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Abstract: Inmune-mediated inflammatory diseases (IMIDs), such as inflammatory bowel diseases
and inflammatory arthritis (e.g., rheumatoid arthritis, psoriatic arthritis), are marked by increasing
worldwide incidence rates. Apart from irreversible damage of the affected tissue, the systemic nature
of these diseases heightens the incidence of cardiovascular insults and colitis-associated neoplasia.
Only 40-60% of patients respond to currently used standard-of-care immunotherapies. In addition
to this limited long-term effectiveness, all current therapies have to be given on a lifelong basis as
they are unable to specifically reprogram the inflammatory process and thus achieve a true cure of
the disease. On the other hand, the development of various OMICs technologies is considered as
“the great hope” for improving the treatment of IMIDs. This review sheds light on the progressive
development and the numerous approaches from basic science that gradually lead to the transfer
from “bench to bedside” and the implementation into general patient care procedures.

Keywords: immune-mediated inflammatory diseases (IMIDs); single-cell RNA sequencing; spatial
sequencing; advanced imaging technologies

1. Introduction

Immune-mediated inflammatory diseases (IMIDs) comprise a large number of chronic
inflammatory conditions such as inflammatory bowel diseases (IBD; Crohn’s disease, ulcer-
ative colitis), chronic inflammatory arthritis (rheumatoid arthritis, spondyloarthropathies),
and multiple sclerosis. The clinical course of these debilitating diseases is typically marked
by relapsing exacerbations, causing lifelong morbidity, disability, and heightened risk of
disease-associated mortality [1]. Optimized anti-inflammatory therapy is therefore essential
in the management of these disorders, mainly driven by a dysregulated immune response
that initiates and perpetuates the inflammatory reaction. Growing insights into underlying
immunopathogenic mechanisms have led to the advent of targeted immunotherapies,
which selectively inhibit crucial mediators of the inflammatory process. Nevertheless, only
a subgroup of treated patients respond to initiated therapies [2,3], reflecting the still in-
completely understood immunopathogenesis of these diseases. Ongoing research findings
have indicated that distinct immune cell populations and immune-regulatory pathways

Int. ]. Mol. Sci. 2021, 22, 7506. https:/ /doi.org/10.3390/1jms22147506

https:/ /www.mdpi.com/journal/ijms


https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-9550-5284
https://orcid.org/0000-0001-8306-9334
https://doi.org/10.3390/ijms22147506
https://doi.org/10.3390/ijms22147506
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22147506
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22147506?type=check_update&version=2

Int. J. Mol. Sci. 2021, 22, 7506

20f16

play a crucial role in the acute and chronic inflammatory reactions [4]. Herein, techno-
logical advancements such as high-throughput omics data generation have been used
as powerful tools to discover genomic mutations, epigenomic modifications, abnormal
transcription/translation, and cellular tissue distribution. Next-generation sequencing
(NGS), proteomics, and metabolomics have catalyzed research and revealed disease-related
associations and patterns that advance our understanding of the inflammatory process.
Furthermore, the quality of novel imaging approaches to visualize the inflammatory pro-
cess has dramatically increased. Together, we have powerful tools in our hands to start
the era of personalized medicine. However, the complexity and amount of the generated
datasets necessitate the need to aid the biologist and physician in the interpretation of the
datasets and images, as well as hampering the direct translation into clinical applications,
which would be important for the fast establishment of personalized medicine. In the case
of IMIDs, treatment decision making is still random, without clear rational arguments,
despite the exponential increase of use of NGS in basic science. RNA sequencing, pro-
teomics, metabolomics, whole genomic sequencing, and whole exome sequencing are
well-established techniques that provide a large number of results and are actually the
most used omics techniques, but are also continuously improving and evolving. In this
review, we address recent advances in high-throughput omics technologies and reflect the
slow but increasing implementation in clinical practice.

2. On the Path of Single-Cell Omics

The beginning of the 21st century marked a new chapter for genomic research; next-
generation sequencing (NGS) technology made it possible to routinely generate billions of
reads and to quantify millions of transcripts in parallel. It first started with the analysis of
cell mixtures, but further technological developments; protocol optimizations; and, above
all, the increasing commercialization with upcoming simplifications and standardizations
of the experimental procedures enabled the generation of datasets on a single-cell level [5].
This development of new single-cell technologies has uncovered a new view on the basic
unit of life, a thus far undetected high degree of heterogeneity that exists between indi-
vidual cells. The use of single-cell technologies could show that, e.g., the heterogeneity
of T cells goes far beyond the division into T helper (Th)1/Th2/Th17 and regulatory T
cells). Recently, mucosal-associated invariant T (MAIT) cells and their functional roles in
tissue repair as well as several pathologies, e.g., colitis, arthritis, and multiple sclerosis,
have been tackled [6]. Innate lymphoid cells (ILCs) were genotypically separated from
natural killer (NK) and T cells [7-10]. Functional studies revealed different types of ILCs
with the ability to resolve inflammation [11], but also to amplify pathogenic processes
in IMIDs [12,13]. Furthermore, fibroblasts are not considered any longer as bystander
cells, but have been divided into several subpopulations according to their functional
implications. Wohlfahrt et al., showed that extracellular matrix production is under control
of a transcriptional network including PU.1 [14]. The discovery of PU.1 as a potential profi-
brotic transcription factor was based on a bioinformatic analysis of bulkRNAseq datasets
from 97 patient samples and opened the door to the development of a new class of PU.1-
inhibiting substances for the treatment of fibroinflammatory IMIDs. ScCRNAseq analyses
revealed NOTCHS3 and THY1 as markers of distinct fibroblast subtypes in the synovial
membrane, which are implicated in persistent inflammation and joint destruction [15,16].
The discovery of this subpopulation opens up completely new possibilities for the treat-
ment of inflammatory arthritis with fibroblasts as main target. Genomics, transcriptomics,
epigenomics, etc. provide researchers with opportunities to interrogate the heterogeneity
of single cells at unprecedented depth. Nonetheless, the abundance of mRNA transcripts
is not strictly reflective of the level of present functional protein. Post-transcriptional and
post-translational modifications further tune biological processes and cellular phenotypes.
The combination of single-cell transcriptomic and proteomic technologies will be the key
to a comprehensive picture of the heterogeneous regulatory mechanisms of an individual
cell in the future. Humby et al., recently showed that RNA sequencing-based stratification
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of patients with rheumatoid arthritis can guide physicians to choose the most effective
therapy [17]. On the protein level, there are numerous high-dimensional procedures such
as highly multiplexed imaging, mass cytometry, and numerous other single-cell proteomic
platforms in the pipeline. Increasing technical availability, decreasing costs, and advanced
automation generate tremendous new possibilities for personalized medicine (Figure 1).
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Figure 1. Omics methodologies with regard to RNA /protein abundancy and spatial resolution.
Certain technologies allow for a combinatory assessment on RNA and protein level, and microscopic
analyses. DBiTSeq, deterministic barcoding in tissue for spatial omics sequencing; FISH, fluorescence
in situ hybridization; GeoMx Digital Spatial Profiler technology from NanoString; IMC, imaging
mass cytometry; MALDI, matrix-assisted laser desorption/ionization; MERFISH, multiplexed error-
robust fluorescence in situ hybridization; Seq, sequencing; smFISH, single-molecule fluorescence in
situ hybridization.

3. Single-Cell RNA Sequencing (scRNA-Seq)

ScRNA-seq was first established in 2009 [18]. Various techniques have been developed:
Some use barcoding of RNAs with unique molecular identifiers (UMI), allowing for the
distinguishing between original mRNA reverse transcripts and library preparation-based
PCR amplicons. Other approaches rely on full-length sequencing of cDNA fragments,
allowing for a higher sensitivity or detection of unknown mRNA sequences [19-21]. Fur-
thermore, technologies can be distinguished as to whether cDNA synthesis occurs in a
water-in-oil emulsion, encapsulating single cells with master mix and barcoded solid sup-
port (droplet), or if cells are sorted into individual wells of multi-well plates or microfluidic
chips. Technologies relying on either of the approaches have been commercialized, facili-
tating scRNA-seq in becoming a mainstream technology. For droplet-based approaches,
specific instrumentation is required, which might cost up to USD 75,000 and/or propri-
etary kits allowing for the generation of single-cell libraries for USD 0.15-0.20 per cell.
Droplet-based approaches are considered less sensitive but allow high-throughput. In
conventional sorting-based approaches, costs per single cell library might increase to up
to USD 20, but usually no further instrumentation is needed, as mostly in droplet-based
approaches also, cells of interest will be sort purified. Initially, fluorescent dyes have been
used for barcoding droplets. However, their use is limited for encoding only a few hundred
samples, owing to the dynamic range of the optical setup. Larger sample numbers can be
achieved with DNA oligonucleotides instead of fluorescent dyes whose barcoding capacity
corresponds to 4n (with n being the number of nucleotides) and is hence almost unlimited.

InDrop, Drop-seq, and 10x Genomics Chromium are the three most frequently used
systems until now. Besides differences between the systems with regard to bead manu-
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facturing and barcode design, the cDNA conversion distinguishes in particular the sys-
tems [22]. Whereas Drop-Seq only captures the transcripts without cDNA conversion,
reverse transcription is carried within droplets for 10x and inDrop before demulsification.
Cells with a high enzymatic activity such as neutrophils interfere with the RT and result in
low cDNA yield. In such situations, Drop-seq is the better variant because the sensitive step
of cDNA conversion does not take place in the droplet but starts later after demulsification
of the cells and therefore in the absence of cell specific enzymes.

