
Since the discovery of the cell, we have gained insights 
into everything from subcellular structures to genetic 
codes from this basic unit of life. However, the hetero-
geneity that exists between individual cells has become 
increasingly evident with the development of new 
single-​cell technologies. For example, the introduc-
tion of next-​generation sequencing (NGS) technology 
at the beginning of the 21st century marked a new 
chapter for genomic research1,2; billions of reads can 
now be routinely generated to help us to better under-
stand the genome, transcriptome and epigenome at 
the single-​cell level. The analysis of protein expression 
and post-​translational modifications has been aided by 
the development of mass cytometry, which enables the 
simultaneous analysis of >100 protein markers in sin-
gle cells3, and advances in single-​cell technologies that 
enable the simultaneous analysis of multiple types of 
omics data are now providing researchers with oppor-
tunities to interrogate the heterogeneity of single cells at 
unprecedented depth.

Rheumatic diseases, which affect more than one-​fifth 
of the population of the USA and millions of individ-
uals worldwide4,5, have mostly unknown aetiologies. 
Small subsets of cells are thought to be important in the 
pathogenesis of a variety of rheumatic diseases, there-
fore studying the breakdown of immune tolerance and 

dysregulated pro-​inflammatory pathways on a cell-​
by-cell basis presents a tremendous opportunity for 
rheumatology research.

In this Review, we look at the single-​cell technolo-
gies currently available for researchers to use to better 
understand the heterogeneity of human cells and the 
pathogenic mechanisms of rheumatic diseases at differ-
ent omics levels (Fig. 1). In particular, we discuss single-​
cell RNA sequencing (scRNA-​seq), antigen receptor 
sequencing, mass cytometry, mass-​spectrometry-based 
imaging and a variety of epigenomic platforms, as well 
as multi-​omics technologies that enable simultaneous 
analyses of DNA, RNA and protein markers. We also 
summarize pioneering research that has used these pow-
erful analytic platforms to elucidate complex immune 
cell networks in health and disease and discuss poten-
tial future applications of single-​cell technologies in 
rheumatic disease research.

Conducting single-​cell studies
Several collaborative projects have been launched 
that are devoted to advancing single-​cell analyses for 
rheumatology research. For example, the Accelerating 
Medicines Partnership (AMP) rheumatoid arthritis 
(RA) and systemic lupus erythematosus (SLE) network 
aims to identify new therapeutic targets for RA and SLE 
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and to understand disease mechanisms by leveraging the 
latest breakthroughs in single-​cell technologies. Since its 
launch in 2014, the AMP RA and SLE network has made 
several important discoveries at the single-​cell level and 
has uncovered molecular and cellular mechanisms that 
underlie the pathogenesis of rheumatic diseases6,7.

Collaborative programmes such as the AMP RA 
and SLE network highlight the fact that single-​cell stud-
ies often require a team of investigators with expertise 
in different areas of biomedical research. To conduct a 
single-​cell study, several important factors must be con-
sidered. First, high-​quality clinical samples and meticu-
lous medical records need to be collected by experienced 
physicians, as well as adequate control samples from 
healthy individuals. The detailed clinical information 
collected for individual samples ensures that disease-​
specific molecular signatures can be captured and that 
the effects of treatments or other unrelated medical 
events such as infections or vaccinations can be properly 
controlled. Notably, although samples from treatment-​
naive patients with new-​onset disease present an excel-
lent opportunity to identify dysregulated molecular 
mechanisms associated with rheumatic diseases, obtain-
ing such samples before any medications have been used, 
especially those for symptom relief, is extremely challeng-
ing. Additionally, it is unlikely that the number of samples 
from patients with new-​onset disease will be sufficient 
to fully represent the heterogeneity of clinical manifesta-
tions that occur in rheumatic diseases. Thus, single-​cell 
studies are often conducted on samples from heterogene-
ous groups of patients, making the availability of detailed 
medical records essential for the success of a study.

