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Integrative multi-omics approaches
to explore immune cell functions:
Challenges and opportunities
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SUMMARY

As modern biological sciences evolve from investigation of individual molecules
and pathways to growing emphasis on global and systems-based processes,
increasing efforts have focused on combining the study of genomics with that
of the other omics technologies, including epigenomics, transcriptomics, quanti-
tative proteomics, global analyses of post-translational modifications (PTMs) and
metabolomics, to characterize specific biological or pathological processes. In
addition, emerging genome-wide functional screening technologies further
help researchers identify key regulators of immune functions. Derived from these
multi-omics technologies, single cell sequencing analysis on multiple layers offers
an overview of intra-tissue or intra-organ immune cell heterogeneity. In this
review, we summarize advances in multi-omics tools to explore immune cell func-
tions and applications of these multi-omics approaches in the analysis of clinical
immune disorders, aiming to provide an outlook on the potential opportunities
and challenges that these technologies pose in future investigation in the field
of immunology.

INTRODUCTION

When attacked by pathogens, the immune system orchestrates comprehensive responses including
activation of and communication between a diverse series of immune cells. As part of these processes, im-
mune cells undergo active periods of transcription and translation which are strictly and precisely regulated
to produce effector molecules including antibodies and cytokines. Therefore, the characterization of each
process and their associated products (Figure 1) is indispensable for exploring the functions of immune
cells and unraveling the underlying mechanisms in immune system responses.

Although genomics opened the door to descriptions of genome-wide alterations, the ‘omics’ revolution
allows for global and comprehensive descriptions of cellular states that extend beyond the linear DNA
sequences. Omics is the analysis of a large quantity of data representing the whole set of molecules that
make up the cells of an organism, including genes, proteins, lipids, and metabolites. Omics technologies
that usually comprise genomics, epigenomics, transcriptomics, proteomics and metabolomics analyses
permit interrogation of molecules from different regulatory levels and with both temporal and spatial
resolution of biological activities in cells. The integration of these multi-parameter technologies, known
as "multi-omics”, unveils not only the information of single regulatory layer but also the interwoven
relationships between layers, enabling researchers to establish multi-dimensional molecular landscapes
and elucidate the flow of information, from the original cause to the functional consequences or relevant

interactions.'"?

¢? CellPress

OPEN ACCESS

'Department of Obstetrics
and Gynecology, Key
Laboratory of Birth Defects
and Related Diseases of
Women and Children of MOE
and State Key Laboratory of
Biotherapy, West China
Second Hospital, Sichuan
University and Collaborative
Innovation Center, Chengdu,
P.R. China

?Department of Pathology,
Case Western Reserve
University, Cleveland, OH,

USA
3 )
Multi-omics tools have been increasingly used to reveal relevant signaling networks in immune cells. For emjvuthors contributed
instance, Tan et al.® used two-dimensional liquid chromatography-tandem mass spectrometry *C )
orrespondence:
(LC/LC-MS/MS) and multiplexed tandem-mass-tag (TMT) and quantified 8,431 proteins and 13,755 ryangimple@gmail.com
phospho-peptides in total. By integrating proteomics and phosphoproteomics data, they uncovered the RCG),
. . . . . . shengtaozhou@scu.edu.cn
signaling and bioenergetics pathway underlying T cell activation. Development of systems-based (5.2)
approaches to integrate data from large-scale omics also facilitates understanding of the immune cell hitps://doi.org/10.1016/} isci.
functions. Bakker et al.” developed a comprehensive systems biology approach and explored the influence 2023.106359
m o .
gt iScience 26, 106359, April 21, 2023 © 2023 The Authors. 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:ryangimple@gmail.com
mailto:shengtaozhou@scu.edu.cn
https://doi.org/10.1016/j.isci.2023.106359
https://doi.org/10.1016/j.isci.2023.106359
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106359&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

iScience

Translatomics
-Ribosome profiling

Translating mRNAs

Regulatory mRNAs
RNAs

Targeted molecules Multi-omics Typical approaches
Genomics Epigenomics
-Whole genome-seq -ATAC-seq
Q -Whole exome-seq -ChIP-seq
A -Immunochip -DNase-seq
' o . Q -scDNA-seq -3D genome technologies
DNA set: : oD Q H G wide functional g
sets T — v H -CRISPR-based fi ional ic screening technology
e
A
O H LD
I oy
T Vot Transcriptomics Spatial transcriptomics
) AL T Tt -Bulk RNA-seq -Microdissection
- — . O ; 4 -scRNA-seq -In situ hybridization
P [E— f 7 -snRNA-seq -In situ sequencing
N— h -SLAM-seq -In situ capturing

l

Proteomics and PTMs

&=

AP

-Immunoassay
&
4/\3 &) é/' -MS-based approaches
: -CyTOF
Dot [A"“b -scTCR-seq
Polypeptides Protei Protein modifications . 5 o ; s -scBCR-seq
oteins ' ! : : '
. / . o
I <
G : SR
' ! . ¥
h ; H g
A ! : ' Metabolomics
y -MS
MIDOIDIN -MS-based approaches
Fatty acids Carbohyd leotid

Metabolites

Figure 1. Summary of the key molecules and associated approaches involved in each regulatory layer

The process of information flowing from DNA to metabolites includes four parts and is placed in the Targeted molecules section. Typical approaches are
divided into four levels according to different targeted molecules. Each group of molecules with similar chemical properties stands for one ‘omic’ layer,
which constitutes multi-omics by connecting each other. scDNA-seq, single cell DNA sequencing; ATAC-seq, transposase-accessible chromatin
sequencing; ChlP-seq, chromatin immunoprecipitation-sequencing; scRNA-seq, single cell RNA sequencing; snRNA-seq, single-nuclei RNA sequencing;
SLAM-seq, thiol (SH)-linked alkylation for the metabolic sequencing of RNA; MS, massspectrometry; CyTOF, cytometry by time-of-flight; scTCR-seq, single

cell T-cell receptor sequencing; scBCR-seq, single cell B-cell receptor sequencing; PTMs, post-translational modifications.

of genetic and nongenetic host factors on the cytokine response by combining the data from large-scale
genome, metagenome and metabolome studies with other baseline immunological parameters like the
immune cell composition and hormone levels of each person involved.

Apart from the multi-omics approaches, the maturation of genome-wide functional screening technologies
further provides researchers with potent tools to identify key regulators of immune functions. For example,
genome-wide pooled CRISPR screens can be used to identify regulators of the T-cell receptor (TCR)
responses.” Complementing these multi-omics technologies, single cell sequencing analysis across
multiple regulatory dimensions further offers an overview of the intra-tissue heterogeneity of those immune
cells and is instrumental for identification of new subsets of immune cells that await functional characterization.
Among the single cell sequencing analysis, single-cell MRNA sequencing has been used most widely in the
field of immunology. Beyond identifying new subsets of immune cells, Schelker et al. created cell type-specific
and indication-specific reference gene expression profiles by analyzing tumor-derived single-cell RNA
sequencing data which could help with the estimation of immune cell content in a variety of tumors.®

Herein, our review is divided into three parts. First, we briefly summarize recent advances in multi-omics

technologies and their use in the exploration of immune cell functions. Second, the latest applications
of these multi-omics technologies in the investigation of clinical immune disorders are discussed. Finally,
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we provide an outlook on the potential opportunities and challenges that these technologies pose in future
immunological research.

MULTI-OMICS APPROACHES TO EXPLORE IMMUNE CELL FUNCTIONS

Biological activities of immune cells can be classified into intracellular and intercellular ones. The hub in
intracellular activity is the genes which control growth, development, and function of each immune cell.
Different modifications at DNA, RNA, and protein levels as well as regulation at dynamic process of
transcription and translation are mainly involved in regulating immune cell functions. On the basis of reg-
ulatory mechanisms, how to identify genetic variants and key genes, how to verify gene functions, and how
to explore the regulation at each layer and coordinate the information from each layer to construct final
pathways, are all challenging in investigating activities within immune cells. Intercellular activities which
mainly contain interactions and communications among different immune cells, immune cells and
microbiota, and immune cell and other type cells like cancer cells and cancer-related fibroblasts are also
important questions in the quest for understanding these processes. In addition, as the products of cellular
biological activities, metabolites act as executors of immune cell function which are versatile and warrant
comprehensive profiling.