Besides understanding the composition of the inflammatory niche, single-cell tran-
scriptomic analysis can guide successful therapeutic interventions for patients with IMIDs.
Kim et al., recently described the successful use of tofacitinib in a patient with drug-induced
hypersensitivity syndrome after performing an scRNAseq analysis of the patient’s skin
and blood [23]. ScRNAseq has also been successfully used in other cases such as metastatic
ALK-positive lung cancer [24]. Costs of sequencing applications have decreased signifi-
cantly over the last 20 years. According to the National Human Genome Research Institute
(NHGRI), the price of 1 raw mega-base (approximately 3400 reads) was USD 10,000 in
2001 but dropped to USD 0.01 in 2020 [25]. Initially, the costs of sequencing developed
according to the popular “Moore’s law”, which describes cost reduction by half every
second year [26]. This cost degression changed in 2008 by a technology switch from Sanger
sequencing to NGS, inducing a knockdown of costs and subsequently allowing for new
applications. The major technical hurdle of large-scale scRNA-seq studies is the cost of
preparing and sufficiently sequencing large numbers of single-cell libraries, hence limiting
its transition into clinical routine diagnostics. SCRNAseq in diagnostic application is likely
to be reserved for rare diseases for which controlled cohort studies can only be carried out
to a very limited extent. Many IMIDs belong to the rare diseases, and therefore this new
diagnostic tool can enable further, significant therapeutic successes in the future.

4. Spatial Sequencing

Despite an increasing number of studies employing scRNA-seq in IMIDs, spatial in-
formation of the tissue context is missing. However, spatial gene expression heterogeneity
does not only play an essential role during organ development but also in various patho-
logical processes of IMIDs. Macrophages are able to protect tissue niches but also cause the
migration of further immune cells to open up the niche for inflammatory responses [27].
Fibroblasts build lining layers surrounding the joint cavitation. Local destruction of this
physiological barrier primes inflammatory processes [28]. Therefore, tissue-specific insights
in IMIDs are of interest in order to select the one with the highest chance of success from the
available therapeutics. Spatial sequencing emerged to address this problem. Early attempts
were based on multiplexed single-molecule fluorescent in situ hybridization (smFISH) via
spectral barcoding. Over the past years, smFISH evolved rapidly from detecting few genes
to the whole transcriptome level (smFISH -> seqFISH, MERFISH -> SeqFISH+) [29]. Despite
these advances, SeqFISH+ could not yet gain broad acceptance due to its high technical
requirements including high-sensitivity single-molecule fluorescence imaging systems. The
technique enables the detection of up to 10,000 different transcripts on a (sub)cellular level
in situ but does not allow for a complete or even de novo sequencing such as NGS. The
transcripts are detected by a pre-defined set of probes, and thus FISH-based spatial gene
expression analysis rather resembles to the micro array technique. Each transcript is hy-
bridized with about 24 primary probes of 28 nt gene-specific hybridization regions binding
to exonic regions. Primary probes contain on 5" and 3 binding sites for secondary read-out
probes. Subsequently, rounds of hybridization with shorter read-out probes (15 nt) coupled
to fluorescent dyes, probe stripping, and imaging steps are used to generate a virtual stack
containing 60 pseudo-color channels. From these images, similar to Sanger sequencing, the
color sequence for each pixel reveals the transcript. The major advantage of this approach
is that it is capable of resolving transcripts at subcellular resolution. Other approaches rely
on NGS for transcript detection and need hybridization of spatially encoded barcodes. In
the 10x Genomics Visium assay, those barcodes are spotted on microscopic glass slides
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on 6.5 X 6.5 mm areas in which tissue sections are placed and hybridization of mRNA
takes place. Each area contains 5000 printed barcoded mRNA capture probes in 100 mm
center-to-center distance from one to the other. The system, therefore, achieves a maximum
resolution of 50 um, which is far away from single-cell level and limited in terms of use for
interactome analyses. Instead of printing regional barcoded RT primers onto a glass slide,
densely barcoded bead arrays have been dispensed on a glass surface in Slide-seqV2 [30].
This technique reaches a resolution of 10 um, meaning a near to single-cell level and an
almost 100% higher rate of RNA capture efficiency compared to 10x Visium. Seq-Scope is
another tool for high resolution spatial transcriptomics, enabling the visualization of tran-
scriptomic heterogeneity at the cellular/subcellular level. In contrast to Slide-seq V2, which
is based on barcoded beads, seq-scope depends on a solid-phase amplification of randomly
barcoded single-molecule oligonucleotides spotted on a Illumina flow cell [31]. Determinis-
tic barcoding in tissue for spatial omics sequencing (DBiT-seq) is another method that uses
a microfluidic chip with parallel channels on top of a tissue section [32]. For each channel,
oligo-dT-labeled barcodes are streamed across the tissue. After removing the first chip, a
second microfluidic chip is rotated 90° to the first and placed on the tissue. Again, barcodes
are streamed through the parallel channels, resulting in a mosaic of 10 um side rectangles
of barcodes from the first and second streams. The barcodes anneal to mRNAs to initiate in
situ RT, resulting in stripes of barcoded cDNAs inside the tissue. A distance of max. 10
um between the channels has been established, resulting in a resolution of 20 um, which is
close to the single-cell level. With regard to IMIDs, Carlberg et al., explored inflammatory
signatures in arthritic joint biopsies with spatial transcriptomics [33]. Direct diagnostic
applications are still missing. However, joint biopsies are frequently very limited of size
and therefore often do not allow the use of scRNAseq. Spatial sequencing could represent a
new opportunity here to obtain transcriptional data from small tissue samples, particularly
when making therapy decisions for IMID patients.

5. On the Road of Single-Cell Proteomics

On the protein level, mass cytometry has evolved as a valuable high-throughput assay
for single cells and is recently also available for the analysis of tissue sections (imaging mass
cytometry (IMC)). Mass cytometry /IMC is a technique that resembles flow cytometry but
uses rarely abundant metal-coupled antibodies to stain for proteins instead of fluorescent
dyes. Since these metals are usually not present in biological specimens, mass cytometry
usually has a minimal background and a good signal-to-noise ratio. Technically, single
cells are ionized with inductively coupled argon plasma, and then the ions are separated
by mass (TOF mass spectrometry) and quantified. Mass cytometry allows for the gen-
eration of high-throughput data in a very short period of time. In IMC, FFPE or frozen
tissue sections are stained with metal-labeled antibodies. The resolution is about 0.5-1 um,
allowing for subcellular localization of protein expression. Currently, panels including
about 40 different antibodies are feasible for IMC and mass cytometry. IMC is a powerful
tool to detect proteins in a directed manner but is limited by the availability and applica-
bility of the metal isotopes. Furthermore, other macromolecules such as lipids or small
metabolites cannot be detected. Unbiased approaches are based on mass spectrometry,
e.g., matrix-assisted laser desorption ionization (MALDI) imaging, which takes advantage
by measuring metabolites but does not reach single-cell resolution [34]. Yet, undirected
deconvolution of MALDI spectra to single molecules can be challenging. Single-cell pro-
teomics by mass spectrometry (SCoPE2) is another technique in which cells are sorted
into multi-well plates before performing tandem mass spectrometry combined with liquid
chromatography (LC-MS/MS) analysis, virtually allowing for single cell proteomics [35].
Lastly, proteo-genomics uses DNA barcode-tagged antibodies to detect protein expression
by sequencing; e.g., GeoMx Digital Spatial Profiler technology from NanoString [36] can
easily be combined with RNA in situ hybridization (ISH). As the number of possible DNA
barcodes is virtually unlimited, this technique is mostly limited by the gradually increasing
costs for antibodies/oligonucleotides and sequencing and the relatively low amount of
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cells compared to mass cytometry. Initial successes in the clinical use of mass cytometry
as a diagnostic tool were achieved in the treatment of malignant melanoma. Krieg et al.,
analyzed 40 cryopreserved PBMC samples from the blood of a cohort of 20 patients with
melanoma before and after initiation of anti PD-1 immunotherapy [37]. They identified
CD14+CD16-HLA-DRhigh monocytes as strong predictors of progression-free and overall
survival in response to anti-PD-1 immunotherapy. In psoriatic arthritis, Penkava et al.,
used IMC for measuring clonal expansions of pro-inflammatory synovial CD8 T cells in
synovial fluid [38].

6. New-Generation Microscopy

Non-invasive imaging modalities such as CT, PET, and MRI have been extensively
used in clinical practice and greatly facilitate diagnosis and evaluation of treatment of
autoimmune diseases. However, their imaging lateral resolution is within the range
of 50-100 pum [39]. Therefore, cellular and subcellular changes during the onset and
development of immune diseases are hardly resolved by these techniques. Understanding
these changes will help to design novel therapeutic strategies against autoimmune diseases.
Fluorescence microscopy is a widely used scientific imaging method to image single cells
and subcellular structures with a spatial resolution of tens to hundreds of nanometers.
As with other imaging modalities, many different fluorescence microscopy methods have
been developed for biological imaging. As discussed in this section, confocal microscopy,
two-photon microscopy, light sheet microscopy, and super-resolution microscopy have
been used widely in autoimmune disease related studies.

6.1. Confocal Laser Scanning Microscopy (CLSM)

Confocal microscopes focus a laser beam on a small focal spot that scans through the
sample and detects fluorescent light emitted by the sample. The use of a detection pinhole
permits light only from the focal plane to reach the detector, and therefore enables optical
sectioning. Consecutive imaging at different depths allows for three-dimensional (3D)
volumetric imaging of samples [40]. Under optimal conditions, confocal microscopy could
reach 180 nm high spatial resolution for imaging subcellular or molecular structures [41,42].
With additional multiplex imaging abilities, confocal microscopy has become a very popular
method for biological imaging. Furthermore, in vivo confocal microscopy has become
an essential tool to decipher temporal and spatial information simultaneously for cells
of interest [43—45]. In the research field of autoimmune diseases, confocal microscopy
revealed a number of fundamental understandings of how cellular alterations of immune
cells are linked to the onset or development of diseases. In type 1 diabetes mice, for
example, in vivo confocal microscopy revealed that T cells infiltrate first into the islets
and initiate the autoimmune process [46]. Together, CLSM is a powerful method for 3D
imaging of immune cells at the cellular level. Its imaging depth, however, is limited to tens
of microns due to tissue scattering [47]. Therefore, it is not an ideal method for 3D imaging
of entire thick samples, as sectioning fixed tissue is often required for imaging structures in
deep layers. Furthermore, a confocal microscope illuminates through the specimen with a
double inverted cone of light. Fluorescence dyes within the entire laser illuminated volume
are easily photobleached due to overexposure to the laser light, which further limits 3D
imaging. In the case of long-term live-cell imaging, long exposure to laser light also causes
phototoxicity to imaged cells.