Next, a power calculation is performed by biostatis-
ticians to compute the number of samples required for 
downstream statistical analyses. Biostatisticians can also 
provide valuable input for experimental design. After a 
single-​cell assay is performed, a joint effort is required 
by investigators with diverse backgrounds to accurately 
interpret the results, which normally takes much longer 
than the time taken to perform the actual assay. Because 
of the high cost and substantial resources required for 
most single-​cell assays, it is often impractical for a single 
laboratory or institution to perform analyses on a large 
number of samples or on multiple cohorts of patients, 

making inter-​institutional collaborations and free data-​
sharing partnerships appealing approaches for single-​
cell studies. Collaborative programmes are particularly 
important for rheumatology research, as a high degree 
of heterogeneity exists between patients and analyses of 
several patient populations with diverse demographic 
backgrounds and disease manifestations are often 
required. In the following sections, we outline some of 
the single-​cell technologies that are currently available 
for use in rheumatic disease research.

Single-​cell transcriptomics
scRNA-​seq has become an essential tool for the study 
of biological systems in which cellular heterogeneity is 
prominent, such as the immune system. Each type of 
immune cell has specialized functions and transcription 
patterns, and cells of the adaptive immune system are 
further diversified owing to the expression of unique 
antigen receptors. In this section, we discuss single-​cell 
transcriptomic analyses and paired antigen receptor 
sequencing. Single-​cell genomic analyses are also impor-
tant for our understanding of human diseases and have 
been comprehensively reviewed elsewhere8,9.

Gene expression analysis. Since the first scRNA-​seq  
study on mouse embryos was published in 2009 (ref.10), 
this technology has rapidly improved in resolution, 
throughput and precision. It is now possible to ana-
lyse thousands of single cells simultaneously with 
great depth and accuracy. A variety of scRNA-​seq 
methods have been established, most of which follow 
the same pattern of single-​cell isolation, reverse tran-
scription, cDNA amplification and library construction 
and all of which have different strengths11,12 (Table 1). 
Additional scRNA-​seq technologies that preserve the 
tissue context or subcellular localization of transcripts 
have also been described13,14. These technologies, 
together with other powerful imaging-​based methods, 
such as single-​molecule RNA fluorescence in  situ 
hybridization (FISH)15 and multiplexed error-​robust 
FISH (MERFISH)16, enable spatially resolved tran
scriptomic analyses of single cells. The use of barcodes 
to label individual transcripts and mRNA from each 
cell further enhances the accuracy and throughput of 
scRNA-​seq (Box 1).

These methods all generate large and complex data 
sets that require specialized bioinformatic algorithms to 
facilitate accurate data debarcoding and interpretation. 
Advances in analytical tools and the challenges of using 
computational biology to analyse scRNA-​seq data have 
been comprehensively reviewed elsewhere17,18. Notably, 
a powerful computational algorithm, termed demuxlet 
(demultiplexing and doublet identification from single-​
cell data), has been developed that utilizes natural 
genetic variations to identify the donors to whom indi-
vidual cells belong in droplet-​based scRNA-​seq data sets 
in which cells from multiple donors are pooled and ana-
lysed together19. This method, which has the potential 
to enhance sample processing throughput and eliminate 
batch effects, was successfully used to study the tran-
scriptomes of single peripheral blood mononuclear cells 
(PBMCs) from patients with SLE from pooled samples19.

Key points

•	Many analytical platforms are available for the quantitative analyses of the genome, 
epigenome, transcriptome and proteome of single cells, although these technologies 
have not been fully exploited in rheumatology research.

•	Single-​cell RNA sequencing facilitates the simultaneous interrogation of the 
transcriptome of thousands of cells and transcript-​based analyses of paired antigen 
receptor sequences.

•	Mass cytometry enables the deep immunophenotyping and functional 
characterization of protein markers that, when coupled with mass spectrometry 
imaging, provide information on the spatial relationships between molecules.

•	Many analytical platforms have been developed to investigate different layers  
of epigenomic regulation in single cells, including DNA methylation, histone 
modifications, chromatin accessibility and chromatin conformation.