Besides, different immune cells are neighbored with other numerous types of cells, and relative distance
between them may somewhat reflect the degree of interactions. But how to distinguish each type of cell
and obtain the spatial information in situ requires special attention. Apart from known types of immune
cells, there are still many unknown subtypes of immune cells, and thus identification and functional charac-
terization of the novel immune cell subpopulations are needed. In this section, we discuss in detail viable
approaches and examples in immunology field from a multi-omics perspective. Main technologies of each
omics approach in the exploration of immune cell have been summarized in Table 1.

Identification of genetic variants and key genes

As the most mature discipline in the omics fields, genomics focuses on the linear DNA nucleotide
sequences, encompassing both gene coding regions and non-coding regulatory and structural elements.
When referring to genomics, there are several technologies including genotype arrays and next-genera-
tion sequencing (NGS) for both whole-genome and exome sequencing. Genomics technologies identify
genes associated with the responsiveness of the immune system and immune diseases which have been
described in two excellent reviews.”*

Compared with genomics, transcriptomics examines the global transcriptional output of cells. In the field
of transcriptomics, probe-based arrays and RNA-Seq are the two technologies most widely used. Gene
expression analyses are capable of identifying key genes involved in immune responses under various
conditions.” Besides, key factors involved in the two modes of T cell activation have been uncovered by
integration of transcriptomics with proteomics and metabolomics.’” In sum, based on array technology
and deep sequencing, both known and unknown genetic variants can be identified in immune cells from
DNA and RNA level. Significant and fine mapping of genetic loci can be achieved by combination of
genomic or transcriptomic with other omics.

Verification of gene function, from genotype to phenotype

The advent of genome-wide functional screening technologies provides the opportunity for researchers to
unbiasedly uncover key factors in certain biological processes and have been widely applied for seeking for
novel immunotherapy targets in tumor cells.""'? As a representative of genome-wide functional screening,
CRISPR technology has evolved rapidly; it contains two components: the non-specific endonuclease
termed Cas9 and a single stranded guide RNA (gRNA). The target of gRNA can be defined by users,
and then Cas9 can modify any specific genomic locus under guidance of gRNA, which allows for specific
and flexible knockout, repression, and activation of target genes, and enable researchers to achieve
large-scale functional screening in a variety of scenarios like T cell activation'® and macrophage efferocy-
tosis.'* Besides, improved CRISPR technology called SLICE have been used to uncover the key regulators
ofimmune function in primary human T cells with higher efficiency of transduction.” Overall, by engineering
and selecting typical immune cells with pooled sgRNAs, CRISPR technology enables researchers to exper-
imentally define gene function and explore potential mechanism of complex phenotypes in immune cells.
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Table 1. Main technologies of each omics approach in the exploration mechanistic investigations of immune cells

Omics layer Targeted molecule/problem Main technologies
Genomics DNA/Identification of genetic variants Whole genome-seq: Whole genome
and key genes sequencing (WGS) is a technique which aims to

obtain all genes of a person including both
coding and non-coding regions of a genome.
Whole exome-seq: Compared with WGS,
whole exome sequencing (WES) focuses on
sequencing of the coding regions of a genome,
which is more efficient and cost-effective in

exploring variants related to diseases.

Immunochip array: Immunochip is a
genotyping chip technique especially used for
identifying significant loci for variants in
immune-related diseases.

scDNA-seq: Single-cell DNA sequencing
(scDNA-seq) is a genomic approach used to
decode variants, DNA modifications, and
structural features of DNA at single cell level
which may be ignored by using bulk DNA

sequencing.
Epigenomics DNA/Dissection of regulation at ATAC-seq: Assay for Transposase-Accessible
transcription level Chromatin with high-throughput sequencing

(ATAC-seq) is a technique used for identifying
chromatin accessibility through genome by
taking advantage of hyperactive Tn5
transposase to insert the sequencing adapters
into open chromatin and testing the replaced
DNA fragment.

ChlP-seq: Chromatin immunoprecipitation
followed by sequencing (ChIP-seq) is applied
to profile the genome-wide features of DNA
modifications including DNA methylation,
histone modifications such as acetylation and

methylation among others.

DNase-seq: DNase | hypersensitive sites
sequencing (DNase-seq) is used to map the
genome-wide active regulatory regions which

are sensitive to DNase |.

3D genome technologies: 3D genome
technologies aim to study the three-
dimensional (3D) structure of DNA and gene
regulation, including chromosome
conformation capture (3C), circularized
chromosome conformation capture (4C),
carbon copy chromosome conformation
capture (5C), and Hi-C technology.

Genome-wide functional DNA/Verification of gene function CRISPR-based functional genomic screening

screening technology: CRISPR-based functional genomic
screening technology uses CRISPR tools to edit
genome-wide DNAs, enabling perturbation of
gene function and later measurement of a
specific phenotype.

(Continued on next page)
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Table 1. Continued

Omics layer Targeted molecule/problem

Main technologies

Transcriptomics RNA/Identification of genetic variants

and key genes

Translatomics RNA/Dissection of regulation at

translation level

Spatial transcriptomics RNA/Presentation of immune

cellular spatial distribution and

interaction in tissue

Bulk RNA-seq: Bulk RNA-sequencing, which is
often referred as RNA-seq, is the most commonly
used transcriptomic approach in which all RNAs
from mixed samples including tissue, organ or a
population of cells are extracted and sequenced
through high-throughput technologies. The data
from bulk RNA-seq represent an average
expression of genes.

scRNA-seq: Single-cell RNA sequencing
(scRNA-seq) is a transcriptomic approach in
which all RNAs from single cells are extracted
and sequenced through high-throughput
technologies. In contrast with bulk RNA-seq,
scRNA-seq focuses on a single cell level, which
can be used for identifying new subtypes of
cells and exploring the intracellular and
extracellular interactions.

snRNA-seq: Single-nucleus RNA-sequencing
(snRNA-seq) applies to individual nuclei
capture and sequencing at single-cell level.
SLAM-seq: Thiol (SH)-linked alkylation of RNA
for the metabolic labeling sequencing (SLAM-
seq) is a transcriptomic approach for directly
quantifying new synthesized mRNAs.
Ribosome profiling: Ribosome profiling uses
deep sequencing to globally monitor and
measure the translation process in vivo.
Microdissection: Microdissection is a
traditional technique used to separate tissue-
specific cells with the help of inverted
microscope and a fine glass needle. After these
tissue-specific cells are isolated, RNA will be

extracted and then sequenced.

In situ hybridization: In situ hybridization is a
technique using a nucleotide probe labeled
with radio material, fluorescence or other
substance which can be shown visually to
detect nucleotide sequences in cells, tissue
section or bulk tissue.

In situ sequencing: In situ sequencing is a
technique in which mRNA is sequenced
directly in fixed tissue section or cells by using
fluorescent probes.

In situ capturing: In situ capturing is a
technique used to present the transcriptomics
datain situ, which requires three steps to
accomplish. Firstly, transcripts are captured
and barcoded in the targeted tissue. Then,
sequencing is completed outside the tissue.
Finally, transcriptomics data is overlayed with

the tissue image.

(Continued on next page)
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Table 1. Continued

Omics layer Targeted molecule/problem Main technologies
Proteomics and post-translational Proteins/Dissection of regulation Immunoassay: Immunoassay (IA) is a
modification at post-translation level commonly used method basing on antibody-

antigen combination, which is applied in
identifying and measuring molecules.
Immunoassay is divided into non-labeled
immunoassay (including western blot and
immunodiffusion) and labeled immunoassay
(including radioimmunoassay (RIA), enzyme-
linked immunosorbent assay (ELISA),
immunohistochemical methods, and

fluorescence-activated cell sorting.