6.2. Multi-Photon Laser Scanning Microscopy (MPLSM)

Some of these imaging disadvantages can be mitigated by multiphoton laser scanning
microscopy (MPLSM), in which a fluorophore absorbs two or three photons emitted by
a pulsed infrared laser source. The infrared excitation light penetrates tissue deeper
than visible light at shorter wavelengths used in confocal microscopy due to less tissue
scattering. In addition, MPLSM restricts the fluorophore excitation in a very small focus
and thus results in optical sectioning without the need of a pinhole used in confocal



Int. J. Mol. Sci. 2021, 22, 7506

7 of 16

microscopy to block the light out of focus. Together, MPLSM enables the deep tissue
penetration depth, the lack of out-of-focus bleaching, and the reduced photo-damage
while maintaining very good spatial and temporal resolution. Two-photon laser scanning
microscopy (TPLSM), the most popular form of MPLSM, is therefore widely used for 3D
imaging and intravital imaging of immune cells in vivo [48]. In experimental autoimmune
encephalomyelitis (EAE), a popular model for multiple sclerosis [49], the detailed processes
of T cell infiltration into the central nervous system (CNS) and their activation were revealed
by intravital imaging via TPLSM [50,51]. Furthermore, TPLSM imaging facilitated direct
evaluation of therapeutic effects of anti-integrin a4 antibody and calcium inhibitor BZ194
in EAE model [51]. Therefore, intravital imaging allows for the direct observation of cell
dynamics in living organs and serves as a powerful tool to evaluate potential therapeutic
treatments for autoimmune disease. As with CLSM, the imaging depth of TPLSM is
largely compromised by the signal-to-background ratio (SBR) of the excitation due to
tissue scattering. Three-photon microscopy laser microscopy (3P-LSM) invented recently
utilizes longer wavelengths (>1300 nm) that decrease excitation light scattering as well
as dramatically reduces the out-of-focus background, improving the SBR by orders of
magnitude when compared to TPLSM [52,53]. 3P-LSM allows for imaging single cells at
2 mm deep inside the tissue.

The generation of a nonlinear optical process, named harmonic generation (HG), is
another advantage of MPLSM imaging. Photons simultaneously interact with biological
materials and convert into one photon in HG. Secondary harmonic generation (SHG; two
photons converted into one photon) and third harmonic generation (THG; three photons
converted into one photon) are the most common forms of HG used for label-free imaging
by MPLSM, as signals come from the optical property and the structure of the material. For
biomedical applications, HG is very useful in the imaging of connective tissue, collagen
fibers, muscle, inflammatory cells, and blood vessels in vivo and in vitro [54]. For instance,
adipocytes, collagen, nerve fibers, blood vessels, and muscle can be visualized simultane-
ously without labeling in the native dermis [55]. The extracellular matrix (ECM) is altered
by cytokines and proteases produced by infiltrated immune cells in many autoimmune
diseases [56]. Therefore, deciphering the mutual interaction of immune cells and ECM
during the onset and development of autoimmune diseases by MPLSM may provide novel
insights to modulate disease progression. Together, deep tissue imaging and HG imaging
conferred by MPLSM will still be versatile techniques for autoimmune disease-related
studies in the future.

6.3. Light-Sheet Fluorescence Microscopy (LSFM)

While CLSM and MPLSM enable imaging with great spatial resolution and penetration
depth, the acquisition speed of both microscopies is limited because the image is built up
one voxel at a time. In order for this limitation to be addressed, light-sheet fluorescence
microscopy (LSFM) was developed. The concept of LSFM was introduced more than
100 years ago [57] and has been advanced in recent years for biological imaging [58]. The
processes of sample illumination and fluorescence detection are decoupled in LSFM, in
which a sample is illuminated with a thin sheet of laser light and fluorescent light emitted
from within the illuminated plane is imaged with a wide-field camera oriented orthogonally
to the light sheet. Light sheets are usually generated by focusing a laser with a cylindrical
lens. Using a camera confers LSFM capability of at least 100x faster high-speed imaging
than point-scanning methods offered by CLSM and MPLSM because all pixels from a single
plane are now imaged simultaneously [59]. Additionally, LSFM enables optical sectioning
via a light sheet confined to the plane of interest for fluorescence excitation while precluding
the illumination of out-of-focus structures. By moving samples up or down through a
fixed light sheet and taking a digital image at each height enables 3D imaging. Combined
with advanced tissue clearing methods (reviewed elsewhere [60]), LSFM has been used
successfully to image individual organs [61], a whole mouse [62], and intact human organs
such as kidney and lung [63,64]. In RA, infiltrating macrophages mediate inflammation
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and contribute to the disease progression. Recent work using LSFM discovered CX3CR1+
tissue resident macrophages, however, providing an anti-inflammatory barrier. These
synovial macrophages are located in dynamic membrane-like structures, which isolate
the joint from the surround tissues [27]. A similar anti-inflammatory function was also
revealed in the dermis resident macrophages [65].

6.4. Super-Resolution Microscopy (SRM)

An inherent drawback of fluorescence microscopy is its spatial resolution, which is
limited by the diffraction of light. The diffraction limit is about 200-300 nm in the lateral
direction and 500-700 nm in the axial direction. Many subcellular structures will be too
small to be resolved under this resolution. The diffraction limit was bypassed by the
invention of several SRM technologies, such as stimulated emission depletion (STED)
microscopy [66,67], structured illumination microscopy (SIM) [68], reversible saturable
optically linear fluorescence transitions (RESOLFTs) [69], saturated structured illumina-
tion microscopy (SSIM) [70], stochastic optical reconstruction microscopy (STORM) [71],
photoactivated localization microscopy (PALM) [72], and fluorescence photoactivation
localization microscopy (FPALM) [73]. These technologies have been used to study the sub-
cellular organization and function of molecules, e.g., T cell receptor forming nanoclusters
together with Linker for activation of T cells [74,75]. Understanding how the sensitivity
of T cell responses is mediated by these molecular organizations will help to develop
the strategies for rendering the immune system less sensitive in the case of autoimmune
diseases. Further developments such as interferometric scattering microscopy (iSCAT)
allow for the visualization of small vesicles and proteins without the need for a fluorescent
label [76]. Brillouin microscopy will take mechanical properties of the tissue into account
for cellular function and disease on a microscopic level [77].

6.5. Limitations in the Direct Translation of Omics Data into Clinical Use

The combination of molecular omics data profiling and improved imaging techniques
provides unique advantages for clinical diagnosis, monitoring, and therapy of IMIDs, which
could lay the basis for the optimized care of patients with IMIDs. However, these high-end
technologies are of limited utility without complementary methods for interpretation of
the collected data to decipher the inherent complexity of the investigated diseases. To
extract detailed information and draw conclusions with wider applicability to biological
processes, datasets have to be integrated and analyzed as a holistic system. For example, the
Standardization of Clinical Testing (Nex-S5toCT) and the U.S. Centers for Disease Control
and Prevention (CDC) have collaborated to establish measures to ensure that analytical
approaches of NGS data are valid, and that tests based on NGS meet existing standardized
clinical laboratory requirements [78]. The consortium of the Genetic European Variation
in Disease (GEUVADIS) demonstrated that it was practically possible to reproduce RNA
sequencing experiments across laboratories by sequencing lymphoblastoid cell lines from
465 patients in seven sequencing centers using the same platform [79]. From this study, the
consortium proposed a set of quality checks to address technical biases in RNA sequencing
data, such as GC content, fragment size, transcript length, and percentage of reads mapped
to exons annotated hitherto [79].

Bioinformatics challenges also explain why omics technologies are yet to gain broad
clinical applicability. Taking the context of RNA sequencing, one major challenge includes
the fact that there is currently no harmonized body to lay down standards that will ensure
the analytical quality of RNA sequencing analysis pipelines. Another challenge has to
do with the abundance of software tools and their combinations for the analysis of RNA
sequencing data, and in third place, highly complex pipelines consisting of the chaining
together of tools that are largely independently developed, maintained, updated, and
licensed [80]. Very few of the algorithms developed to analyze NGS data are capable of
producing reliable clinical predictions [81].
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7. Systems Biology Approach to Mine through Complex Omics Data

The advances in gathering omics data that are scaled down to a single cell led to
enormous, to some extent even boundless amounts of information that is impossible to
comprehend without developing dedicated tools and methods. The desire to use this
rich information and uncover new, yet unknown dependencies, regulatory mechanisms,
and patterns greatly influenced the development of the new research field of Systems
Biology. Not pretending for the generality of the definition [82], Systems Biology is a
holistic approach that integrates broad range of available information about living systems
and then uses and develop methods that could simplify their complexity down to compre-
hensible interdependencies and regulatory pathways, ultimately leading to the emerging
understanding of biological functions [83]. Its applications in the field of medicine are
gaining recognition as Systems Medicine [84-86] and are spearheaded by Cancer Systems
Biology [87] and Systems Immunology [88,89].

