known to cause monogenic forms of SLE and seven
ultra-rare, coding heterozygous variants in five genes (C1S, DNASE1L3, DNASE1, IFIH1,
and RNASEH2A) involved in monogenic SLE. Homozygous nonsense mutation in the
C1QC (Complement C1q C Chain) gene was also among identified genes which explains
the immunodeficiency and severe SLE phenotype of that patient [60]. Deficiency of early
components of the classical pathway (C1, C2 and C4) leads to autoimmunity whereas
deficiency of C3 and its regulators has been associated with severe recurrent bacterial
infections and autoimmunity. Particularly, SLE may be a clinical consequence of inherited
defects in the complement system. Sequence of the complement system in SLE patients may
be compared to the sequences with computer databases. The European Society for Immun-
odeficiencies (ESID) and European Reference Network on Rare Primary Immunodeficiency,
Autoinflammatory and Autoimmune Diseases (ERN RITA) recommends clinical-exome
and whole-exome sequencing as potentially useful methods [82]. Alternation in genes cod-
ing early complement proteins has been revealed in SLE cases with disease onset ≤5 years
of age and family history consistent with an autosomal recessive inheritance. This study
was performed by WES approach. Authors demonstrated also changes in DNASE1L3 and
HDAC7 (histone decetylase 7) and suggested that monogenic causes/associations should
be sought in early-onset and/or familial SLE [61]. Based on WES in children with SLE with
lymphoproliferation, Li et al. demonstrated a novel phenotype of somatic mutations in
the NRAS gene and germline mutations in the PI3CKD gene. According to the authors,
these genes together with TNFAIP3 should be considered as candidates gene for testing in
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children with SLE with lymphoproliferation, particularly for male patients with renal and
hematologic involvement and recurrent fevers [62].

Clinical application of WES and WGS become increasingly popular and available,
because they can provide diagnosis in cases where the putative causative gene was not
suspected or even not known.

3. Human Leukocyte Antigens (HLA) as a Diagnostic Tool

Another diagnostic potential in autoimmune diseases revealed Human leukocyte
antigens (HLA) sequencing. HLA genes in the major histocompatibility complex (MHC)
are thought to increase susceptibility to autoimmune diseases, such as RA [83]. Classic
class I MHC molecules are encoded by the HLA-A, -B and -C genes, while non-classical
MHC molecules are encoded by the HLA-E, -F, -G, MICA and MICB genes. Non-classical
class I MHC molecules can also be encoded outside the MHC region (e.g., CD1). Classic
MHC class II molecules are encoded by genes lying in the HLA-DP, -DQ and -DR regions,
while non-classical ones—HLA-DM and HLA-DO [84–86]. Moreover, HLA region is the
most polymorphic region in the human genome [87]. In certain medical procedures, such
as hematopoietic cell transplants and solid organ transplants, NGS, particularly RNA-seq,
may become a critical method of HLA typing [88].

Study on the Belarusian population with clinically different forms of juvenile id-
iopatic arthritis confirmed that HLA play a significant role in the genetic predisposition
to these entities. It has been estimated that it determines up to 18% of disease risk. More-
over, high-throughput HLA typing revealed that different HLA-patterns are involved
into the formation of various Juvenile idiopathic arthritis (JIA) subtypes. DQB1*04:02:01
and DR8-haplotype frequencies were significantly higher in patients with oligoarthritis
but not systemic JIA when compared with healthy controls. While DQA1*05:01:01 and
DQB1*02:01:01 alleles showed a protective effect against both systemic and oliarticular
JIA, DRB1*03:01 allele showed the negative association with systemic JIA [63]. Asparagine
(Asp) at HLA-B position 9, and phenyloalanine (Phe) at HLA-DPB1 position 9 predis-
pose to RA development. Valine (Val) and Leucyne (Leu) at HLA-DRB1 position 11 are
associated with a risk of a higher rate of radiographic progression and also predispose
to RA development [64]. Additionally, using NGS method a significant and independent
association of HLA-DRB1 shared epitopes (SE) alleles with the reduced T cell receptor
(TCR) repertoire diversity of CD4+ T cells in patients with RA has been shown by Sakurai
et al. [42]. Another example is HLA-B27 helpful in the diagnostic of ankylosis spondylitis
(AS), sacroileitis associated with psoriasis or with inflammatory bowel disease (IBD) or
enthesis-related JIA [89]. Association of HLA-B27 with susceptibility to ankylosis spondyli-
tis has been revealed in 1973 by Brewerton et al. [87]. Interestingly, HLA-B27 is estimated
to be found in 5% of the general population, 95% of the AS patients are HLA-B27 positive.
Eventually, the above mentioned related diseases are linked to HLA-B27 but at the lower
frequency [90]. T cell repertoire next-generation sequencing was used to identify motifs
enriched among B27-positive AS patients. Study conducted by Faham et al. provided
evidence for the hypothesis that specific antigens are involved in the pathogenesis of AS.
Moreover, the majority of motifs were observed in CD8+ T cell and TCRβ chain more
frequently TCRα drives the antigen specificity in AS patients. The authors recommend
this approach to identify disease-related motifs in other autoimmune diseases [91]. NGS
technology allowed to identified of gut bacteria strains associated with the AS (including
these strains which are correlated with HLA-B27), and expanded knowledge on the role
of bacteria in the pathogenesis of AS [92]. Moreover, 70% of patients with AS develop
subclinical gut inflammation and between 5% and 10% of AS patients with inflammatory
bowel disease (IBD) [93]. Integration of high-density array-based genotyping, and next-
generation sequencing helped to determine that half the risk of T1D comes from position
57 in HLA-DQß1, and most of the other half comes from positions 13 and 71 in HLA-DRß1.
The DRß1 alleles and the DQß1 alleles interact with each other to confer a differential
risk of type 1 diabetes (T1D) [66]. Profaizer et al. claimed that HLA typing by NGS is
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superior not only to the existing clinical methods for identifying HLA alleles associated
with disease but also may provide safer and more effective pharmacotherapy, like in the
case of hypersensitivity of allopurinol, carbamazepine or abacavir [94]. Nevertheless,
the implementation of this method in clinical practice involves not only factors such as
time and finances, but also the complexity of technology. Essential to the actual DNA
sequencing is the library construction process with significant differences in the details
of general steps: PCR, amplicon quantification, fragmentation, library preparation and
the differences between commercially available kits, size selection and final quantification.
Furthermore, clean-up steps are important for the removal of adaptor dimers or other DNA
artifacts. Small-size artifacts will also affect quantification results. Additionally, different
indexing strategies may also affect the results. Over-loading the flow cell may result in
poor template generation and low sequencing quality whereas under-loading results in
low data output and inefficient usage of the flow cell [95].