MS: Mass spectrometry (MS) is an analytical
detection technique used to ascertain specific
chemical substances including
oligonucleotides, proteins, carbohydrates and
other metabolites of cells by sorting and
testing gaseous ions in electric and magnetic

fields according to the mass-to-charge ratios.

MS-based approaches: Developed from mass
spectrometry, MS-based approaches,
including GC-MS, LC-MS, LC-MS/MS and LC/
LC-MS/MS, are used to profile specific
chemical substances by different separation
ways but with faster speed, higher efficiency
and wider range of application.

CyTOF: Cytometry time of flight (CyTOF), also
called mass cytometry, is developed from flow
cytometry which uses antibodies conjugated

with heavy metal ion instead of fluorochromes
to detect intracellular or extracellular antigens

of interest on single cells.

scTCR-seq: Single cell T cell receptor
sequencing (scTCR-seq) is a method used to
profile diversity and clonality of TCR repertoire
and TCRap at single T cell level by multiplex
PCR and high-throughput sequencing or
Sanger sequencing.

scBCR-seq: Single cell B-cell receptor
sequencing (scBCR-seq) is a method used to
detect paired light and heavy BCR chains at
single B cell level by amplification and high-
throughput sequencing.

Metabolomics Metabolites/Assistance in construction MS: Mass spectrometry (MS) is an analytical
of metabolic pathways detection technique used to ascertain specific

chemical substances including
oligonucleotides, proteins, carbohydrates and
other metabolites of cells by sorting and
testing gaseous ions in electric and magnetic
fields according to the mass-to-charge ratios.
MS-based approaches: Developed from mass
spectrometry, MS-based approaches, including
GC-MS, LC-MS, LC-MS/MS and LC/LC-MS/MS,
are used to profile specific chemical substances
by different separation ways but with faster speed,

higher efficiency and wider range of application.
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Dissection of regulatory process and revealing possible pathways in immune responses
Regulation on the transcription level

Covalent modifications of DNA and histones affect gene transcription and subsequent protein expression,'”
with ramifications in disease pathogenesis, inspiring much interest in the investigation of the relationship
between these modifications and diseases.'®'” Within the field of immunology, these modifications also
play essential roles in immune cell fate determination, such as 5-hydroxymethylcytosine (5-hMC).'® Further-
more, epigenetic changes can lead to disorders of immune cells, contributing to the inflammatory changes
accompanying diet-induced metabolic diseases."”

Epigenomics explores the genome-wide features of DNA modifications that do not affect the linear DNA
sequence, including DNA methylation, histone modifications such as acetylation and methylation among
others, as well as the three-dimensional conformation of genome.'” There are mainly four technologies in
epigenomics: Assay for transposase-accessible chromatin with high-throughput sequencing (ATAC-seq),
chromatin immunoprecipitation followed by sequencing (ChIP-seq), DNase | hypersensitive sites
sequencing (DNase-seq), and 3D genome technologies (Table 1). Among these technologies, ATAC-
seq is most widely used. For instance, Liu et al. revealed that a transcription factor named NR4A1 served
as an essential regulator in T cell dysfunction through ATAC-seq and RNA-seq.”” In addition, one study
analyzed over 300 RNA-seq and ATAC-seq experiments from published reports of CD8'T cells in the
context of cancer and infection, and identified a common differentiation trajectory in all types of dysfunc-
tional T cells and related transcriptional drivers.”’ To conclude, combination of ATAC-seq and RNA-seq
assists in characterizing genome-wide epigenetic and gene expression features and identifying essential
regulatory factors from transcription level in dysfunctional immune cells.

Besides, three-dimensional (3D) genome organization has been proven to act in various biological
processes.”””* As a potent tool, 3D genomics could not only show us the basic structures of DNA but
also the underlying mechanism of DNA transcription.”* 3D genomics mainly contains four types of technol-
ogies, which are chromosome conformation capture (3C), circularized chromosome conformation capture
(4C), carbon copy chromosome conformation capture (5C), and Hi-C technology. 3C can only reveal two
targeted chromatin interactions, whereas with development, 4C can reveal interactions of one with
many other regions, and 5C is designed for many regions and many regions.”” On the basis of chromosome
conformation capture, Hi-C takes advantage of next-generation sequencing and is able to reveal the inter-
action of all regions and all regions at genome-wide scale.?® Besides interactions between DNA regions,
protein-mediated interactions between specific proteins and chromatins can be detected by ChIA-PET,
which is a technique combining chromatin immunoprecipitation with 3C.”

Currently, Hi-C is the mostly used 3D genomics technology. One study used Hi-C to investigate how the
lineage-specific 3D architecture was established and maintained during B cell differentiation, revealing
that Pax5 participated in establishing and maintaining the lineage-specific genome organization of B cells
from the beginning of differentiation to the plasmablast stage.”® The chromatin remodeler Brg1 was
proved to function at different developmental stages of B cells by combined analysis of Hi-C, ATAC-
seq, ChIP-seq and RNA-seq techniques,”’which included regulation of contraction of locus encoding
the immunoglobulin heavy chain (Igh) and promotion of the interaction between TFs and enhancers.
Besides, by integration of multiple-enzyme Hi-C (3eHi-C), DNase-seq, ChIP-seq, and RNA-seq, many
crucial factors were also identified in T cell differentiation.”® In conclusion, Hi-C is frequently coupled
with epigenomic and transcriptomic technologies to realize interrogation of critical factors influencing
3D architecture at genome-wide scale during development of immune cells. Apart from investigation
into development of T and B cells, 3D genomics has also been applied to present the variations of 3D
genomic architecture during B-cell activation in germinal centers®' and T-cell activation.®

Regulation on the translation level

The cellular regulatory control of processes spanning translation of mRNAs to proteins is of great
significance. By simultaneously measuring mRNA expression and protein levels, several investigations
demonstrated that post-transcriptional gene regulation, including translation control, is actively involved
in regulating the proteome landscape.®*~*° Translatomics aims to probe into all components involved in
the translation process including ribosomes, regulatory RNAs, translating mRNAs, and tRNAs.*® Exploring
the translatomics of cells offers us the chance to gain a more holistic understanding of true proteins
abundance.
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As a potent method to monitor translation, ribosome profiling takes advantage of next-generation
sequencing to identify ribosome-protected mRNA fragments which are shielded from nuclease digestion®’
and has been applied for establishing mTOR translation signatures in mouse embryonic fibroblasts
(MEFs) and human prostate cancer cells.***? In a recent research, ribosome profiling has been used for
investigating the role of miR-223 in regulating inflammatory signaling and lipid metabolism in macro-
phages.”” A similar approach was also carried out to reveal the function of mTOR signals in resting
CDA4*T cells"' and ZFP36 RNA-binding proteins in active CD4*T cells.*” In addition to exploring functional
mechanisms of key factors on the translation level, ribosome profiling was applied to characterize acute
mRNA translation changes in naive CD4™T cells*® and CD8" memory T cells** following activation. All
examples mentioned above performed ribosome profiling and RNA sequencing simultaneously to
compare the transcriptional and the translation level alterations in immune cells under different conditions
and then found that the regulatory mechanisms were at translation level instead of transcription level.
Overall, ribosome profiling serves as a bridge between exploration of mRNA and protein, enabling us
to gain insights into regulation of immune cell functions on the translation level.

Regulation on the PTMs level

Proteins play an indispensable role in immune responses and their functions can be regulated by PTMs.*
Proteomics aims to quantify the abundance of peptides, their various PTMs, and interactions between pep-
tides. According to the sorting gaseous ions of sample molecules and principle of antibody-antigen com-
bination, the proteomic technologies include mass spectrometry (MS), MS-based approaches, immuno-
assay, and cytometry time of flight (CyTOF). MS-based approaches, including GC-MS, LC-MS, LC-MS/
MS and LC/LC-MS/MS, combine different physical separation ways with MS, for example, the GS-MS
means separation by gas chromatography (GC) and detection by MS whereas LC-MS means separation
by liquid chromatography (LC) and detection by MS.