The initial step of the bottom-up approach of Systems Biology is the collection and
import of datasets on transcriptome, proteome, and metabolome (RNA-Seq, ChIP-seq,
quantitative mass spectrometry, etc.), previously acquired in the contexts relevant to a
concrete problem or medical condition in question, frequently also for multiple species
(i.e., human, mice) [90]. Already, this step requires specialized software to import data, as
well as for accessing and harmonizing data from various existing data repositories, and
finally preparing it for the next conceptual step of generating interactome network. Interac-
tome network is combined of nodes and links representing possible relations between them.
Nodes are quite broadly defined as representing molecules (proteins, mRNA, miRNA,
transcription factors, enzymes, metabolites, etc.), cells and cell types, and biological func-
tions. The links (directed or undirected) between the nodes denote their corresponding
interactions. The typical interaction types include protein—protein, DNA—protein or gene
regulatory interactions of transcription factors, co-factors and genes, mRNA-mirRNA, and
biochemical interactions as in substrate/product/enzyme reactions. Due to advances in al-
gorithms, software, and spreading standardization of data storing, the network assembly is
gradually turning from a largely manual task towards the semi-automated analysis [91,92].
A network size for a typical particular application easily reaches several thousands of
nodes, and for a dedicated, whole-organism analysis, for example, budding yeast, the
number of links is counted in the hundreds of thousands [93]. The core creative discovery
step of the approach occurs during the comprehensive analysis of the network by using
advanced mathematical tools of the network theory [94]. Only with its help does it become
possible to identify network subclusters as linked to a given condition, search and classify
regulatory motifs (i.e., feedback loops, not to be confused with transcription factor binding
sequences), and group nodes according to a specific biological function or a phenotype.
Whenever a distinct and substantially smaller subset of nodes of the full network is iden-
tified according to a certain criterion, it then is redefined as the so-called core network
that could, for example, produce the most significant changes under a certain condition,
or describe a certain phenotypic change. Having a much more observable number of
nodes and links such core networks are amenable to further mathematical analysis. To
this end, a system of differential equations that describe the temporal evolution of nodes
and their interrelations can be set up and studied as a function of parameters and network
topology. A mathematical model, relying on a large body of knowledge of dynamical
systems, can then deliver rigorous predictions on possible attractors of the dynamics and
their stability, existence of periodic patterns, or switching of the regimes and their response
to perturbations [95].

There is a good number of recent studies employing the systems biology approach
in the context of immunology and inflammation. A network of signal transduction path-
ways for inflammatory macrophages, containing 1122 molecule species (nodes) and 2705
reactions (links), was manually constructed and annotated [96]. By considering three lung
infection scenarios, researchers identified a regulatory core of 41 factors, including TNF,
CCL5, CXCL10, IL-18, and IL-12 p40, as well as 140 drugs targeting 16 of them. A com-
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prehensive study [97] used the systems biology approach to analyze an extensive dataset
on six autoimmune diseases of multiple sclerosis, systemic lupus erythematosus, juvenile
rheumatoid arthritis, Crohn’s disease, ulcerative colitis, and type 1 diabetes, focusing on
intracellular regulatory mechanisms in peripheral blood mononuclear cells (PBMCs). It
was shown that chemokines such as CXCL1-3, 5, and 6 and the interleukin IL-8 were
differentially expressed in PBMCs of patients with diseases, and more generally, similar
cellular processes related to cell proliferation, inflammatory response, and apoptosis tend
to be differentially expressed in PBMC. In a very recent effort [98], a fully annotated, expert
validated, state-of-the-art knowledge base for RA in the form of a molecular map was
developed and is available online at ramap.elixir-luxembourg.org. The corresponding net-
work based on 353 publications contains 506 nodes (303 proteins, 61 complexes, 106 genes
and 106 RNAs, 2 ions, and 7 simple molecules), 446 reactions, and 8 phenotypes. This
open-access knowledge base allows for easy navigation and for the search of molecular
pathways implicated in the disease.

Thus, the principal tools and methods of Systems Biology are in place to be applied also
to the problem of inflammatory diseases, while the computational algorithms and database
integration continue rapid development. The major challenges still exist, as for example
in combining different layers of datasets (i.e., omics and imaging data). Importantly, the
experimental validation of network analysis predictions still remains a crucial step within
this approach.

8. Perspectives to Take Advantages of OMICs Technologies in Daily Clinical Practice

The integrated analysis of protein—protein, gene regulation, and coexpression network
models, alongside gene expression data, can lead to the discovery of the most relevant
genes and pathways in IMIDS, as well as causal mechanisms and their topological proper-
ties [99-103]. On the other hand, enrichment analyses can enable the tracing of pathological
mechanisms from the DNA level to the pathophysiological level [99]. For example, assays
such as RNA-seq and Chip-seq, which measure gene expression and regulation of gene ex-
pression, respectively, have been applied to elucidate tissue-specific signatures of genomic
regulation [104]. The clinical application of multi omics data poses major challenges in-
cluding the joint requirement for expertise and advanced facilities in statistics, biology and
computer sciences, as well as the interpretation and therapeutic actionability of molecular
findings. However, the integration of multiple omics data types holds a large amount of
promise, as it can help to provide a holistic picture of diseases with unprecedented details
and guide therapy [99]. Furthermore, DNA and RNA sequencing have been successfully
applied to identify gene signatures in tumor versus normal control sample comparisons,
which guided therapies that lead to tumor regression [105,106]. The same approaches are
likely to yield success if transferred to IMIDs (Figure 2).

Taken together, the synergistic competence in molecular biology, bioinformatics, bio-
statistics, bioethics, computer sciences, mathematics, and medicine might enable the ex-
pansion of our understanding of the underlying disease mechanisms in the clinical fields
of IMIDs and could lead to advancements in inflammation research. Artificial intelligence
(AI) and machine learning (ML) are additional techniques that have the capacity to identify
and uncover clinically relevant patterns and interdependencies amongst the acquired infor-
mation and take confounding factors into account [107,108]. They differ from traditional
statistical methods as they focus on prediction and classification from high-dimensional
data, rather than pure inference on typically univariate data. As successful ML requires
robust and sufficient data, from which it can learn, well established omics/imaging tech-
nologies in combination with comprehensive clinical and outcome information provide an
apt basis for application of ML algorithms. A key challenge for most modern Al methods
is the requirement of large amounts of training data in general and task-agnostic learning
approaches [109]. In medical research, this requirement is often not met. Yet, there is a
broad body of medical domain knowledge in form of molecule interactions, biological
processes, imaging data, and general high-level correlations that is typically not suited
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for inclusion in general ML approaches. Large collaborative efforts such as the Human
Cell Atlas (HCA) [110] are currently dealing with the question of how information can be
integrated across different platforms. They underline the importance of computationally
mapping data from different modalities to a reference [111]. In order for us to be able to
integrate data from spatial and non-spatial scRNAseq data, new calculation methods for
the creation of such atlases will be of fundamental importance. The interdisciplinary setup
of biologists, computer scientists, mathematicians, and physicians could ultimately lead to
the implementation of precision medicine concepts and thus clinically meaningful benefits
for the individual patient with IMIDs (Figure 3).

(7\
Database

development /
L enhancement |

.

Ve N\
Biomarker
generation

(Prognostic and

| therapeutic)

A J

Clinical
actionability

(

Figure 2. OMICs in clinical application. A schematic view.

( Multi-Omics ( Patient h
[ : o Y
Uil i' /I -

\, ‘ - ‘ J
% N ‘ N
Machine Learning/ Patient related

Modelling Spatial Omics/Image
Data
g R
B e
\ y, k b il
J
4 ’ N

Data Integration

o—S3—o
N
i
Individual Treatment

Decision
o o

T

\ J

Figure 3. Data Integration. Interdisciplinary setup of multi-omics, spatial transcriptomic, and
imaging data including machine learning techniques, providing a platform for individual treat-
ment decisions.



Int. J. Mol. Sci. 2021, 22, 7506 12 of 16

Author Contributions: Conceptualization, A.R. and S.R.; methodology, C.G.A. and C.X,; resources,
C.G.A,CX,MGR,RA,AM,GS, VZ,SR. and A.R;; data curation, C.G.A., C.X.,, AM., VZ,
S.R. and A.R.; writing—original draft preparation, C.G.A., C.X,, V.Z,, S.R. and A.R.; writing—review
and editing, C.G.A., C.X,, S.R. and A.R;; visualization, C.G.A. and A.R.; project administration, A.R.;
funding acquisition, R.A., G.S. and A.R. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by German Research Council (DFG) funds RA 2506/4-1, RA
2506/4-2, and RA 2506/6-1 to A.R.; TRR241 to R.A., and CRC1181 to G.S. (project A01), R.A. (project
C02), and A.R. (project C06)), and Heisenberg Professorship to R.A.; European Research Council
starting grant (853 508 BARRIER BREAK) to A.R., ERC Synergy grant 4D Nanoscope (to G.S.),
Bundesministerium fiir Bildung und Forschung (MASCARA to G.S. and A.R.), the Interdisciplinary
Centre for Clinical Research, Erlangen (D34 to A.R.), Wilhelm Sander-Stiftung (2017.129.1 to A.R.).
Graphics were created with BioRender.com.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Schett, G.; Neurath, M.F. Resolution of chronic inflammatory disease: Universal and tissue-specific concepts. Nat. Commun. 2018,
9, 3261. [CrossRef]

2. Ramiro, S.; Landewé, R.; van der Heijde, D.; Harrison, D.; Collier, D.; Michaud, K. Discontinuation rates of biologics in patients
with rheumatoid arthritis: Are TNF inhibitors different from non-TNF inhibitors? RMD Open 2015, 1, e€000155. [CrossRef]

3. Atreya, R,; Neurath, M.F. Mechanisms of molecular resistance and predictors of response to biological therapy in inflammatory
bowel disease. Lancet Gastroenterol. Hepatol. 2018, 3, 790-802. [CrossRef]

4. Chen, Z; Bozec, A.; Ramming, A.; Schett, G. Anti-inflammatory and immune-regulatory cytokines in rheumatoid arthritis. Nat.
Rev. Rheumatol. 2019, 15, 9-17. [CrossRef]

5.  Evank, D. Method of the Year 2013. Nat. Methods 2014, 11, 1.

6.  Constantinides, M.G.; Link, V.M.; Tamoutounour, S.; Wong, A.C.; Perez-Chaparro, PJ.; Han, S.J.; Chen, Y.E,; Li, K.; Farhat,
S.; Weckel, A.; et al. MAIT cells are imprinted by the microbiota in early life and promote tissue repair. Science 2019, 25, 366.
[CrossRef]

7. Cella, M.; Fuchs, A.; Vermi, W.; Facchetti, F.; Otero, K.; Lennerz, ].K.; Doherty, ].M.; Mills, ].C.; Colonna, M. A human natural
killer cell subset provides an innate source of IL-22 for mucosal immunity. Nature 2009, 457, 722-725. [CrossRef] [PubMed]