4. RNA-Seq

Deregulation of gene expression leads to pathological changes and the development
of many diseases [96]. Many studies due to their financial and technical restrictions are
limited to the analysis of gene expression by qPCR methods. NGS-based RNA-seq is used
to sequence the total RNA to detect the change of gene expression but also discover novel
miRNAs. Nevertheless, due to the fragile nature of RNA, RNA-seq application is also
limited [35].

High throughput gene expression analysis, RNA-seq, allowed the comparison of
hundred genes which would be impossible with traditional methods. Heruth et al. (2012)
described 682 genes expressed only in synovial fibroblasts in RA patients (RASFs) but not in
normal synovial fibroblasts (SFs). Moreover, 122 of them were up-regulated and 155 down-
regulated genes in RASFs with at least two-fold change compared to the SFs. According to
this analysis Cellular Movement, Cell Death, and Tissue Development are the top networks
affected by downregulated genes in RASFs compared to normal SFs [97]. Another study
(2014) on the synovial fibroblast in RA patients revealed 293 genes differentially expressed
in comparison to cells of healthy subjects. The highest significant differences have been
noted in the case of genes involved in the anatomical structure development, cell membrane
formation and stability, and biological adhesion in the most significant pathways such as
Wnt signaling, cell adhesion molecules (CAMs), cytokine-cytokine receptors interactions,
calcium signaling, regulation of actin cytoskeleton and focal adhesion [98]. An interesting
study was conducted by Mittal et al. (2015) which compared the expression levels of
genes in different trimesters of pregnancy in women with RA compared to healthy women.
In this study, 256 genes showed a greater than two-fold change in expression during
pregnancy compared to baseline levels, with distinct temporal trends through pregnancy.
Another 98 genes involved in various biological processes including immune regulation
exhibited expression patterns that were differentially associated with pregnancy in the
presence or absence of RA. Significant changes in the expression profiles compared to
pre-pregnancy were observed during the second trimester and were maintained during
the third trimester. Examples of genes involved in immune system processes and defense
response that displayed a marked pregnancy-related up-regulation included: olfactomedin
4 (OLFM4 encodes an extracellular matrix glycoprotein that facilitates cell adhesion), matrix
metalloproteinase (MMP8), lactotransferrin precursor (LTF), human α-defensins (DEFA1,
DEFA3, DEFA1B), CRISP3, CAMP, OLR1, LCN2, CD177, ABCA13—lipid transport and
CEACAM8. Furthermore, genes involved in mast cell activation and immunoglobulin
binding were significantly downregulated in the second and third trimesters. In comparison
to healthy women, TBC1D3C, HLA-DRB3, DAAM2,—upregulated during pregnancy in
all trimesters whereas EPHB4 seemed to reveal higher fold change in healthy women
than pregnant women with RA or RA women before pregnancy [99]. Another example of
comprehensive analysis is single-cell transcriptomics. Arazi et al. analyzed kidney, urine
and blood samples from patients with lupus nephritis (LN) and healthy individuals. Data
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of gene expression was obtained form 2736 leukocytes and 145 epithelial cells. This study
revealed that urine cells have the potential to serve as surrogates for kidney biopsies in
assessing the molecular activation state of subsets of infiltrating leukocytes [100].