As a powerful proteomics tool, MS offers great opportunity to gain biological insights into the system-wide
characterization of information transmitted through downstream signal transduction networks. One study
found that IL-2 could both positively and negatively regulate the phosphorylation of proteins in cytotoxic T
lymphocytes (CTLs) by using stable isotope labeling by amino acids in cell culture (SILAC)-based quantita-
tive high-resolution MS.% Based on MS, many novel technologies have developed. Di-glycine remnant
profiling is a kind of technology in which proteins with ubiquitination lysine side chains are digested into
Lys-e-Gly-Gly remnant that can be recognized by antibody and then endogenous ubiquitination sites
are detected by MS. Dybas et al.*’ used Di-glycine remnant profiling to uncover ubiquitylated proteins
in activated CD4"T cells, uncovering that ubiquitination could serve as an important non-degradative
mark with roles for ubiquitin chains in T cell signaling. In another example, Hubel et al.® established an
affinity enrichment with quantitative LC-MS strategy to identify the proteins associated with interferon-
stimulated genes (ISGs) in innate immune cells.

Developed from LC-MS, the advent of liquid chromatography-tandem mass spectrometry (LC-MS/MS)
enables both quantitative analyses of protein levels with greater capacity to distinguish between similar
compounds. One study using ultra performance liquid chromatography/tandem mass spectrometry
(UPLC-MS/MS) to characterize the molecular alterations of COVID-19 patients’ sera revealed dysfunction
of complement system pathways and macrophages.’” In summary, though MS and MS-based approaches
have different capacities of separation or detection, both of them enable us to widely define proteins and
their modifications in immune cells. They help in selecting key factors on the PTM level and constructing
complete biological pathways in immune cells, which will be discussed in the following section.

Analysis and construction of biological pathways in immune cell

In the beginning, pathway analysis is based on gene expression data and associated methods are mainly
divided into three including the over-representation analysis (ORA), the Functional Class Scoring (FCS),
and the topology-based (TB) methods.”® However, none of these methods can analyze or integrate data
from other types, resulting in limited sample size, low reproducibility, and most importantly, constrained
understanding of our immune system. Construction of a thorough and complete biological pathway re-
quires multifaceted information from genes, proteins, metabolites, and the relationships among them,
which could be realized by epigenomics, transcriptomics, proteomics, and metabolomics and subsequent
integrative analysis across these data. Before formal introduction of how to conduct pathway analysis and
construction by integrating multi-omics data, it is important to explain metabolomics of immune cell for

8 iScience 26, 106359, April 21, 2023

iScience



iScience

readers to understand the following content. Immunometabolism is defined as the intrinsic metabolic
pathways including glucolysis, glutaminolysis, fatty acid oxidation, oxidative phosphorylation, pentose
phosphate, and Krebs cycle in modulating the fate and function of immune cells.”"** As the effector func-
tions and cellular fates of immune cells are inherently interwoven with cellular metabolism, many studies
have explored immune cell function from the perspective of metabolome. Metabolomics aims to quantify
diverse small molecules including amino acids, fatty acids, carbohydrates, nucleotides, and a diverse array
of substances produced through cellular metabolism'? by using MS and MS-based approaches.

Back to pathway analysis and construction. After collecting multi-omics data from experiments or public data-
base, integrative pathway analysis starts. First, proper integrative pathway analysis methods need to be care-
fully selected. Web-based tools and R packages are the most commonly used platform. Besides, 32 pathway
analysis methods have been reviewed in detail® and users can choose the optimal pathway analysis method
according to their practical demands. The next step is to know how to use these methods. Integrative pathway
analysis mainly incorporates two analysis stages: the pre-analysis and the pathway analysis.

In the pre-analysis stage, experimental data and pathway database are input with the right format (the
omics expression matrices in.CSV or.txt format and pathways matrix in.GMT format). It is worth mentioning
that most pathway analysis methods embed pathways information from public databases and users do not
need to input pathway information without special demands. Quality control and data filtering are followed
to guarantee the correctness of data and reduce the number of irrelevant features. After completing every
check, identifier (ID) mapping is conducted aiming to combine multi-omics data with pathway information
and make the gene/compound IDs consistent. When ID mapping finishes, there will be two optional choice
including data matching (all expression data are matched) and pathway augmentation (validated multi-
omics interaction are added) in certain methods.

In the pathway analysis stage, differential analysis is applied to omics data prepared by pre-analysis and differ-
entially expressed genes are identified by adding a threshold. Next, based on the summary statistics from
differential analysis, enrichment statistics for each pathway in each study or omics layers are able to be calcu-
lated and significant pathways can be further verified. In addition, constructing network by linking different
omics layers is optional to complete before pathway analysis begins. Multi-omics data integration by classical
methods (Fisher’s, minP, Stouffer’s, etc.) can be realized either in the pre-analysis stage or pathway analysis
stage depending on the assumption and strategy of each method. Finally, the analysis results are visualized
by charts (bar graphs, heatmap, etc.) and listed with their associated statistics (enrichment score, pvalue, etc.).

On the basis of multi-omics data integration, many biological pathways in immune cells have been
uncovered. For instance, Tan et al.® interrogated the proteome and phosphoproteome of naive T cells
by using multiplexed TMT and LC/LC-MS/MS, quantifying 8,431 proteins and 13,755 phosphopeptides
in total. By combining co-expression clustering and protein-protein interaction networks, they created a
three-step computational pipeline for analysis and elucidated six mitochondrial pathways in activated
T cells. This comprehensive pipeline could serve as a powerful tool to combine temporal multi-layer omics
data (transcriptome, proteome and phosphoproteome) and various databases (PPI, TF-target and kinase-
substrate) to reveal insights into T cell biology.

In addition to investigations of T cells, interaction of multiple cytokine signaling pathways in NK cells>® and
definition of the diversities of regulatory networks in macrophages among different human populations®*
are also achieved by combination of epigenomics and transcriptomics. Moreover, in combination with
other technologies like RNA-Seq, ChIP-seq, and ATAC-seq, CRISPR-based functional screening tools
provide researchers with a novel perspective to explore the relationship between different immune cellular
states. One study developed a genome-wide retroviral CRISPR sgRNA library allowed for infection and
utilization of CRISPR libraries in murine cells, which used to be a limitation for earlier lentiviral-based
CRISPR approaches.”® Through this method, they discovered multiple genes involved in Th2 differentiation
and interrogated these pathways through integration of RNA-Seq, ATAC-seq, and ChlIP-seq datasets.
Combined multi-omics analyses spanning distinct regulatory modalities revealed tight interconnection be-
tween Th2 activation and differentiation and exposed the key gene networks in regulating Th2 cell function.

Apart from normal physiologic functions, altered immunometabolism of infected CD4™T cells uncovered
the influences of pathogens on immune cells. By analyzing transcriptome data, Guo et al. found that
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Figure 2. Combination of single cell sequencing, bulk sequencing and multi-omics analysis to dissect TME

Tumor tissue is mixed with various types of cells including fibroblasts, cancer cells and different immune cells. Bulk sequencing of tumor tissue provides
average information of genomics, transcriptomics, proteomics, and metabolomics. By analyzing average information, tumor antigen and immune cell ratio
can be gained for developing tumor vaccine, immune-related scores, and immune response biomarkers. Single cell analysis helps identify new types of
immune cells and further exploration can be conducted in the same type of immune cells through multi-omics analysis and genome-wide functional

screening to identify key regulatory genes, proteins and metabolites, which could potentially become new biomarkers and treatment targets. The tumor
tissue can also be replaced by other clinical samples including blood, urine, feces, exhaled air and other tissues in the multi-omics analysis. PTMs, post-

translational modifications.

elevation of OXPHOS pathways in CD4"T cells infected with human immunodeficiency virus type-1 (HIV-1)
is associated with poor prognosis. To further reveal more details concerning this pathway, integrative
quantitative proteomics by (SILAC)-based quantitative high-resolution mass spectrometry and metabolic
analysis showed that the mitochondrial innate immune receptor NLRX1 enhanced OXPHOS and glycolysis
in CD4"T cells infected by HIV-1, which promoted viral replication.” In conclusion, multi-omics data
integration and analysis pave the way for building complex regulatory networks in immune cell, helping
us get a better understanding of immune variation in various immune-related diseases.