8.  Satoh-Takayama, N.; Vosshenrich, C.A.; Lesjean-Pottier, S.; Sawa, S.; Lochner, M.; Rattis, F.; Mention, J.J.; Thiam, K.; Cerf-
Bensussan, N.; Mandelboim, O.; et al. Microbial flora drives interleukin 22 production in intestinal NKp46+ cells that provide
innate mucosal immune defense. Immunity 2008, 29, 958-970. [CrossRef] [PubMed]

9.  Spits, H.; Di Santo, J.P. The expanding family of innate lymphoid cells: Regulators and effectors of immunity and tissue
remodeling. Nat. Immunol. 2011, 12, 21-27. [CrossRef]

10. Klose, C.S.N.; Flach, M.; Mohle, L.; Rogell, L.; Hoyler, T.; Ebert, K.; Fabiunke, C.; Pfeifer, D.; Sexl, V.; Fonseca-Pereira, D.; et al.
Differentiation of type 1 ILCs from a common progenitor to all helper-like innate lymphoid cell lineages. Cell 2014, 157, 340-356.
[CrossRef] [PubMed]

11. Rauber, S.; Luber, M.; Weber, S.; Maul, L.; Soare, A.; Wohlfahrt, T.; Lin, N.Y.; Dietel, K.; Bozec, A.; Herrmann, M.; et al. Resolution
of inflammation by interleukin-9-producing type 2 innate lymphoid cells. Nat. Med. 2017, 23, 938-944. [CrossRef]

12.  Soare, A.; Weber, S.; Maul, L.; Rauber, S.; Gheorghiu, A.M.; Luber, M.; Houssni, I.; Kleyer, A.; von Pickardt, G.; Gado, M.; et al.
Cutting Edge: Homeostasis of Innate Lymphoid Cells Is Imbalanced in Psoriatic Arthritis. J. Immunol. 2018, 200, 1249-1254.
[CrossRef]

13.  Guendel, F; Kofoed-Branzk, M.; Gronke, K.; Tizian, C.; Witkowski, M.; Cheng, H-W.; Heinz, G.A.; Heinrich, E; Durek, P.; Norris,
PS.; et al. Group 3 innate lymphoid cells program a distinct subset of IL-22BP-producing dendritic cells demarcating solitary
intestinal lymphoid tissues. Immunity 2020, 53, 1015-1032. [CrossRef] [PubMed]

14. Wohlfahrt, T.; Rauber, S.; Uebe, S.; Luber, M.; Soare, A.; Ekici, A.; Weber, S.; Matei, A.E.; Chen, C.W.; Maier, C.; et al. PU. 1 controls
fibroblast polarization and tissue fibrosis. Nature 2019, 566, 344-349. [CrossRef] [PubMed]

15. Croft, A.P; Campos, ].; Jansen, K.; Turner, J.D.; Marshall, J.; Attar, M.; Savary, L.; Wehmeyer, C.; Naylor, A.J.; Kemble, S.; et al.
Distinct fibroblast subsets drive inflammation and damage in arthritis. Nature 2019, 570, 246-251. [CrossRef]

16.  Wei, K.; Korsunsky, I.; Marshall, J.L.; Gao, A.; Watts, G.EM.; Major, T.; Croft, A.P.; Watts, J.; Blazar, P.E.; Lange, ].K,; et al. Notch

signalling drives synovial fibroblast identity and arthritis pathology. Nature 2020, 582, 259-264. [CrossRef] [PubMed]


BioRender.com
http://doi.org/10.1038/s41467-018-05800-6
http://doi.org/10.1136/rmdopen-2015-000155
http://doi.org/10.1016/S2468-1253(18)30265-6
http://doi.org/10.1038/s41584-018-0109-2
http://doi.org/10.1126/science.aax6624
http://doi.org/10.1038/nature07537
http://www.ncbi.nlm.nih.gov/pubmed/18978771
http://doi.org/10.1016/j.immuni.2008.11.001
http://www.ncbi.nlm.nih.gov/pubmed/19084435
http://doi.org/10.1038/ni.1962
http://doi.org/10.1016/j.cell.2014.03.030
http://www.ncbi.nlm.nih.gov/pubmed/24725403
http://doi.org/10.1038/nm.4373
http://doi.org/10.4049/jimmunol.1700596
http://doi.org/10.1016/j.immuni.2020.10.012
http://www.ncbi.nlm.nih.gov/pubmed/33207209
http://doi.org/10.1038/s41586-019-0896-x
http://www.ncbi.nlm.nih.gov/pubmed/30700907
http://doi.org/10.1038/s41586-019-1263-7
http://doi.org/10.1038/s41586-020-2222-z
http://www.ncbi.nlm.nih.gov/pubmed/32499639

Int. J. Mol. Sci. 2021, 22, 7506 13 of 16

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

Humby, E; Durez, P.; Buch, M.H.; Lewis, M.].; Rizvi, H.; Rivellese, F.; Nerviani, A.; Giorli, G.; Mahto, A.; Montecucco, C.; et al.
Rituximab versus tocilizumab in anti-TNF inadequate responder patients with rheumatoid arthritis (R4RA): 16-week outcomes
of a stratified, biopsy-driven, multicentre, open-label, phase 4 randomised controlled trial. Lancet 2021, 397, 305-317. [CrossRef]
Tang, F.; Barbacioru, C.; Wang, Y.; Nordman, E.; Lee, C.; Xu, N.; Wang, X.; Bodeau, J.; Tuch, B.B.; Siddiqui, A.; et al. mRNA-Seq
whole-transcriptome analysis of a single cell. Nat. Methods 2009, 6, 377-382. [CrossRef] [PubMed]

Ziegenhain, C.; Vieth, B.; Parekh, S.; Reinius, B.; Guillaumet-Adkins, A.; Smets, M.; Leonhardt, H.; Heyn, H.; Hellmann, I.; Enard,
W. Comparative analysis of single-cell RNA sequencing methods. Mol. Cell. 2007, 65, 631-643.e634. [CrossRef]

Liang, J.; Cai, W.; Sun, Z. Single-cell sequencing technologies: Current and future. J. Genet. Genom. 2014, 41, 513-528. [CrossRef]
Valihrach, L.; Androvic, P.; Kubista, M. Platforms for single-cell collection and analysis. Int. J. Mol. Sci. 2018, 19, 807. [CrossRef]
[PubMed]

Zhang, X.; Li, T; Liu, F; Chen, Y;; Yao, J.; Li, Z.; Huang, Y.; Wang, J]. Comparative analysis of droplet-based ultra-high-throughput
single-cell RNA-seq systems. Mol. Cell. 2019, 73, 130-142. [CrossRef]

Kim, D.; Kobayashi, T.; Voisin, B.; Jo, ].H.; Sakamoto, K;; Jin, S.P; Kelly, M.; Pasieka, H.B.; Naff, ].L.; Meyerle, ]. H.; et al. Targeted
therapy guided by single-cell transcriptomic analysis in drug-induced hypersensitivity syndrome: A case report. Nat. Med. 2020,
26, 236-243. [CrossRef] [PubMed]

Poddubskaya, E.; Bondarenko, A.; Boroda, A.; Zotova, E.; Glusker, A ; Sletina, S.; Makovskaia, L.; Kopylov, P.; Sekacheva, M.;
Moisseev, A.; et al. Transcriptomics-guided personalized prescription of targeted therapeutics for metastatic ALK-positive lung
cancer case following recurrence on ALK inhibitors. Front. Oncol. 2019, 9, 1026. [CrossRef] [PubMed]

Wetterstrand, K.A. DNA Sequencing Costs: Data from the NHGRI Genome Sequencing Program (GSP), National Human Genome
Research Institute. 2020. Available online: www.genome.gov/sequencingcostsdata (accessed on 14 February 2021).

Moore, G.M. Cramming more components onto integrated circuits with unit cost. Electronics 1965, 38, 114.

Culemann, S.; Griineboom, A.; Nicolds-Avila, J.; Weidner, D.; Laimmle, K.F,; Rothe, T.; Quintana, J.A.; Kirchner, P.; Krljanac, B.;
Eberhardt, M.; et al. Locally renewing resident synovial macrophages provide a protective barrier for the joint. Nature 2019, 572,
670-675. [CrossRef]

Buckley, C.D.; Ospelt, C.; Gay, S.; Midwood, K.S. Location, location, location: How the tissue microenvironment affects
inflammation in RA. Nat. Rev. Rheumatol. 2021, 17, 195-212. [CrossRef]

Eng, C.L.; Lawson, M.; Zhu, Q.; Dries, R.; Koulena, N.; Takei, Y.; Yun, J.; Cronin, C.; Karp, C.; Yuan, G.C,; et al. Transcriptome-scale
super-resolved imaging in tissues by RNA seqFISH. Nature 2019, 568, 235-239. [CrossRef]

Stickels, R.R.; Murray, E.; Kumar, P; Li, J.; Marshall, J.L.; Di Bella, D.J.; Arlotta, P.; Macosko, E.Z.; Chen, F. Highly sensitive spatial
transcriptomics at near-cellular resolution with Slide-seqV2. Nat. Biotechnol. 2020, 39, 313-319. [CrossRef]

Cho, C.-S;; Xi, J; Si, Y.; Park, S.-R.; Hsu, J.-E.; Kim, M.; Jun, G.; Kang, H.M.; Lee, ].H. Microscopic examination of spatial
transcriptome using Seq-Scope. Cell 2021, 184, 3559-3572. [CrossRef]

Liu, Y,; Yang, M.; Deng, Y.; Su, G.; Enninful, A.; Guo, C.C.; Tebaldi, T.; Zhang, D.; Kim, D.; Bai, Z.; et al. Spatial-resolution
multi-omics sequencing via deterministic barcoding in tissue. Cell 2020, 183, 1665-1681. [CrossRef]

Carlberg, K.; Korotkova, M.; Larsson, L.; Catrina, A.L; Stahl, PL.; Malmstrom, V. Exploring inflammatory signatures in arthritic
joint biopsies with Spatial Transcriptomics. Sci. Rep. 2019, 9, 18975. [CrossRef]

Rzagalinski, I.; Volmer, D.A. Quantification of low molecular weight compounds by MALDI imaging mass spectrometry—A
tutorial review. Biochim. Biophys. Acta Proteins Proteom. 2017, 1865, 726-739. [CrossRef]

Specht, H.; Emmott, E.; Petelski, A.A.; Huffman, R.G.; Perlman, D.H.; Serra, M.; Kharchenko, P; Koller, A.; Slavov, N. Single-cell
proteomic and transcriptomic analysis of macrophage heterogeneity using SCoPE2. Genome Biol. 2021, 22, 50. [CrossRef]
[PubMed]

Zollinger, D.R;; Lingle, S.E.; Sorg, K.; Beechem, ].M.; Merritt, C.R. GeoMx™ RNA Assay: High multiplex, digital, spatial analysis
of RNA in FFPE tissue. Methods Mol. Biol. 2002, 2148, 331-345.