RNA-seq might be helpful in the prediction of medical treatment. One of the examples
might be whole transcriptome sequencing of RA neutrophils where gene expression profile
has been used to characterize disease activity and response to TNF inhibitor (TNFi) ther-
apy. Wright et al. described the correlation between interferon level and response to the
treatment. Patients in the IFN-high group achieved a better response to TNFi therapy than
patients in the IFN-low group [67]. Whole-blood mRNA analysis conducted by Farutin et al.
have shown that a crucial factor of a successful response to TNFi treatment within the first
3 months of therapy may be the differences in innate/adaptive immune cell type composi-
tion at baseline and that inability of anti-TNF therapy to suppress adaptive immune-related
pathways may contribute to the likelihood of treatment failure in these patients [68]. The
integrative approach of transcriptome studies applied to identify disease-specific drug tar-
gets are recommended by the authors of RNA-seq meta-analysis of psoriasis. Swindell et al.
described psoriasis-specific as well as non-specific differentially expressed genes (DEGs).
Interestingly, psoriasis-specific DEGs were expressed by keratinocytes and induced by
IL-17A, whereas non-specific DEGs (in many other skin conditions) were expressed by
inflammatory cells and induced by IFN-gamma and TNF [69].

5. MicroRNA

At the post-transcriptional level, miRNAs are recognized as being major players in
gene expression regulation [101]. miRNAs are small, single-stranded non-coding RNAs
which sequence is complement to specific 3′ untranslated regions (UTRs) of mRNA tran-
script and together with associated Argonaute proteins and other RISC components (RNA-
induced silencing complex), silence the expression of target proteins and promotion of
mRNA degradation [102,103].

Most circulating miRNAs are assembled in complexes with proteins that stabilize
them [41]. Therefore, according also to our experience which is in line with the opinion of
other authors, storage conditions and specimen processing procedures may have an impact
on microRNA results [41]. However, some authors claim that in case of inflammatory
diseases analysis of microRNA level in serum/plasma is not appropriate because high
white blood cell counts may affect the results [104,105]. Moreover, expression profile of
miRNAs is variable and depends on diseases entities [106]. In the case of RA many studies
revealed correlation between different clinical parameters and dysregulation of expression
analyzed miRNAs [41,107,108]. Many studies show that level of microRNA may help to
predict therapeutic effects [70,109–112].

Some of microRNAs such as miR-146a, miR-199a, miR-155, miR-126, miR-21, miR-29,
miR- 148/152, and miR-466l regulate the stability of mRNAs that encode TLR signaling
molecules [113] which significance in autoimmune response has been abovementioned.
Another important role in the autoimmune context is played by SMADs protein (TGFβ
pathway and process of T cell differentiation) [114,115]. It is not surprising, that as tran-
scription factors, SMADs may bind directly with the promoters of some microRNAs as
miR-155, -216 [116], let-7a or let-7d [117] and upregulate or downregulate their expression
as it has been noted in case of miR-24 [118] and miR-29 [119]. Moreover, it has been shown
that SMADs associate with the Drosha microprocessor complex via p68 and facilitate the
processing of pri-miR-21 into pre-miR-21 taking part in posttranscriptional processing of
this miR-21 [120]. miRNAs have unique expression profiles in cells of the innate and adap-
tive immune systems and have pivotal roles in the regulation of both cell development and
function [103]. Divergent miRNA expression profile has been determined in the synovial
fibroblast of RA patients compared to this cell type in OA patients [121].