Definition of immune cell types and their unique functional properties at single cell level

The complex architecture and associated higher order functions of the immune system rely on the highly
specificimmune cell types that coordinate with each other to prevent infections, eliminate pathogens, and
generate immunologic memory. Thus, it is of great importance to define the cellular subsets of immune
cells, to understand intra-tissue and inter-tissue heterogeneity, and to explore novel immune cell types
and their unique functional properties (Figure 2). As a tool that has been used widely to identify the new
cell types in many tissues, single-cell RNA sequencing and its associated technologies have also been
applied to the immune system.”’

One study combined cytometry by time-of-flight (CyTOF) and single-cell RNA sequencing to identify

human blood dendritic cell precursors.”® Janela et al. used single-cell sequencing to determine that
type | conventional dendritic cells (cDC1s) are key mediators of neutrophil activation and survival in the
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innate responses in cutaneous immunity.”” Through transcriptional profiling, they further identified two
distinct cDC1 cell clusters through principal-component analysis. The less abundant cDC1 population ex-
pressed higher levels of secreted cytokines, including VEGFA, and enhanced neutrophil recruitment,
revealing new roles for dendritic cell populations apart from antigen presentation. In addition to probing
the potential functions of dendritic cells, Chakarov et al.also used single-cell RNA sequencing to describe
the transcriptional profiles of individual interstitial macrophages (IM) isolated from lungs,®” identifying two
distinct cell clusters. One cluster termed Lyve1"MHCII'® was consistently situated around blood vessels,
whereas the other cluster termed Lyve1°MHCIIM IMs surrounded nerves. Parallel IM populations were
observed to exist in other tissues, including heart, adipose tissue and dermis.

Besides characterizing distinct cell subsets, single-cell RNA sequencing technology can also be used for
both characterizing the heterogeneity of a population of immune cells and dissecting cell fate branch
points by integrating data from other related technologies which have been described at length
previously.”’ One study focusing on rheumatoid arthritis (RA) coupled single-cell RNA sequencing with
mass cytometry, unveiling the immune cell states in RA synovia and defining three distinct subsets of
CDB8*T cells.®> One strength of this study is the creation of a specific computational strategy, which was
based on canonical correlation analysis to unify the multi-layer datasets from transcriptomic and proteomic
profiles at the single-cell level. In addition, to profile the heterogeneity of the exhausted CD8" T (Tex) cells
in the context of HIV or lung cancer, Bengsch et al.developed a systems immunology approach®® by inte-
gration of epigenomic and transcriptomic data through ATAC-seq and single-cell RNA sequencing. They
defined key exhaustion-specific genes and disease-induced changes of Tex cells in the chronic lymphocytic
choriomeningitis virus (LCMV) system. Identification of these exhaustion genes informed development of a
novel, focused single-cell proteomic profiling approach and identified nine distinct Tex cell clusters.

During the past two years, single-cell analyses have been increasingly utilized to explore the immune
responses in COVID-19-infected patients. One study performed single-cell transcriptomics, surface prote-
omics, and T and B lymphocyte antigen receptor analyses of peripheral immune cells from COVID-19 patients
with varying severities and found different kinds of T cells in severe and mild diseases.®* Similar single-cell anal-
ysis methods were also carried out to identify the components of peripheral blood mononuclear cells from
COVID-19 patients with different free triiodothyronine (T3, thyroid hormone) serum values.” Similarly, to
develop immunologic disease severity biomarkers, another study assessed transcriptomes, surface protein
markers, and T cell receptors sequence simultaneously in single peripheral immune cell from COVID-19
patients. Incorporated with the information of circulating proteins in patient blood, the authors characterized

immune cell types and defined gene expression and metabolic states in each kind of immune cells.®®

Apart from single-cell RNA sequencing, bulk RNA sequencing with deconvolution and data interpretation can
also reveal the heterogeneity in tissue. For example, one Cell Linkage through Exploratory Matrices (ICLite)
algorithm to deconvolve the result of bulk RNA sequencing of bronchoalveolar lavage cells, which was
used to identify a special population of innate immune cells in which mitosis and IL-7 signaling are preserved.®®

Presentation of the immune cellular spatial distribution and interaction in tissue

Cell-to-cell interaction

Cell-to-cell communication and interaction are ubiquitous in multicellular organism, which play indispens-
able roles in development, function, and dysfunction of immune system. For example, immunosuppressive
TME depends on the crosstalk between immune cells and cancer cells®’ as well as cancer-cell associated
fibroblasts.®® Owing to the fact that various cytokines, growth factors, chemokines, exosomes and other
effector molecules serve as the mediators in the intricate communication, how to dissect the communica-
tional process and investigate the underlying mechanism are still challenging. Rieckmann et al. applied
proteomics to explore the proteome state in 28 distinct human hematopoietic cell types.®” They identified
over 10,000 different proteins in total and improved the limited amount of rare immune cells by using a
single-run MS analysis approach. By combining the data from total and secreted proteomes, the authors
unveiled fundamental intercellular crosstalk and novel connections between cell types, providing a new
perspective for studying the immune system.

Apart from the intracellular proteins, extracellular vesicles (EVs) also serve as indispensable mediators in
cell-to-cell communication. One study combined proteomics with other multi-omics (transcriptomics, me-
tabolomics) tools to dissect the signaling properties of EVs from macrophages infected by Cryptococcus
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neoformans, revealing modulation of pathways such as extracellular matrix (ECM) receptors and
phosphatidylcholine.”®

According the relative distance between cells, intercellular communication is divided into three types
encompassing paracrine, juxtacrine, and endocrine. Different relative distance may reflect different de-
grees of communication between cells. Exploring the spatial distribution of immune cells and other type
cells in tissue can help us understand the communication ways and select proper cell populations (with
closer distance) to study cell-cell communication. As the “"Method of the Year 2020, spatial transcriptomics
(ST) serves as a potent tool for biologists to comprehend the complexity of multicellular organisms. Bulk
RNA seq provides the average global information of transcripts in species and single-cell RNA seq profiles
genes expression in single cells, however, none of them can present the spatial distribution of RNAs in situ.
To solve this problem, ST was developed. ST encompasses a wide range of technologies which are mainly
divided into four groups based on microdissection, in situ hybridization, in situ sequencing, and in situ
capturing.”! Details of associated technologies are summarized in this review.”” Besides, Nitzan et al.
took advantage of scRNA-seq data and developed a novel framework termed novoSpaRc to reconstruct
spatial location of gene expression in several kinds of tissues without prior spatial information.”* Recently,
spatial RNA sequencing (spRNA-seq) has emerged as a technology used for identifying RNAs in its native
tissue location. By means of spRNA-seq, visualization and quantification of RNA in situ can be realized,
which further helps researchers explore different types of cells and their interactions in tissues and organs.

When ST technologies are used in tissue sections, the entire information of gene expression in this section
will be presented spatially, and one can select the areas of interest for further study. For example, one study
used ST technologies to explore inflammatory signatures in rheumatoid arthritis (RA) biopsies and spondy-
loarthritis (SpA) biopsies. Based on the results from ST, researchers chose areas of mononuclear cells for
deep analysis, identifying the interactions between T cells and B cells in RA, and tissue repair function in
SpA.74 Besides selection of interested area, ST was also used in tumor microenvironment research to iden-
tify types of immune cell which were spatially close to cancer cells.”” It is more possible for immune cells in
the vicinity of cancer cells to regulate the fate of tumor than these peripheral immune cells, and thus it is of
great value to recognize the identity of immune cells surrounding cancer cells.