Krieg, C.; Nowicka, M.; Guglietta, S.; Schindler, S.; Hartmann, EJ.; Weber, L.M.; Dummer, R.; Robinson, M.D.; Levesque, M.P.;
Becher, B. High-dimensional single-cell analysis predicts response to anti-PD-1 immunotherapy. Nat. Med. 2018, 24, 144-153.
[CrossRef]

Penkava, F; Velasco-Herrera, M.D.C.; Young, M.D.; Yager, N.; Nwosu, L.N.; Pratt, A.G.; Lara, A.L.; Guzzo, C.; Maroof, A;
Mamanova, L.; et al. Single-cell sequencing reveals clonal expansions of pro-inflammatory synovial CD8 T cells expressing
tissue-homing receptors in psoriatic arthritis. Nat. Commun. 2020, 11, 4767. [CrossRef] [PubMed]

Koba, W.; Jelicks, L.A.; Fine, E.J. MicroPET/SPECT/CT imaging of small animal models of disease. Am. J. Pathol. 2013, 182,
319-324. [CrossRef] [PubMed]

Conchello, J.A.; Lichtman, ].W. Optical sectioning microscopy. Nat. Methods 2005, 2, 920-931. [CrossRef] [PubMed]
Schermelleh, L.; Heintzmann, R.; Leonhardt, H. A guide to super-resolution fluorescence microscopy. J. Cell. Biol. 2010, 190,
165-175. [CrossRef] [PubMed]

Legartova, S.; Suchankova, J.; Krejéi, J.; Kovatfikova, A.; Bartova, E. Advanced confocal microscopy techniques to study protein-
protein interactions and kinetics at DNA lesions. J. Vis. Exp. 2017, 129, 55999. [CrossRef]

Michel, L.; Grasmuck, C.; Charabati, M.; Lécuyer, M.A.; Zandee, S.; Dhaeze, T.; Alvarez, ].I; Li, R.; Larouche, S.; Bour-
bonniere, L.; et al. Activated leukocyte cell adhesion molecule regulates B lymphocyte migration across central nervous system
barriers. Sci. Transl. Med. 2019, 11, eaaw0475. [CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(20)32341-2
http://doi.org/10.1038/nmeth.1315
http://www.ncbi.nlm.nih.gov/pubmed/19349980
http://doi.org/10.1016/j.molcel.2017.01.023
http://doi.org/10.1016/j.jgg.2014.09.005
http://doi.org/10.3390/ijms19030807
http://www.ncbi.nlm.nih.gov/pubmed/29534489
http://doi.org/10.1016/j.molcel.2018.10.020
http://doi.org/10.1038/s41591-019-0733-7
http://www.ncbi.nlm.nih.gov/pubmed/31959990
http://doi.org/10.3389/fonc.2019.01026
http://www.ncbi.nlm.nih.gov/pubmed/31681574
www.genome.gov/sequencingcostsdata
http://doi.org/10.1038/s41586-019-1471-1
http://doi.org/10.1038/s41584-020-00570-2
http://doi.org/10.1038/s41586-019-1049-y
http://doi.org/10.1038/s41587-020-0739-1
http://doi.org/10.1016/j.cell.2021.05.010
http://doi.org/10.1016/j.cell.2020.10.026
http://doi.org/10.1038/s41598-019-55441-y
http://doi.org/10.1016/j.bbapap.2016.12.011
http://doi.org/10.1186/s13059-021-02267-5
http://www.ncbi.nlm.nih.gov/pubmed/33504367
http://doi.org/10.1038/nm.4466
http://doi.org/10.1038/s41467-020-18513-6
http://www.ncbi.nlm.nih.gov/pubmed/32958743
http://doi.org/10.1016/j.ajpath.2012.09.025
http://www.ncbi.nlm.nih.gov/pubmed/23219729
http://doi.org/10.1038/nmeth815
http://www.ncbi.nlm.nih.gov/pubmed/16299477
http://doi.org/10.1083/jcb.201002018
http://www.ncbi.nlm.nih.gov/pubmed/20643879
http://doi.org/10.3791/55999
http://doi.org/10.1126/scitranslmed.aaw0475
http://www.ncbi.nlm.nih.gov/pubmed/31723036

Int. J. Mol. Sci. 2021, 22, 7506 14 of 16

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.
64.
65.
66.
67.
68.
69.
70.
71.

72.

Stoll, S.; Delon, J.; Brotz, T.M.; Germain, R.N. Dynamic imaging of T cell-dendritic cell interactions in lymph nodes. Science 2002,
296, 1873-1876. [CrossRef]

Shin, J.U.; Abaci, H.E.; Herron, L.; Guo, Z.; Sallee, B.; Pappalardo, A.; Jackow, J.; Wang, E.H.C.; Doucet, Y.; Christiano, A.M.
Recapitulating T cell infiltration in 3D psoriatic skin models for patient-specific drug testing. Sci. Rep. 2020, 10, 4123. [CrossRef]
[PubMed]

Mohan, J.F,; Kohler, R.H.; Hill, J.A.; Weissleder, R.; Mathis, D.; Benoist, C. Imaging the emergence and natural progression of
spontaneous autoimmune diabetes. Proc. Natl. Acad. Sci. USA 2017, 114, E7776-E7785. [CrossRef]

Cahalan, M.D.; Parker, I.; Wei, S.H.; Miller, M.]. Two-photon tissue imaging: Seeing the immune system in a fresh light. Nat. Rev.
Immunol. 2002, 2, 872-880. [CrossRef] [PubMed]

Hyun, Y.M.; Choe, Y.H.; Park, S.A.; Kim, M. LFA-1 (CD11a/CD18) and Mac-1 (CD11b/CD18) distinctly regulate neutrophil
extravasation through hotspots I and II. Exp. Mol. Med. 2019, 51, 1-13. [CrossRef] [PubMed]

Gold, R;; Linington, C.; Lassmann, H. Understanding pathogenesis and therapy of multiple sclerosis via animal models: 70 years
of merits and culprits in experimental autoimmune encephalomyelitis research. Brain 2006, 129, 1953-1971. [CrossRef] [PubMed]
Marangoni, F.; Murooka, T.T.; Manzo, T.; Kim, E.Y.; Carrizosa, E.; Elpek, N.M.; Mempel, T.R. The transcription factor NFAT
exhibits signal memory during serial T cell interactions with antigen-presenting cells. Immunity 2013, 38, 237-249. [CrossRef]
Bartholomaius, I.; Kawakami, N.; Odoardi, E; Schldger, C.; Miljkovic, D.; Ellwart, ].W.; Klinkert, W.E.; Fliigel-Koch, C.; Issekutz,
T.B.; Wekerle, H.; et al. Effector T cell interactions with meningeal vascular structures in nascent autoimmune CNS lesions. Nature
2009, 462, 94-98. [CrossRef]

Horton, N.G.; Wang, K.; Kobat, D.; Clark, C.G.; Wise, EW.; Schaffer, C.B.; Xu, C. In vivo three-photon microscopy of subcortical
structures within an intact mouse brain. Nat. Photonics 2013, 7, 205-209. [CrossRef]

Klioutchnikov, A.; Wallace, D.J.; Frosz, M.H.; Zeltner, R.; Sawinski, J.; Pawlak, V.; Voit, K.M.; Russell, P.S.].; Kerr, J.N.D. Three-
photon head-mounted microscope for imaging deep cortical layers in freely moving rats. Nat. Methods 2020, 17, 509-513.
[CrossRef]

Friedl, P.; Wolf, K.; von Andrian, U.H.; Harms, G. Biological second and third harmonic generation microscopy. Curr. Protoc. Cell.
Biol. 2007, 34, 4-15. [CrossRef]

Weigelin, B.; Bakker, G.J.; Friedl, P. Intravital third harmonic generation microscopy of collective melanoma cell invasion:
Principles of interface guidance and microvesicle dynamics. Intravital 2012, 1, 32-43. [CrossRef]

Sorokin, L. The impact of the extracellular matrix on inflammation. Nat. Rev. Immunol. 2010, 10, 712-723. [CrossRef]
Siedentopf, H.; Zsigmondy, R. Uber Sichtbarmachung und Groflenbestimmung ultramikoskopischer Teilchen, mit besonderer
Anwendung auf Goldrubinglaser. Annalen Physik. 1902, 315, 1-39. [CrossRef]

Huisken, J.; Stainier, D.Y. Selective plane illumination microscopy techniques in developmental biology. Development 2009, 136,
1963-1975. [CrossRef] [PubMed]

Tomer, R.; Ye, L.; Hsueh, B.; Deisseroth, K. Advanced CLARITY for rapid and high-resolution imaging of intact tissues. Nat.
Protoc. 2014, 9, 1682-1697. [CrossRef] [PubMed]

Ueda, H.R.; Dodt, H.U,; Osten, P.; Economo, M.N.; Chandrashekar, J.; Keller, P.J. Whole-brain profiling of cells and circuits in
mammals by tissue clearing and light-sheet microscopy. Neuron 2002, 106, 369-387. [CrossRef] [PubMed]