NGS techniques provide a possibility of global analysis of circulating microRNAs,
discovery of novel miRNAs and reveal their polymorphism (isomiRs). Rare microRNA are
more likely to be detected because this method is more sensitive [41].
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Su et al. used miRSeq to determine the microRNA expression profiles of intracellular
microRNA in peripheral mononuclear cells that were capable of differentiating between
lupus patients with nephritis (LN) and those without nephritis. mir-125a-5p, miR-146a-5p,
and mir-221-3p were found to be statistically significant in the screening study. Moreover,
miR-146a-5p has been associated with the creatinine levels in lupus nephritis patients.
Therefore, according to the authors, miR-146a-5p may serve as a useful specific biomarker
for the detection of lupus nephritis among lupus patients in the future, regardless of serum
albumin levels and spot urine protein/creatinine ratio. Additionally, it has been noted
that LN patients after treatment were characterized by significantly elevated miR-125a-5p
level [38]. Another study conducted by NGS technology also revealed over-expressed
miR-146a in PBMC in SLE and primary Sjögren’s Syndrome [71]. miR-146 and miR-155 are
among the first and most studied miRs for their multiple roles in the control of the innate
and adaptive immune processes [122]. Hermann et al. confirm miR-146a anti-inflammatory
function in the skin and indicate that in case of psoriasis, the expression of miR-146a/b
is increased in response to disease-associated cytokines [123]. miR-146 is also a central
element of an anti-inflammatory feedback loop in resident synovial fibroblasts. Its loss
leads to increased joint destruction in a TNF-driven model of arthritis by specifically
regulating the behavior of synovial fibroblasts. Transcriptome analysis of myeloid bone
marrow cells and synovial fibroblasts by RNA sequencing allowed to find a high number
of differently regulated genes in synovial fibroblasts between wide-type and miR-146a
deficient cells [124]. Association of circulating miR-146a-5p in serum with prevalent knee
OA in women has been described by Rousseau [125]. In RA patients, upregulated levels of
miR-146a-5p, miR-155-5p and miR-132-3p in whole blood were observed in MTX respon-
ders. Therefore, microRNA levels might be useful marker of the treatment response [70].
Base on the high-throughput screening microRNA in CD14+ monocytes, another poten-
tial biomarker and treatment target for PsA has been proposed. Micro-RNA expression
profile in PsA patients has been compared to the expression in psoriasis patients without
arthritis (PsO), and healthy controls. Study indicated that miR-941 is associated with PsA
activity and enhances osteoclastogenesis in PsA via WNT16 repression [47]. Chen’s et al.
high-throughput research revealed that some miRNAs including miR-146a, miR-16 and
miR-21 were over-expressed in pSS patients and as well in SLE group. Expression levels of
miR-223-5p, miR-150-5p, miR-155-5p and miR-342-3p showed associations with the B cell
proportions within peripheral blood mononuclear cells. Therefore, authors claim that the
enhanced expression of this miRNA seems to be associated with systemic autoimmune
processes, rather than a specific autoimmune disorder [71]. Another high-throughput
microRNA study identified two microRNAs: miR-223-3p and miR-16-5p as markers of RA
disease and may also shed more light on the pathophysiology of RA. These two microR-
NAs were significantly lower in the sera from early RA patients and healthy controls. The
authors hypothesize that PAD activation during disease development decrease miR-16-5p
level in blood and/or synovial fluid cells and increase cell proliferation [41]. Interestingly
and worthy to mention that PADs proteins facilitate chromatin decondensation during
NET formation (neutrophil cellular trap) which along with DNA and citrullinated histones
are one of the significant factors during the developing autoimmunity [126]. Moreover,
NGS combined with other sophisticated technology such as laser capture microdissection
(LCM) provides a robust approach to exploration of variable compartments. One of the
example is study conducted by Løvendorf et al. where authors revealed an association
between the deregulated miRNAs in psoriatic plaque dermal inflammatory infiltrate and
the miRNAs identified in the T cell subsets including the Th17 cells [44].

6. Microbiome

In 1909, Bailey stated that “chronic rheumatic arthritis” and “rheumatoid arthritis”
( . . . ) are inflammatory affections of a progressive character, probably caused by toxins
elaborated by microorganisms [127]. Indeed for many years strategy of treatment with an-
tibiotics seemed to be efficient [128–130] and in some cases is still recommended [131–135].
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The concept of relationship between human microbiota with the health status has been
repeated for many decades but for almost 100 years the only tool available to characterize
bacteria was culture, which is highly inefficient. It has been estimated, that only 20% of
intestinal bacteria can be cultured. Additionally, many of these bacteria require specialized
media, and anaerobic culture which is also technically demanding [136]. Moreover, the
term of microbiota proposed by Human Microbiome Project defined it as a communi-
ties not only bacteria, but also other microorganism including eukaryotes, archaea and
viruses [137]. Therefore, culture-independent methods for characterizing the microbiota,
together with a molecular approach provided a fundamental breakthrough in this field
of research [138]. Depending on technical approach of microbiome study, different data
are revealed. Metagenomics focus on sequencing of massive communities, define genetic
content of all community members and reveal the potential function of the complete collec-
tion of microbes [139]. Metatranscriptomics required RNA isolation and define the actual
physiological or metabolic status, without characterizing actual or direct enzymatic activity,
of the community members. Enzymatic function expressed in a community is provided by
metaproteomics approach whereas information of entire metabolites collection is provided
by the metabolomic. Combining sequencing of whole genome and transcriptome analysis,
so-called omics analysis might be conducted within whole community or single-cell [140].