Although ST is able to provide spatial information of RNAs in tissue section, the non-single resolution limited
its application. Therefore, combination of scRNA-seq and spRNA-seq is adopted to address this issue.
Infiltrating immune cells in the tumor microenvironment vary in different kinds of tumors, which can be
regarded as biomarkers and exert specific impacts on oncogenesis, tumor progression and metastasis.
Cell-to-cell interaction plays a key role in understanding the underlying mechanisms, which including cancer
cells to immune cells and the way back. One study integrated scRNA-seq and ST to uncover the communica-
tions between fibroblasts and macrophages in colorectal cancer (CRC).”® Researchers first profiled 54,103 cells
from CRC tissue to identify the cellular composition and the enriched types of immune cells, finding the ratios
of FAP* fibroblasts and SPP1* macrophages in samples were high. Then, the close position between the two
kinds of immune cells was validated by ST and fluorescent in situ hybridization, indicating the possible cellular
interactions. Deeper analysis of data from scRNA-seq and ST demonstrated that the interactions might be
controlled by TGF-B, chemerin, and interleukin-1. In addition, clinical information showed that patients with
FAP and SPP1 expression reacted poorly to anti-PD-L1 therapy, implicating the interaction of FAP* fibroblasts
and SPP1" macrophages might be a potential target for CRC therapy. This study sets a good example for us to
consider how to combine scRNA-seq and ST for the tumor microenvironmental investigation. The strategy
includes four parts: (1) Identification of subpopulation of immune cells, (2) demonstration of the spatial infor-
mation of these identified immune cells, (3) analysis of gene expression in immune cells with spatially close
position, and (4) combination of clinical information to verify the result of the third step and offer potential
target cues for therapy. In addition, integration methods of data from scRNA-seq and ST have also been
benchmarked,”” offering the best choice of methods when it comes to map the spatial distribution of RNA
transcripts or deconvolute the cell type of spots.

Microbe-immune interaction

The surface of the body, including the gastrointestinal, urogenital, and respiratory tracts as well as the skin,
harbors enormous commensal microbiota. The most widely studied is gut microbiota considered to be
advantageous to the host by facilitating digestion and eliminating pathogens.”®
been proved to function in shaping both innate and adaptive immunity through influencing metabolites

Gut microbiota has
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encompassing bile acids, short-chain fatty acids, and tryptophan metabolites.”” As a physical barrier
between gut microbiota and immune cells, intestinal epithelial cells are also involved in the microbe-im-
mune interactions by responding to both microbial and immune signals.®

Microbiomics aims to investigate all microbiota of a given community by meta-omics approaches involving
metagenomics, metatranscriptomics, metaproteomics, metabolomics, and 16S RNA gene sequencing.
Metagenomic technologies have been used globally to explore the compositional and functional alter-
ations in microbiome between healthy controls and patients with cancer,®’ autoimmune disease,®” and
functional gastrointestinal disorder.?® In addition, microbial taxonomic shifts and prognosis related micro-
bial taxa were also confirmed by metagenomics in patients with hepatobiliary cancers before and during
anti-PD-1 therapy.®* However, metagenomics can only provide the information of composition and gene
functions. Therefore, combining meta-omics of microbiota with multi-omics of host is pivotal in investi-
gating the complicated interaction between host and microbiota. To probe into the effect of gut micro-
biota on immune response in humans who had taken vaccination, one study® performed 16S rRNA
gene sequencing to verify the changes in gut microbial composition in antibiotics-treated and control
group. Then researchers profiled the innate and adaptive immune responses after subjects in the two
groups vaccinated with influenza vaccine, finding antibiotics-driven difference of gut microbiota
profoundly influenced the immune responses. Further metabolomic analysis revealed microbiota-related
variation in bile acid metabolism which promoted inflammation.

Many immune-related diseases are the result of comprehensive pathogenic factors including microbial
impact. Full-scale characterization of these complex diseases is a challenge for every researcher in this field
but a combination of microbiomics and other omics can solve this tough problem. Take inflammatory
bowel diseases (IBDs), for example. IBD including Crohn’ disease (CD) and ulcerative colitis (UC) are
characterized by various degree of inflammation in gastrointestinal tract and colon.?® The pathogenesis
of IBD is complex and heterogeneity of IBD patients can be reflected at genetic, molecular, microbial,
and immunological levels. To get a comprehensive view of IBD, one study®’” integrated metagenomics,
metatranscriptomics, proteomics, and metabolomics, revealing alterations of microbial composition and
transcription, metabolites pools, and antibodies in host serum during active period of IBD. Subsequent
integrative analysis of multi-omics data demonstrated that microbial, biochemical, and host factors were
all indispensable in IBD. As mentioned above, microbial bioactive compounds have been identified to
be disturbed in IBD, but numerous compounds have not been well-characterized. Integration of metage-
nomics, metatranscriptomics and metaproteomics can help in deep profiling of unknown but functional
microbial proteins and selection of prioritized ones which might play pivotal roles in host-microbiota inter-
action in IBD.%® In addition, metagenomics was applied to predict the IBD patients’ responses to anti-in-
tegrin therapy and anti-cytokine therapy (anti-TNF or anti-IL12/23) through definition of microbial charac-
teristics. Moreover, by integrative analysis of paired metagenomics, metabolomics and metaproteomics
data, potential mechanism of how gut microbiota influenced the therapy response was presented in this
study.®

CLINICAL APPLICATIONS OF IMMUNE CELL-BASED MULTI-OMICS ANALYSIS

These multi-omics technologies serve as powerful tools applied not only in the laboratory to explore the
functions and networks of immune cells using model organisms, but also in translational and clinical
settings. Application of these technigues to clinical specimens such as primary human hematopoietic cells,
primary human T cells and synovial tissues allows us to understand the pathophysiologic mechanisms
underlying immune disorders to design potentially novel treatment strategies for related diseases. A
considerable amount of work has been done to gain insights into human diseases from an immunological
perspective, including allergic diseases, infection, cancer, autoimmune and chronic inflammation-related
diseases® (Figure 3).

Hypersensitivity diseases

Hypersensitivity, also known as allergy, refers to increased immune reactivity to an antigen to which the
body has been previously exposed. Hypersensitivity could be categorized into four types based on
the time course of reaction and the underlying cellular and humoral mediators. The first three types are
primarily immunoglobulin-mediated and consist of type | (immediate), type Il (antibody-dependent),
and type lll (immune-complex mediated), whereas the fourth is predominantly lymphoid cell-mediated
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Figure 3. Summary of clinical applications of immune cell-based multi-omics analysis in the context of diseases

Immune cells are involved in wide spectrum of diseases, and specific diseases have their own distinctimmunological hallmarks. Hypersensitivity diseases can
occur in various tissues and organs including the nasal mucosa, trachea and skin, and functions of mast cells are significant in hypersensitivity disease.
Infection can be caused by invasion of pathogens, and each pathogen is related to specificimmune cells. Different types of tumors, even different subtypes,
have featured composition of infiltrating immune cells and immune checkpoint molecules in TME. Dysfunction of immune cells is the key pathogenic factorin
autoimmune disease and chronic inflammation-related disease. Thus, analyzing immune cells involved in these diseases through multi-omics approaches
can help find new diagnosis biomarker, therapeutic targets and monitoring index in the clinical setting.

(delayed-type, type IV).” Many locations in the human body can be involved in hypersensitivity diseases,
including the nasal mucosa, trachea and skin.

Food allergy is a common type among allergic diseases, and contains several immune-mediated responses
to food antigens, for instance, IgE-mediated food allergy. The diagnosis and risk management of food
allergies remain challenging because of the diversity of clinical phenotypes and lack of effective bio-
markers. Multi-omics approaches to identify and characterize biomarkers of peanut allergy (a relevant
disease model) include development of Ig-E-signatures, basophil reactivity profiling, allergenomics,
mass spectrometric resolution of peripheral allergen tracing, deep immune phenotyping, gene expression
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as well as gene methylation profiles, and these tools have been reviewed previously.”' Mast cells are im-
mune cells of the myeloid lineage and normally exist in the connective tissue throughout the body to
form a barrier to pathogen invasion, including parasites. Activation and degranulation of mast cells partic-
ipate not only in the physiological conditions but also in the pathophysiology of many allergic diseases
including asthma, anaphylaxis and gastrointestinal disorders.”” To understand the basic principles of
mast cell functions, Plum et al. isolated primary human connective tissue mast cells”® and performed
proteomics by quantitative mass spectrometry, defining these mast cells as a special cluster. Moreover,
proteomics analyses identified 16 cell surface receptors which were highly expressed by these mast cells.
This discovery indicating that mast cell depletion might serve as an effective treatment for patients who
suffer from allergic diseases.