Griineboom, A.; Hawwari, I.; Weidner, D.; Culemann, S.; Miiller, S.; Henneberg, S.; Brenzel, A.; Merz, S.; Bornemann, L.; Zec,
K.; et al. A network of trans-cortical capillaries as mainstay for blood circulation in long bones. Nat. Metab. 2019, 1, 236-250.
[CrossRef] [PubMed]

Cai, R.; Pan, C.; Ghasemigharagoz, A.; Todorov, M.L; Forstera, B.; Zhao, S.; Bhatia, H.S.; Parra-Damas, A.; Mrowka, L.; Theodorou,
D.; et al. Panoptic imaging of transparent mice reveals whole-body neuronal projections and skull-meninges connections. Nat.
Neurosci. 2019, 22, 317-327. [CrossRef]

Zhao, S.; Todorov, M.I; Cai, R.; Maskari, R.A.; Steinke, H.; Kemter, E.; Mai, H.; Rong, Z.; Warmer, M.; Stanic, K.; et al. Cellular and
molecular probing of intact human organs. Cell 2020, 180, 796-812. [CrossRef]

Belle, M.; Godefroy, D.; Couly, G.; Malone, S.A.; Collier, F.; Giacobini, P.; Chédotal, A. Tridimensional visualization and analysis
of early human development. Cell 2017, 169, 161-173. [CrossRef] [PubMed]

Uderhardyt, S.; Martins, A.J.; Tsang, ].S.; Limmermann, T.; Germain, R.N. Resident macrophages cloak tissue microlesions to
prevent neutrophil-driven inflammatory damage. Cell 2019, 177, 541-555. [CrossRef] [PubMed]

Hell, SW.; Wichmann, J. Breaking the diffraction resolution limit by stimulated emission: Stimulated-emission-depletion
fluorescence microscopy. Opt. Lett. 1994, 19, 780-782. [CrossRef] [PubMed]

Klar, T.A.; Hell, S.W. Subdiffraction resolution in far-field fluorescence microscopy. Opt. Lett. 1999, 24, 954-956. [CrossRef]
Heintzmann, R.; Huser, T. Super-Resolution Structured Illumination Microscopy. Chem. Rev. 2017, 117, 13890-13908. [CrossRef]
Hell, S.W. Far-field optical nanoscopy. Science 2017, 316, 1153-1158. [CrossRef]

Gustafsson, M.G. Nonlinear structured-illumination microscopy: Wide-field fluorescence imaging with theoretically unlimited
resolution. Proc. Natl. Acad. Sci. USA 2005, 102, 13081-13086. [CrossRef]

Rust, M.].; Bates, M.; Zhuang, X. Sub-diffraction-limit imaging by stochastic optical reconstruction microscopy (STORM). Nat.
Methods 2006, 3, 793-795. [CrossRef]

Betzig, E.; Patterson, G.H.; Sougrat, R.; Lindwasser, O.W.; Olenych, S.; Bonifacino, J.S.; Davidson, M.W.; Lippincott-Schwartz, J.;
Hess, H.F. Imaging intracellular fluorescent proteins at nanometer resolution. Science 2006, 313, 1642-1645. [CrossRef] [PubMed]


http://doi.org/10.1126/science.1071065
http://doi.org/10.1038/s41598-020-60275-0
http://www.ncbi.nlm.nih.gov/pubmed/32139717
http://doi.org/10.1073/pnas.1707381114
http://doi.org/10.1038/nri935
http://www.ncbi.nlm.nih.gov/pubmed/12415310
http://doi.org/10.1038/s12276-019-0227-1
http://www.ncbi.nlm.nih.gov/pubmed/30967528
http://doi.org/10.1093/brain/awl075
http://www.ncbi.nlm.nih.gov/pubmed/16632554
http://doi.org/10.1016/j.immuni.2012.09.012
http://doi.org/10.1038/nature08478
http://doi.org/10.1038/nphoton.2012.336
http://doi.org/10.1038/s41592-020-0817-9
http://doi.org/10.1002/0471143030.cb0415s34
http://doi.org/10.4161/intv.21223
http://doi.org/10.1038/nri2852
http://doi.org/10.1002/andp.19023150102
http://doi.org/10.1242/dev.022426
http://www.ncbi.nlm.nih.gov/pubmed/19465594
http://doi.org/10.1038/nprot.2014.123
http://www.ncbi.nlm.nih.gov/pubmed/24945384
http://doi.org/10.1016/j.neuron.2020.03.004
http://www.ncbi.nlm.nih.gov/pubmed/32380050
http://doi.org/10.1038/s42255-018-0016-5
http://www.ncbi.nlm.nih.gov/pubmed/31620676
http://doi.org/10.1038/s41593-018-0301-3
http://doi.org/10.1016/j.cell.2020.01.030
http://doi.org/10.1016/j.cell.2017.03.008
http://www.ncbi.nlm.nih.gov/pubmed/28340341
http://doi.org/10.1016/j.cell.2019.02.028
http://www.ncbi.nlm.nih.gov/pubmed/30955887
http://doi.org/10.1364/OL.19.000780
http://www.ncbi.nlm.nih.gov/pubmed/19844443
http://doi.org/10.1364/OL.24.000954
http://doi.org/10.1021/acs.chemrev.7b00218
http://doi.org/10.1126/science.1137395
http://doi.org/10.1073/pnas.0406877102
http://doi.org/10.1038/nmeth929
http://doi.org/10.1126/science.1127344
http://www.ncbi.nlm.nih.gov/pubmed/16902090

Int. J. Mol. Sci. 2021, 22, 7506 15 of 16

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Hess, S.T.; Girirajan, T.P.; Mason, M.D. Ultra-high resolution imaging by fluorescence photoactivation localization microscopy.
Biophys. ]. 2006, 91, 4258-4272. [CrossRef]

Irvine, D.J.; Purbhoo, M.A.; Krogsgaard, M.; Davis, M.M. Direct observation of ligand recognition by T cells. Nature 2002, 419,
845-849. [CrossRef]

Hu, Y.S.; Cang, H.; Lillemeier, B.F. Superresolution imaging reveals nanometer- and micrometer-scale spatial distributions of
T-cell receptors in lymph nodes. Proc. Natl. Acad. Sci. USA 2016, 113, 7201-7206. [CrossRef] [PubMed]

McDonald, M.P,; Gemeinhardt, A.; Konig, K.; Piliarik, M.; Schaffer, S.; Volkl, S.; Aigner, M.; Mackensen, A.; Sandoghdar, V.
Visualizing single-cell secretion dynamics with single-protein sensitivity. Nano. Lett. 2018, 18, 513-519. [CrossRef] [PubMed]
Prevedel, R.; Diz-Mufioz, A.; Ruocco, G.; Antonacci, G. Brillouin microscopy: An emerging tool for mechanobiology. Nat. Methods
2019, 16, 969-977. [CrossRef]

Gargis, A.S.; Kalman, L.; Berry, M.W.; Bick, D.P.; Dimmock, D.P.; Hambuch, T.; Lu, F; Lyon, E.; Voelkerding, K.V.; Zehnbauer,
B.A,; et al. Assuring the quality of next-generation sequencing in clinical laboratory practice. Nat. Biotechnol. 2012, 30, 1033-1036.
[CrossRef]

Hoen, P.A; Friedlander, M.R.; Almlof, J.; Sammeth, M.; Pulyakhina, I.; Anvar, S.Y.; Laros, ].F.; Buermans, H.P,; Karlberg, O.;
Brannvall, M.; et al. Reproducibility of high-throughput mRNA and small RNA sequencing across laboratories. Nat. Biotechnol.
2013, 31, 1015-1022. [CrossRef] [PubMed]

Byron, S.A.; Van Keuren-Jensen, K.R.; Engelthaler, D.M.; Carpten, ].D.; Craig, D.W. Translating RNA sequencing into clinical
diagnostics: Opportunities and challenges. Nat. Rev. Genet. 2016, 17, 257-271. [CrossRef] [PubMed]

Brandao, M.; Pondé, N.; Piccart-Gebhart, M. Mammaprint™: A comprehensive review. Future Oncol. 2019, 15, 207-224. [CrossRef]
Kirschner, M.W. The meaning of systems biology. Cell 2005, 121, 503-504. [CrossRef]

Kitano, H. Systems biology: A brief overview. Science 2002, 295, 1662-1664. [CrossRef]

Hood, L.; Heath, ].R.; Phelps, M.E.; Lin, B. Systems biology and new technologies enable predictive and preventative medicine.
Science 2004, 306, 640-643. [CrossRef] [PubMed]

Wang, R.S.; Maron, B.A.; Loscalzo, ]. Systems medicine: Evolution of systems biology from bench to bedside. Wiley Interdiscip.
Rev. Syst. Biol. Med. 2015, 7, 141-161. [CrossRef] [PubMed]

Schleidgen, S.; Fernau, S.; Fleischer, H.; Schickhardt, C.; Ofia, A.K.; Winkler, E.C. Applying systems biology to biomedical research
and health care: A précising definition of systems medicine. BMC Health Serv. Res. 2017, 17, 761. [CrossRef]

Kreeger, PK.; Lauffenburger, D.A. Cancer systems biology: A network modeling perspective. Carcinogenesis 2010, 31, 2-8.
[CrossRef]

Germain, R.N.; Meier-Schellersheim, M.; Nita-Lazar, A.; Fraser, I.D. Systems biology in immunology: A computational modeling
perspective. Annu. Rev. Immunol. 2011, 29, 527-585. [CrossRef] [PubMed]

Davis, M.M.; Tato, C.M.; Furman, D. Systems immunology: Just getting started. Nat. Immunol. 2017, 18, 725-732. [CrossRef]
[PubMed]

Arkin, A.P; Cottingham, RW.; Henry, C.S.; Harris, N.L.; Stevens, R.L.; Maslov, S.; Dehal, P.; Ware, D.; Perez, F.; Canon, S.; et al.
KBase: The United States department of energy systems biology knowledgebase. Nat. Biotechnol. 2018, 36, 566-569. [CrossRef]
Szostak, J.; Ansari, S.; Madan, S.; Fluck, J.; Talikka, M.; Iskandar, A.; De Leon, H.; Hofmann-Apitius, M.; Peitsch, M.C.; Hoeng, J.
Construction of biological networks from unstructured information based on a semi-automated curation workflow. Database
2015, 2015, bav057. [CrossRef]