Skin, mucosa, and alimentary tract are a location of microbial ecosystem. However,
every host and even hosts’ compartments are characterized by different communities of
microorganisms, which is the result of diet, genotype, colonization history, stress and
physiological state and physical and biochemical features of each location [141]. Changes
to the microbiota can shift susceptibility to inflammatory, autoimmune, and infectious dis-
eases [142]. Commensal microbiota shape immune cell development and phenotype [143],
contributes to medication efficacy [144]. Gut microbes are necessary for developing normal
host mucosal immunity. Animal model of germ free mice revealed severe mucosal, im-
mune, and anatomic abnormalities [145,146]. Moreover, lower level of IgA-producing plasma
cells [147], changed Th17:Treg balance in the lamina propria of the small intestine [148,149]
and a skewed Th2 to Th1 ratio [150] (Figure 1). Evolution course adapted host to tolerate
commensals by different mechanisms, such as Treg induction and IL-10 secretion [151] and
increasing knowledge allows/enables to develop new probiotic formulation which helps
to reduce symptoms of colitis, downregulate expression of proinflammatory mediators
such as IL-6 and TNFα and upregulate IL-10 mRNA level and the number of Treg [152].
Additionally, intestinal microbiome takes part in nutrient processing [153] and has an
impact on development of metabolic diseases. Conventialization of germ-free mice re-
sulted in an increment in body fat content and insulin resistance within two weeks despite
reducing food intake became obese and insulin resistance. It has been concluded that
microbiota suppress Fiaf (Fasting-induced Adipose Factor), which is a circulating lipopro-
tein lipase inhibitor, and that suppression is essential for the deposition of triglycerides
in adipocytes [154]. A number of metabolites from intestinal bacteria, such as short chain
fatty acids (SCFA) facilitate Treg cell differentiation or their expansion in the gut [155].
The microbial metabolism of dietary tryptophan produces ligands of aryl hydrocarbon
receptor (AhR) [115] which is of the most studied in the aspect of immunomodulation,
reviewed in many articles [126,156–159]. Its role, including association with microbiome
metabolism, has been proved not only in amelioration of inflammation in gastrointestinal
tract [160–162] but also in the aspect of balanced skin physiology [163–166].

The idea of bacteria identification according to their ribosomal 16S DNA sequence has
been introduced in 1977 [167] and until now in the era of completely different technology,
this concept still constitutes a practical approach in microbiome research [144]. Nowadays,
most researchers utilize 16S rRNA sequencing. Traditionally, the first step of 16S rRNA gene
sequencing was to clone the gene, followed by sequencing of PCR amplicons by Sanger
method. Currently, for the NGS method, the first step is DNA extraction, followed by 16S
rRNA gene apposition and sequencing. Sequencing results are compared with the reference
16S rRNA sequences available in public databases. Avoiding the cloning stage is one of
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the major advantages of microbiome analysis by NGS method. Additionally, hundreds of
samples can be simultaneously sequenced [168]. However, 16S rRNA sequencing has some
limitations: primer choice is crucial and has an impact on the detection of certain microbial
species and downstream analyses [142]. Designed primers use in the analysis are comple-
ment with the hypervariable regions (eg, V1–V3, V3–V4, V3–V5, V4). Due to the fact that in
different studies selected primers are variable, it is one of the challenges in comparing the
results between studies [144]. Moreover, the phylogenetic definition of analysed microbial
species depends on available databases [142]. Additionally, the technique suffers from PCR
biases and remains still relatively expensive and laborious [142]. Another challenge is the
integration of statistics, bioinformatics, mathematical methods [155]. Very often subjects
are not completely characterized by factors that are crucial for microbiome diversity, such
as diet, medical comorbidities and treatment [144]. Sampling method of microbial material
(swab, scrape, punch biopsy) and proper negative control or blank sample, e.g., consisted
of environmental background are also necessary to define the accuracy of the data [169].

Figure 1. Scheme of the relationship between the microbiota, the immune system and other influ-
encing factors. Changes in the microbiome may affect the balance of the lymphocyte subpopulation,
contributing to the activation of the autoimmune cascade.

7. Conclusions

NGS approaches are necessary in the case of disorders like autoimmune diseases due
to complex pathogenesis, difficult diagnosis and differentiated response to treatment. In
this review, we tried to present the latest achievements in the field of transcriptome and
microbiome research and genetic diagnosis of autoimmune diseases using NGS.

Clinical application of NGS can provide genetic status not only for pathogenic variants
of Mendelian and complex autoimmune diseases but also for pharmacogenomics variants
and genetic risk factors such as HLA-alleles. Additionally, this technology provides a more
comprehensive insight into different cell subpopulations of the immune system or body
compartments. Together, this is extremely important for understanding the pathogenesis
of autoimmune diseases. Identification for new molecular markers like microRNAs allows
predicting the disease at the earliest stage and estimating therapeutic effects.

There are limitations in the NGS application but the technology improves leading to
obtaining more accurate and faster data. In the near future, NGS is likely to become more
popular for patients with suspected autoimmune diseases leading to earlier diagnosis and
development of personalized effective treatments.
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126. Wajda, A.; Łapczuk-Romańska, J.; Paradowska-Gorycka, A. Epigenetic regulations of ahr in the aspect of immunomodulation.
Int. J. Mol. Sci. 2020, 21, 6404. [CrossRef]

127. Bailey, C.F. The treatment of chronic rheumatic and rheumatoid arthritis by radiant heat and cataphoresis. Br. Med. J. 1909, 1,
13–15. [CrossRef] [PubMed]

128. Spisani, S.; Dovigo, L.; Corazza, G.; Carletti, R.; Traniello, S. The effect of rifamycin sv on neutrophil functions in patients with
rheumatoid arthritis. Scand. J. Rheumatol. 1982. [CrossRef] [PubMed]

129. Harris, E.D.; Sjoerdsma, A. Effect of penicillamine on human collagen and its possible application to treatment of scleroderma.
Lancet 1966. [CrossRef]