Infectious diseases

Invasion of pathogens including bacterial, fungal, viral, and parasitic organisms causes infectious diseases.
The immune system protects against infectious diseases through prevention of pathogen entry, neutrali-
zation of pathogens, and development of immune memory responses; nevertheless, overexuberant and
unchecked immune responses can contribute to ailments through the development of autoimmune
processes and damage to normal tissues. In fact, such overactive immune responses have been implicated
in the lethality of SARS-CoV2 infection. Thus, it is of great value to decipher the complicated processes by
which immune responses are activated, maintained, and extinguished. A large number of studies have
been carried out to dissect the immune response to SARS-CoV-2 using the potent multi-omics approaches
since the outbreak of COVID-19. The composition and activation states of peripheral blood mononuclear
cells in patients with COVID-19 will change as this disease develops. Using single-cell multi-omics, patients
with severe infections displayed an expanded CD8'T cell repertoire and an increased ratio of CD8"
effector T cells to effector memory T cells, whereas circulating follicular helper T cells were more abundant
in patients with mild disease.®” In addition, elevated apoptosis signatures in plasmacytoid dendritic cells
and attenuated inflammation with increased fatty acid metabolism in NK cells was observed in severe
COVID-19 infections.®” Sera and urine from patients with COVID-19 also have been used for detecting
the proteins and metabolites related to inflammatory and immune responses through the combination
of proteomic and metabolic analysis.” These findings characterized the immune responses in COVID-19
patients, which were integrated with clinical data to provide information for the diagnosis, treatment
and prognostic assessment of COVID-19 infections.

Apart from SARS-CoV-2, there are many other pathogens that can enter the human body and be patho-
genic. HIV-infected patients with undetectable viral load in the absence of treatment with highly active
antiretroviral therapy are known as “elite controllers”. Transcriptome sequencing of CD4'T cell samples
from two elite controllers, two HIV positive infected patients, and two healthy controls allowed for construc-
tion of a co-expression networks based on the relationships among differentially expressed transcripts,
offering clues into processes underlying efficient control of viral infection.”” In addition, Guo et al. adopted
quantitative proteomics and metabolic analysis and demonstrated that NLRX1 could enhance OXPHOS
and glycolysis in HIV-1-infected CD4'T cells, which fueled viral replication. Based on this mechanism,
they utilized metformin to inhibit the mitochondrial respiratory chain complex-I and identified its utility
in suppressing HIV-1 replication in the infected CD4"T cell.*® In addition to HIV, cytomegalovirus (CMV)
is an influential factor in shaping host immune system. Specifically, memory T cells induced by CMV may
have long-term impact on the immune system of host and can cross-react with some unrelated pathogens.
Zhang et al. decoded T cell responses stimulated by CMV and showed that CMV induced CD4*T cells to
experience distinct differentiation trajectories and to acquire cytotoxic phenotypes, with potential
negative implications for transplant recipients.”

Extracellular vesicles (EVs), serve as communication mediators among cells and traffic various cargoes
including proteins, lipids and RNAs. Deep profiling of EVs through multi-omics methods may assist in
in-depth understanding of the mechanisms behind cell-to-cell communication, giving novel insights into
potential targets for therapy. For example, EVs from C.neoformans-infected macrophages enhanced the
inflammatory responses by inducing the differentiation of naive macrophages and activating immune-
related pathways and potentiated stronger fungicidal effects. In addition, further multi-omics approaches
identified unique proteins and lipids in EVs, which could be potential target for selecting or designing
drugs for C.neoformans-related diseases.”’
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Cancer

With respect to cancer, the tumor microenvironment (TME) and tumor mutation burden (TMB) are important
determinants of predicting clinical responses to immunotherapy. In recent years, the results from clinical
studies exploring the composition of infiltrating immune cells and immune checkpoint molecules have shown
that different types of tumors, even different subtypes of tumors, have their own special composition of infil-
trating immune cells and immune checkpoint molecules in TME, which could serve as new therapy targets and
immune signatures in the treatment of cancers. The benefits of PARP inhibition in patients with BRCA-associ-
ated triple-negative breast cancer (TNBC) indeed exist, but are transitory. By using high dimensional single
cell profiling of human TNBC, Mehta et al. revealed that macrophages are predominant in the TNBC
microenvironment. Through multi-omics profiling, they further uncovered that PARP inhibitors could drive
not only anti-tumor macrophages but also pro-tumor macrophages. Combined PARP inhibitor and
macrophage targeting therapy may prolong the effectiveness of PARP inhibition via maintaining a durable
reprogramming of the TME.”’

Similar studies investigating the infiltrating immune cells in TME also include ovarian cancer,” lung
cancer”” and colon cancer.'” Apart from single-cell based methods, a case from seventy-eight-year-old
man with chronic lymphocytic leukemia showed the potential power of human T cell loss-of-function
screens.'”" Although CAR T cells are typically polyclonal with random integration of lentiviral constructs
throughout the genome, in this case, 94% of CAR T cells were monoclonal at the peak of the patient’s
responses, and derived from T cells with a lentiviral integration disrupting TET2 genes. Furthermore, this
patient was later found to have a pre-existing hypomorphic mutation in the second allele of TET2. There-
fore, by combining the two discoveries together, disruption of TET2 was proved to be an essential factor in
the CART cell therapy for this patient. This case can also be a reminder for us to think about the previously
described SLICE tool,” which could potentially be applied for searching more systematically for genetic
perturbations. CRISPR screening of CAR T cells is also applied for finding critical genes to enhance CAR
therapeutic efficacy against glioblastoma.'®

Autoimmune diseases

In normal conditions, the immune system functions to protect the body from invading pathogens, to main-
tain homeostasis, and to patrol for necrotic and neoplastic cells. However, immune dysfunction can occur
because of a number of factors, leading to aberrant immune activation against normal host tissues and
deleterious autoimmune effects. Examples of common autoimmune diseases include multiple sclerosis,
systemic lupus erythematosus (SLE), rheumatoid arthritis (RA) and type1 diabetes.

Multi-omics approaches can be appliedininvestigating the pathogenesis, development and progression of auto-
immune diseases, and can inform development of novel biomarkers and therapies.'® One excellent review sum-
marized studies using multi-omics to explore the pathogenesis of systemic sclerosis and offered information for
disease identification, therapeutic targets and potential biomarkers.'® In addition, multi-omics can be used for
drug responses monitoring in autoimmune diseases.'®> Dysfunction of immune cells plays an indispensable role
in the pathophysiology of autoimmune diseases. Thus, decoding mechanisms underlying immune cell impair-
ment and the relationships between impaired immune cells and autoimmune diseases will be highly informative.
RA s associated with a highly polygenic genetic architecture including 120 identified RA susceptibility loci,'® with
the main loci located in non-coding elements related to CD4* T cell pathways. To get a better understanding of
the RA-specific signatures in CD4"T cells, Haet al. took advantage of multi-omics technology by profiling
genome-wide variants, gene expression, and DNA methylation in CD4*T cells from 82 patients with RA and 40
healthy controls. They found that a great number of differentially expressed genes in CD4'T cells from patients
with RA are affected by methylation changes which were driven by RA heritability-explaining variants.'”” Another
study revealed that the mechanism underlying the transcriptional abnormalities in CD4" T cells from children with
active juvenile idiopathic arthritis (JIA) is associated with the alterations in CD4*T cells chromatin using ATAC-seq.
Further combining known JIA genetic risk loci with data from multi-omics containing CTCF binding, ATAC-seq,
and RNA-seq confirmed candidate target genes which had genetic influences on the transcriptional abnormal-
ities.'® Multi-omics approaches have also been used to identify the target genes at JIA risk loci in neutrophils.'"”