Gehlenborg, N.; O'Donoghue, S.I; Baliga, N.S.; Goesmann, A.; Hibbs, M.A.; Kitano, H.; Kohlbacher, O.; Neuweger, H.; Schneider,
R.; Tenenbaum, D.; et al. Visualization of omics data for systems biology. Nat. Methods 2010, 7, S56-568. [CrossRef]

Costanzo, M.; Baryshnikova, A.; Bellay, J.; Kim, Y.; Spear, E.D.; Sevier, C.S.; Ding, H.; Koh, J.L.; Toufighi, K.; Mostafavi, S.; et al.
The genetic landscape of a cell. Science 2010, 327, 425-431. [CrossRef]

Livigni, A.; O'Hara, L.; Polak, M.E.; Angus, T.; Wright, D.W.; Smith, L.B.; Freeman, T.C. A graphical and computational modeling
platform for biological pathways. Nat. Protoc. 2018, 13, 705-722. [CrossRef]

Tyson, ].J.; Chen, K.; Novak, B. Network dynamics and cell physiology. Nat. Rev. Mol. Cell. Biol. 2001, 2, 908-916. [CrossRef]
Wentker, P.; Eberhardt, M.; Dreyer, ES.; Bertrams, W.; Cantone, M.; Griss, K.; Schmeck, B.; Vera, J. An interactive macrophage
signal transduction map facilitates comparative analyses of high-throughput data. J. Immunol. 2017, 198, 2191-2201. [CrossRef]
[PubMed]

Tuller, T.; Atar, S.; Ruppin, E.; Gurevich, M.; Achiron, A. Common and specific signatures of gene expression and protein-protein
interactions in autoimmune diseases. Genes Immun. 2013, 14, 67-82. [CrossRef]

Singh, V.; Kalliolias, G.D.; Ostaszewski, M.; Veyssiere, M.; Pilalis, E.; Gawron, P.; Mazein, A.; Bonnet, E.; Petit-Teixeira, E.;
Niarakis, A. RA-map: Building a state-of-the-art interactive knowledge base for rheumatoid arthritis. Database 2020, 2020,
baaa017. [CrossRef]

Karczewski, K.J.; Snyder, M.P. Integrative omics for health and disease. Nat. Rev. Genet. 2018, 19, 299-310. [CrossRef] [PubMed]
Moreau, Y.; Tranchevent, L.C. Computational tools for prioritizing candidate genes: Boosting disease gene discovery. Nat. Rev.
Genet. 2012, 13, 523-536. [CrossRef] [PubMed]

Ryan, C.J.; Cimermancéi¢, P; Szpiech, Z.A.; Sali, A.; Hernandez, R.D.; Krogan, N.J. High-resolution network biology: Connecting
sequence with function. Nat. Rev. Genet. 2013, 14, 865-879. [CrossRef] [PubMed]


http://doi.org/10.1529/biophysj.106.091116
http://doi.org/10.1038/nature01076
http://doi.org/10.1073/pnas.1512331113
http://www.ncbi.nlm.nih.gov/pubmed/27303041
http://doi.org/10.1021/acs.nanolett.7b04494
http://www.ncbi.nlm.nih.gov/pubmed/29227108
http://doi.org/10.1038/s41592-019-0543-3
http://doi.org/10.1038/nbt.2403
http://doi.org/10.1038/nbt.2702
http://www.ncbi.nlm.nih.gov/pubmed/24037425
http://doi.org/10.1038/nrg.2016.10
http://www.ncbi.nlm.nih.gov/pubmed/26996076
http://doi.org/10.2217/fon-2018-0221
http://doi.org/10.1016/j.cell.2005.05.005
http://doi.org/10.1126/science.1069492
http://doi.org/10.1126/science.1104635
http://www.ncbi.nlm.nih.gov/pubmed/15499008
http://doi.org/10.1002/wsbm.1297
http://www.ncbi.nlm.nih.gov/pubmed/25891169
http://doi.org/10.1186/s12913-017-2688-z
http://doi.org/10.1093/carcin/bgp261
http://doi.org/10.1146/annurev-immunol-030409-101317
http://www.ncbi.nlm.nih.gov/pubmed/21219182
http://doi.org/10.1038/ni.3768
http://www.ncbi.nlm.nih.gov/pubmed/28632713
http://doi.org/10.1038/nbt.4163
http://doi.org/10.1093/database/bav057
http://doi.org/10.1038/nmeth.1436
http://doi.org/10.1126/science.1180823
http://doi.org/10.1038/nprot.2017.144
http://doi.org/10.1038/35103078
http://doi.org/10.4049/jimmunol.1502513
http://www.ncbi.nlm.nih.gov/pubmed/28137890
http://doi.org/10.1038/gene.2012.55
http://doi.org/10.1093/database/baaa017
http://doi.org/10.1038/nrg.2018.4
http://www.ncbi.nlm.nih.gov/pubmed/29479082
http://doi.org/10.1038/nrg3253
http://www.ncbi.nlm.nih.gov/pubmed/22751426
http://doi.org/10.1038/nrg3574
http://www.ncbi.nlm.nih.gov/pubmed/24197012

Int. J. Mol. Sci. 2021, 22, 7506 16 of 16

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Mitra, K.; Carvunis, A.R.; Ramesh, S.K.; Ideker, T. Integrative approaches for finding modular structure in biological networks.
Nat. Rev. Genet. 2013, 14, 719-732. [CrossRef]

Cowen, L.; Ideker, T.; Raphael, B.J.; Sharan, R. Network propagation: A universal amplifier of genetic associations. Nat. Rev.
Genet. 2017, 18, 551-562. [CrossRef]

Fromer, M.; Roussos, P; Sieberts, S.K.; Johnson, ].S.; Kavanagh, D.H.; Perumal, T.M.; Ruderfer, D.M.; Oh, E.C.; Topol, A.; Shah,
H.R,; et al. Gene expression elucidates functional impact of polygenic risk for schizophrenia. Nat. Neurosci. 2016, 19, 1442-1453.
[CrossRef] [PubMed]

Craig, D.W.; O’Shaughnessy, J.A.; Kiefer, ].A.; Aldrich, J.; Sinariet, S. Genome and transcriptome sequencing in prospective
metastatic triple-negative breast cancer uncovers therapeutic vulnerabilities. Mol. Cancer Ther. 2013, 12, 104-116. [CrossRef]
Borad, M.].; Champion, M.D.; Egan, ].B.; Liang, W.S.; Fonseca, R.; Bryce, A.H.; McCullough, A.E.; Barrett, M.T.; Hunt, K,; Patel,
M.D.; et al. WiIntegrated genomic characterization reveals novel, therapeutically relevant drug targets in FGFR and EGFR
pathways in sporadic intrahepatic cholangiocarcinoma. PLoS Genet. 2014, 10, €1004135. [CrossRef]

Maier, A.K.; Syben, C.; Stimpel, B.; Wiirfl, T.; Hoffmann, M.; Schebesch, E.; Fu, W.; Mill, L.; Kling, L.; Christiansen, S. Learning
with known operators reduces maximum training error bounds. Nat. Mach. Intell. 2019, 1, 373-380. [CrossRef] [PubMed]
Bengio, Y.; Courville, A.; Vincent, P. Representation learning: A review and new perspectives. IEEE Trans. Pattern Anal. Mach.
Intell. 2013, 35, 1798-1828. [CrossRef] [PubMed]

Ranard, B.L.; Ha, Y.P; Meisel, Z.F; Asch, D.A,; Hill, S.S.; Becker, L.B.; Seymour, A K.; Merchant, R.M. Crowdsourcing-harnessing
the masses to advance health and medicine, a systematic review. | Gen. Intern. Med. 2014, 29, 187-203. [CrossRef]

Regev, A.; Teichmann, S.A.; Lander, E.S.; Amit, I.; Benoist, C.; Birney, E.; Bodenmiller, B.; Campbell, P.; Carninci, P.; Clatworthy,
M.; et al. The human cell atlas. eLife 2017, 6, e27041. [CrossRef]

Rood, J.E.; Stuart, T.; Ghazanfar, S.; Biancalani, T.; Fisher, E.; Butler, A.; Hupalowska, A.; Gaffney, L.; Mauck, W.; Eraslan, G.; et al.
Toward a common coordinate framework for the human body. Cell 2019, 179, 1455-1467. [CrossRef] [PubMed]


http://doi.org/10.1038/nrg3552
http://doi.org/10.1038/nrg.2017.38
http://doi.org/10.1038/nn.4399
http://www.ncbi.nlm.nih.gov/pubmed/27668389
http://doi.org/10.1158/1535-7163.MCT-12-0781
http://doi.org/10.1371/journal.pgen.1004135
http://doi.org/10.1038/s42256-019-0077-5
http://www.ncbi.nlm.nih.gov/pubmed/31406960
http://doi.org/10.1109/TPAMI.2013.50
http://www.ncbi.nlm.nih.gov/pubmed/23787338
http://doi.org/10.1007/s11606-013-2536-8
http://doi.org/10.7554/eLife.27041
http://doi.org/10.1016/j.cell.2019.11.019
http://www.ncbi.nlm.nih.gov/pubmed/31835027

	Introduction 
	On the Path of Single-Cell Omics 
	Single-Cell RNA Sequencing (scRNA-Seq) 
	Spatial Sequencing 
	On the Road of Single-Cell Proteomics 
	New-Generation Microscopy 
	Confocal Laser Scanning Microscopy (CLSM) 
	Multi-Photon Laser Scanning Microscopy (MPLSM) 
	Light-Sheet Fluorescence Microscopy (LSFM) 
	Super-Resolution Microscopy (SRM) 
	Limitations in the Direct Translation of Omics Data into Clinical Use 

	Systems Biology Approach to Mine through Complex Omics Data 
	Perspectives to Take Advantages of OMICs Technologies in Daily Clinical Practice 
	References