130. Neumann, V.C.; Grindulis, K.A.; Hubball, S.; McConkey, B.; Wright, V. Comparison between penicillamine and sulphasalazine in
rheumatoid arthritis: Leeds-Birmingham trial. Br. Med. J. 1983. [CrossRef] [PubMed]

131. Faria, C.; Zakout, R.; Araújo, M. Helicobacter pylori and autoimmune diseases. Biomed. Pharmacother. 2013, 67, 347–349.
[CrossRef] [PubMed]

132. Hernando-Harder, A.C.; Booken, N.; Goerdt, S.; Singer, M.V.; Harder, H. Helicobacter pylori infection and dermatologic diseases.
Eur. J. Dermatol. 2009, 19, 431–444. [CrossRef]

133. Kale-Pradhan, P.B.; Zhao, J.J.; Palmer, J.R.; Wilhelm, S.M. The role of antimicrobials in Crohn’s disease. Expert Rev. Gastroenterol.
Hepatol. 2013, 7, 281–288. [CrossRef]

134. Scribano, M.L.; Prantera, C. Use of antibiotics in the treatment of Crohn’s disease. World J. Gastroenterol. 2013. [CrossRef]
135. Shoenfeld, Y.; Blank, M.; Cervera, R.; Font, J.; Raschi, E.; Meroni, P.L. Infectious origin of the antiphospholipid syndrome. Ann.

Rheum. Dis. 2006, 65, 2–6. [CrossRef] [PubMed]
136. Eckburg, P.B.; Bik, E.M.; Bernstein, C.N.; Purdom, E.; Dethlefsen, L.; Sargent, M.; Gill, S.R.; Nelson, K.E.; Relman, D.A.

Microbiology: Diversity of the human intestinal microbial flora. Science 2005. [CrossRef] [PubMed]
137. NIH Human Microbiome Project—Home. Available online: https://hmpdacc.org/ (accessed on 5 March 2021).
138. Pace, N.R. A molecular view of microbial diversity and the biosphere. Science 1997. [CrossRef]
139. Thomas, T.; Gilbert, J.; Meyer, F. Metagenomics—A guide from sampling to data analysis. Microb. Inform. Exp. 2012. [CrossRef]
140. Berg, G.; Rybakova, D.; Fischer, D.; Cernava, T.; Vergès, M.C.C.; Charles, T.; Chen, X.; Cocolin, L.; Eversole, K.; Corral, G.H.; et al.

Microbiome definition re-visited: Old concepts and new challenges. Microbiome 2020, 8, 1–22. [CrossRef]
141. Kochhar, S.; Martin, F. Metabonomics and Gut Microbiota in Nutrition and Disease; Springer: London, UK, 2015; ISBN 978-1-4471-

6538-5.
142. Ragab, G.; Atkinson, T.P.; Stoll, M.L. The Microbiome in Rheumatic Diseases and Infection; Springer: Cham, Switzerland, 2018; ISBN

9783319790268.
143. Belkaid, Y.; Hand, T.W. Role of the microbiota in immunity and inflammation. Cell 2014, 157, 121–141. [CrossRef] [PubMed]
144. Cohen, I.; Ruff, W.E.; Longbrake, E.E. Influence of immunomodulatory drugs on the gut microbiota. Transl. Res. 2021. [CrossRef]

[PubMed]
145. Glaister, J.R. Factors affecting the lymphoid cells in the small intestinal epithelium of the mouse. Int. Arch. Allergy Appl. Immunol.

1973. [CrossRef]
146. Smith, K.; McCoy, K.D.; Macpherson, A.J. Use of axenic animals in studying the adaptation of mammals to their commensal

intestinal microbiota. Semin. Immunol. 2007, 19, 59–69. [CrossRef]
147. Hamada, H.; Hiroi, T.; Nishiyama, Y.; Takahashi, H.; Masunaga, Y.; Hachimura, S.; Kaminogawa, S.; Takahashi-Iwanaga, H.;

Iwanaga, T.; Kiyono, H.; et al. Identification of Multiple Isolated Lymphoid Follicles on the Antimesenteric Wall of the Mouse
Small Intestine. J. Immunol. 2002. [CrossRef] [PubMed]

148. Atarashi, K.; Tanoue, T.; Shima, T.; Imaoka, A.; Kuwahara, T.; Momose, Y.; Cheng, G.; Yamasaki, S.; Saito, T.; Ohba, Y.; et al.
Induction of colonic regulatory T cells by indigenous Clostridium species. Science 2011. [CrossRef]

149. Ivanov, I.I.; Frutos, R.; De, L.; Manel, N.; Yoshinaga, K.; Rifkin, D.B.; Sartor, R.B.; Finlay, B.B.; Littman, D.R. Specific Microbiota
Direct the Differentiation of IL-17-Producing T-Helper Cells in the Mucosa of the Small Intestine. Cell Host Microbe 2008. [CrossRef]
[PubMed]

150. Mazmanian, S.K.; Cui, H.L.; Tzianabos, A.O.; Kasper, D.L. An immunomodulatory molecule of symbiotic bacteria directs
maturation of the host immune system. Cell 2005. [CrossRef] [PubMed]