Chronic inflammation-related diseases

Owing to the ubiquity and myriad functions of immune cells, an increasing number of pathophysiologic
processes have been linked to immune dysregulation, with chronic inflammation acting as an important
contributor to common diseases, such as obesity and type-2 diabetes.'” Immune cells residing in adipose

16 iScience 26, 106359, April 21, 2023

iScience



iScience

tissue and in the gastrointestinal tract and liver can promote systemic inflammation and contribute to
obesity, type-2 diabetes and other inflammation related diseases.’'" Multi-omics approaches have demon-
strated great potential in exploring the functions of immune cells in these diseases. White adipose tissue
(WAT) consists of lipid-filled adipocytes and nonadipocyte cell populations, which plays an essential role in
energy storage and endocrine regulation.'’” One study'"® employed single cell RNA-sequencing technol-
ogy and analyzed human cells derived from healthy lean and obese patients, revealing 8 novel immune cell
types. Distinct subsets of T cells, macrophages, dendritic cells and lymphoid cells were observed to
increase in obese WAT. Besides, this study further analyzed single cell ligand-receptor pairs and upstream
regulators and found obesity-related inflammatory interactomes and signalomes accumulated in WAT-
resident immune cells. Apart from adipose tissues, single cell analysis was also applied to explore the
immune components of pancreas in obesity and type-2 diabetes patients.''*"'® To explore the relationship
between type-2 diabetes and obesity, Eldakhakhny et al. analyzed immune signaling genes collected in
public databases, identifying 10 immune-related pathways in type-2 diabetes and 4 immune-related
pathways in obesity. There are two commonly altered pathway including hematopoietic cell lineage
pathway and leukocyte transendothelial migration pathway in both diseases. Besides, five overexpressed
genes were also found to be involved in TCR signaling including PTPN6, CD247, FOS, SPNS1 and
PIK3R5."®

Conclusions and perspectives

The immune system is divided into immune organs, immune cells, and immune molecules. Immune cells
are at the hub consisting of immune organ and secreting immune molecules. Therefore, investigations
into normal and abnormal biological activities occurring in immune cells can help us better understand
the functional and dysfunctional states of the immune system. Like other kinds of cells in our body, biolog-
ical activities of immune cells are regulated by gene, the control center in every cell. Gene performs its func-
tion through a two-stage process including transcription and translation. In this continuous and dynamic
process, each stage and its associated products are precisely and orderly controlled to maintain immune
cell homeostasis and ensure proper functions. From DNA to RNA, and finally, the protein, these products
are corresponded to genomics, transcriptomics, and proteomics whereas epigenomics, 3D genomics,
translatomics and PTMs are involved in the regulation of these products. We used these multi-omics
approaches to dissect this complicated process, trying to find enriched or disturbed genes, transcripts,
proteins, and the connections between them (by combination of these multi-omics approaches), which
can also be seen as pathways. All the pathways construct the cellular networks that essentially control
growth, development, and function of immune cells. Immune cells in the body are classified into various
types encompassing innate immunocytes (like neutrophils, basophils, eosinophils, mast cells, macro-
phages, dendritic cells and NK cells) and adaptive immunocytes (like T cells and B cells), which all live
together with other types of cells or organisms like cancer cells and microbiota. Traditional bulk
sequencing in each omics layer can only provide the average information of targeted tissue without
detailed information of each type of cells. Single cell sequencing can solve this trouble by profiling hetero-
geneity, identifying rare or novel immune cell types, and defining immune cell states as well as other types
of cells in targeted tissue. In this big family, communications and interplays between cell members
and other organisms also have a profound impact on immune cell. On the basis of clear identification,
combination of single-cell multi-omics data from different kinds of cells help to explore the intercellular
interaction (Figure 4A) (including immune cells to immune cells and immune cells to other types of cells
like cancer cells). Besides, the immunocyte-microbiota interplay can also be investigated by combination
of multi-omics technologies and microbiomics.

However, neither bulk sequencing nor single cell sequencing is able to provide the critical spatial informa-
tion, which impedes further investigation into immune cell function and pathological changes. Spatial RNA
sequencing is a state-of-the-art multi-omics technique which can offer information of not only the whole
transcriptome data but also associated spatial distribution. Tumor tissue consists of diverse immune cell
types frequently communicating with cancer cells in highly structured ways spatially and temporally. Using
spatial RNA sequencing to dissect the tumor tissues can facilitate identification of specific type of immune
cells whose spatial position is closer to cancer cells. It gives us an opportunity to select the target because
closer spatial position represents more communications and interactions.

Using omics technologies to characterize molecules associated with different biological activities in
immune cells sheds light on the complex mechanisms underlying our sophisticated immune system.
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Figure 4. The general illustration of how omics technologies are integrated to tackle complex biological problems in immunology

(A). Complex biological activities of immune cells: various immune cells have their own states including active and inactive, functional and dysfunctional.
Different states can be explained by different trajectories of transcription and translation. Regulative processes and products in intracellular activities can be
measured by single cell multi-omics tools and associated data can be acquired in each immune cell. Combination of each single cell multi-omics data can
reveal the interactions and communications in the same type immune cells with different states, different types of immune cells, and other types of cells like
cancer cells and cancer-related fibroblasts. Microbe-immune interplay can also be decoded by integration of microbiomics and multi-omics data. In

addition, degree of communication may depend on the relative distance between cells.
(B) Integration of multi-omics approaches and associated data to understand the complexities of the human immune landscape.

Each omics technology offers us relevant data resources which can be iteratively reanalyzed and yield new
insights long after being collected because of new conceptual advances or analytic methods. However,
large-scale omics data generation and development of analytical methodology are virtually impossible
for each research group to master individually, and thus coordinated integrative efforts will be vital for
exploring the essence behind immune system and unveiling its many mysteries."”

Compared with omics technologies confined to a single modality, the combination of multi-omics
approaches that integrate data sources from multiple modalities (Figure 4B) can give us deeper insights
into the flow of information in immune cells. Apart from simply combining data from omics technologies,
the development of analytic techniques to integrate multiple molecular datasets is a challenge for
researchers aiming to uncover the truth of immunology by multi-omics technologies. Canonical correlation
analysis (CCA) could serve as a powerful approach to integrate multi-dimensional biological data and has

been successfully employed in several studies.®*""%""”

For medical researchers, the ultimate goal is to serve patients more than just find these products
and construct networks. Thus, how to apply multi-omics technology to tackle clinical problems is equally
important. On the basis of strong experimental results from studies using multi-omics technologies in
model organisms, the field would benefit from additional investigation using relevant human immune cells
to determine the broader generalizability and translational capacity of these findings. The human periph-
eral blood mononuclear cells (PBMCs) are a crucial resource for investigation of immune responses,
including the activation, proliferation, and differentiation of immune cells as well as metabolic reprogram-
ming events that occur during this process.120 Apart from PBMCs, urine, feces, and exhaled air can also be
tested by multi-omics approaches to gain metabolic information on immune cell population. Moreover,
great technological progress has been in the omics field. One recently published study firstly found the
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existence of purinosomes which comprise nine enzymes and channel the pathway intermediates to synthe-
size purine nucleotides by using metabolomics and single-cell in situ three-dimensional chemical imaging.
The appearance of RNA in situ conformation sequencing (RIC-seq) technology can help in globally profile
the intra- and intermolecular RNA-RNA interactions, '’ which can not only recapitulate known RNA sec-
ondary structures and tertiary interactions but also construct RNA-RNA three-dimensional interaction
maps, opening a new avenue for exploration of immune cell functions. Besides, as an expansion of
CyTOF, imaging mass cytometry (IMC) has been used for exploring the immune landscape in melanoma
microenvironment.'?>'?? These emerging omics technologies, while inevitably endowing us with more
potent analytical weapons to dissect immune functions, must be carefully selected based on the specific
purpose of studies.
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