151. Maynard, C.L.; Weaver, C.T. Diversity in the contribution of interleukin-10 to T-cell-mediated immune regulation. Immunol. Rev.
2008, 226, 219–233. [CrossRef] [PubMed]

152. Biagioli, M.; Carino, A.; Di Giorgio, C.; Marchianò, S.; Bordoni, M.; Roselli, R.; Distrutti, E.; Fiorucci, S. Discovery of a novel
multi-strains probiotic formulation with improved efficacy toward intestinal inflammation. Nutrients 2020, 1945. [CrossRef]

http://doi.org/10.1016/j.jid.2017.05.012
http://doi.org/10.1016/j.jaut.2017.05.006
http://www.ncbi.nlm.nih.gov/pubmed/28545737
http://doi.org/10.1186/s13075-019-2086-5
http://www.ncbi.nlm.nih.gov/pubmed/31898522
http://doi.org/10.3390/ijms21176404
http://doi.org/10.1136/bmj.1.2505.13
http://www.ncbi.nlm.nih.gov/pubmed/20764216
http://doi.org/10.3109/03009748209098164
http://www.ncbi.nlm.nih.gov/pubmed/7089503
http://doi.org/10.1016/S0140-6736(66)92926-6
http://doi.org/10.1136/bmj.287.6399.1099
http://www.ncbi.nlm.nih.gov/pubmed/6138116
http://doi.org/10.1016/j.biopha.2011.09.015
http://www.ncbi.nlm.nih.gov/pubmed/23583190
http://doi.org/10.1684/ejd.2009.0739
http://doi.org/10.1586/egh.13.6
http://doi.org/10.3748/wjg.v19.i5.648
http://doi.org/10.1136/ard.2005.045443
http://www.ncbi.nlm.nih.gov/pubmed/16344491
http://doi.org/10.1126/science.1110591
http://www.ncbi.nlm.nih.gov/pubmed/15831718
https://hmpdacc.org/
http://doi.org/10.1126/science.276.5313.734
http://doi.org/10.1186/2042-5783-2-3
http://doi.org/10.1186/s40168-020-00875-0
http://doi.org/10.1016/j.cell.2014.03.011
http://www.ncbi.nlm.nih.gov/pubmed/24679531
http://doi.org/10.1016/j.trsl.2021.01.009
http://www.ncbi.nlm.nih.gov/pubmed/33515779
http://doi.org/10.1159/000231071
http://doi.org/10.1016/j.smim.2006.10.002
http://doi.org/10.4049/jimmunol.168.1.57
http://www.ncbi.nlm.nih.gov/pubmed/11751946
http://doi.org/10.1126/science.1198469
http://doi.org/10.1016/j.chom.2008.09.009
http://www.ncbi.nlm.nih.gov/pubmed/18854238
http://doi.org/10.1016/j.cell.2005.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16009137
http://doi.org/10.1111/j.1600-065X.2008.00711.x
http://www.ncbi.nlm.nih.gov/pubmed/19161427
http://doi.org/10.3390/nu12071945


J. Clin. Med. 2021, 10, 3334 20 of 20

153. Hooper, L.V.; Wong, M.H.; Thelin, A.; Hansson, L.; Falk, P.G.; Gordon, J.I. Molecular analysis of commensal host-microbial
relationships in the intestine. Science 2001. [CrossRef] [PubMed]

154. Bäckhed, F.; Ding, H.; Wang, T.; Hooper, L.V.; Gou, Y.K.; Nagy, A.; Semenkovich, C.F.; Gordon, J.I. The gut microbiota as an
environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. USA 2004. [CrossRef]

155. Russler-Germain, E.V.; Rengarajan, S.; Hsieh, C.S. Antigen-specific regulatory T-cell responses to intestinal microbiota. Mucosal
Immunol. 2017, 10, 1375–1386. [CrossRef] [PubMed]

156. Zhou, L. AHR Function in Lymphocytes: Emerging Concepts. Trends Immunol. 2016, 37, 17–31. [CrossRef]
157. Esser, C.; Rannug, A. The Aryl Hydrocarbon Receptor in Barrier Organ Physiology, Immunology, and Toxicology. Pharmacol. Rev.

2015, 67, 259–279. [CrossRef]
158. Villa, M.; Gialitakis, M.; Tolaini, M.; Ahlfors, H.; Henderson, C.J.; Wolf, C.R.; Brink, R.; Stockinger, B. Aryl hydrocarbon receptor is

required for optimal B-cell proliferation. EMBO J. 2017. [CrossRef]
159. Trikha, P.; Lee, D.A. The role of AhR in transcriptional regulation of immune cell development and function. Biochim. Biophys.

Acta. Rev. Cancer 2020, 1873, 188335. [CrossRef]
160. Goettel, J.A.; Gandhi, R.; Kenison, J.E.; Yeste, A.; Murugaiyan, G.; Sambanthamoorthy, S.; Griffith, A.E.; Patel, B.; Shouval, D.S.;

Weiner, H.L.; et al. AHR Activation Is Protective against Colitis Driven by T Cells in Humanized Mice. Cell Rep. 2016. [CrossRef]
161. Monteleone, I.; Rizzo, A.; Sarra, M.; Sica, G.; Sileri, P.; Biancone, L.; MacDonald, T.T.; Pallone, F.; Monteleone, G. Aryl hydrocarbon

receptor-induced signals up-regulate IL-22 production and inhibit inflammation in the gastrointestinal tract. Gastroenterology
2011. [CrossRef]

162. Fukumoto, S.; Toshimitsu, T.; Matsuoka, S.; Maruyama, A.; Oh-Oka, K.; Takamura, T.; Nakamura, Y.; Ishimaru, K.; Fujii-Kuriyama,
Y.; Ikegami, S.; et al. Identification of a probiotic bacteria-derived activator of the aryl hydrocarbon receptor that inhibits colitis.
Immunol. Cell Biol. 2014. [CrossRef]

163. Yu, J.; Luo, Y.; Zhu, Z.; Zhou, Y.; Sun, L.; Gao, J.; Sun, J.; Wang, G.; Yao, X.; Li, W. A tryptophan metabolite of the skin microbiota
attenuates inflammation in patients with atopic dermatitis through the aryl hydrocarbon receptor. J. Allergy Clin. Immunol. 2019.
[CrossRef] [PubMed]

164. Smits, J.P.H.; Ederveen, T.H.A.; Rikken, G.; van den Brink, N.J.M.; van Vlijmen-Willems, I.M.J.J.; Boekhorst, J.; Kamsteeg, M.;
Schalkwijk, J.; van Hijum, S.A.F.T.; Zeeuwen, P.L.J.M.; et al. Targeting the Cutaneous Microbiota in Atopic Dermatitis by Coal Tar
via AHR-Dependent Induction of Antimicrobial Peptides. J. Investig. Dermatol. 2020. [CrossRef] [PubMed]

165. Uberoi, A.; Bartow-McKenney, C.; Zheng, Q.; Flowers, L.; Campbell, A.; Knight, S.A.B.; Chan, N.; Wei, M.; Lovins, V.; Bugayev, J.;
et al. Commensal microbiota regulates skin barrier function and repair via signaling through the aryl hydrocarbon receptor. Cell
Host Microbe 2021, S1931-3128(21)00239-0. [CrossRef]

166. Liu, X.; Zhang, X.; Zhang, J.; Luo, Y.; Xu, B.; Ling, S.; Zhang, Y.; Li, W.; Yao, X. Activation of aryl hydrocarbon receptor in
Langerhans cells by a microbial metabolite of tryptophan negatively regulates skin inflammation. J. Dermatol. Sci. 2020. [CrossRef]

167. Woese, C.R.; Fox, G.E. Phylogenetic structure of the prokaryotic domain: The primary kingdoms. Proc. Natl. Acad. Sci. USA 1977.
[CrossRef]

168. Sanschagrin, S.; Yergeau, E. Next-generation sequencing of 16S ribosomal RNA gene amplicons. J. Vis. Exp. 2014, 90, 51709.
[CrossRef]

169. Kong, H.H.; Andersson, B.; Clavel, T.; Common, J.E.; Jackson, S.A.; Olson, N.D.; Segre, J.A.; Traidl-Hoffmann, C. Performing Skin
Microbiome Research: A Method to the Madness. J. Investig. Dermatol. 2017, 137, 561–568. [CrossRef] [PubMed]

http://doi.org/10.1126/science.291.5505.881
http://www.ncbi.nlm.nih.gov/pubmed/11157169
http://doi.org/10.1073/pnas.0407076101
http://doi.org/10.1038/mi.2017.65
http://www.ncbi.nlm.nih.gov/pubmed/28766556
http://doi.org/10.1016/j.it.2015.11.007
http://doi.org/10.1124/pr.114.009001
http://doi.org/10.15252/embj.201695027
http://doi.org/10.1016/j.bbcan.2019.188335
http://doi.org/10.1016/j.celrep.2016.09.082
http://doi.org/10.1053/j.gastro.2011.04.007
http://doi.org/10.1038/icb.2014.2
http://doi.org/10.1016/j.jaci.2018.11.036
http://www.ncbi.nlm.nih.gov/pubmed/30578876
http://doi.org/10.1016/j.jid.2019.06.142
http://www.ncbi.nlm.nih.gov/pubmed/31344386
http://doi.org/10.1016/j.chom.2021.05.011
http://doi.org/10.1016/j.jdermsci.2020.10.004
http://doi.org/10.1073/pnas.74.11.5088
http://doi.org/10.3791/51709
http://doi.org/10.1016/j.jid.2016.10.033
http://www.ncbi.nlm.nih.gov/pubmed/28063650

	Introduction 
	Panels, Whole-Genome and -Exome Sequencing in Diagnostic 
	Human Leukocyte Antigens (HLA) as a Diagnostic Tool 
	RNA-Seq 
	MicroRNA 
	Microbiome 
	Conclusions 
	References