•	High-​dimensional multi-​omics analyses enable the direct comparison of DNA, RNA 
and proteins and/or the epigenome in individual cells and offer great potential for 
understanding rheumatic diseases.
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The variety of scRNA-​seq methods offered and the 
differences in throughput and sensitivity mean that 
selecting the most suitable platform for a study can be 
challenging. Usually, the choice of platform depends on 
the specific biological question being answered and the 
type of biological sample being analysed. For example, 
the high throughputs of the inDrop system20, droplet 
sequencing (Drop-​seq)21, the Seq-​Well platform22 and 
gene expression cytometry23 make them excellent 
options for profiling peripheral blood samples when 
coverage of a large number of immune cells is desired. 
For analysing solid tissue samples when isolating sin-
gle cells would be technically challenging, a method 
for performing RNA-​seq on divided cells (termed Div-​
seq)24 and massively parallel single-​nucleus sequencing 
with droplet technology (DroNc-​seq)25 are excellent 
alternatives that enable the sequencing of single nuclei. 
Importantly, owing to the small amounts of RNA that 
can be isolated from single cells, the quality of scRNA-​
seq results can be severely affected by technical or 
methodological problems. Furthermore, scRNA-​seq is 
often unable to reliably detect transcripts expressed at 

medium-​to-low concentrations, although assay sensitiv-
ity is continuously being improved. Rheumatic disease 
researchers are advised to consider all the advantages 
and limitations of scRNA-​seq before performing this 
potentially resource-​intensive technology. However, pio-
neering scRNA-​seq studies have already been performed 
to investigate the heterogeneity of the human immune 
system and dysregulation in immune-​mediated diseases 
at a single-​cell level.

The results of scRNA-​seq of cells from patients with 
SLE who have lupus nephritis, an important cause of 
morbidity and mortality in SLE, revealed the well-​known 
interferon signature26,27 in renal tubular cells28. In these 
patients, the number of interferon-​inducible transcripts 
correlated with histological evidence of chronicity, pro-
teinuria and immunoglobulin deposition28. This study 
demonstrated that gentle tissue dissociation can be used 
on renal tissues to obtain a single-​cell suspension for use 
in scRNA-​seq and that transcriptomic data from a vari-
ety of renal cell subtypes can be analysed in conjunction 
with clinical data to dissect the heterogeneity of lupus 
nephritis. In RA, a portable microfluidic control sys-
tem was assembled from 3D-​printed parts to perform 
Drop-​seq on synovial tissue samples29. scRNA-​seq analy
sis of >20,000 cells revealed the identity of infiltrating 
haematopoietic cells and showed the presence of sub-
types of fibroblasts characterized by distinct transcrip-
tional profiles29. In accordance with the findings of this 
study29, an independent scRNA-​seq study also found 
transcriptomically distinct subpopulations of fibroblasts 
in synovial tissue samples from patients with RA or oste-
oarthritis (OA)30. Three fibroblast subsets were defined 
by unique gene expression patterns and had different 
anatomical locations and cellular functions, including 
invasive migration, modulation of osteoclastogenesis 
and pro-​inflammatory cytokine production. The rela-
tive proportions of the three subsets differed substan-
tially between patients with RA and patients with OA, 
and the presence of large numbers of the CD34−THY1+ 
subset in RA synovium correlated with a high amount 
of immune cell infiltration, a high Krenn synovitis score 
and joint hypertrophy. Both studies29,30 provide excellent 
examples of how scRNA-​seq can serve as a powerful 
platform to interrogate the heterogeneity of cells in tis-
sue samples with complex cellular components and to 
characterize cell subsets on the basis of unique transcrip-
tomic signatures. scRNA-​seq has also been performed 
on fluorescence-​activated cell sorting (FACS)-purified 
natural antibody-​producing CD27+IgD+ B cells31, which 
are found in reduced numbers in patients with RA. 
The results of this study31 revealed an RA-​specific pro-​
inflammatory transcription profile in this cell subset, 
highlighting that scRNA-​seq can be used to interro-
gate the transcriptomic heterogeneity of cells that are 
important for pathogenesis when coupled with FACS 
purification using defined protein markers.

Notably, the clinical utility of scRNA-​seq has been 
successfully demonstrated in other biomedical fields. 
For example, scRNA-​seq analysis of cells from patients 
with melanoma receiving checkpoint inhibitor therapy 
revealed that the presence of a subset of CD8+ T cells was 
predictive of a positive clinical outcome and produced 
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Fig. 1 | Single-​cell experimental platforms for omics analysis. Venn diagram depicting 
single-​cell technologies that can be used to interrogate the transcriptome, epigenome 
and proteome. Overlapping regions contain technologies that enable the integrative 
analysis of multiple omics in the same cells. CITE-​seq, cellular indexing of transcriptomes 
and epitopes by sequencing; CLEVER-​seq, chemical-​labelling-enabled C-​to-T conversion 
sequencing; EpiTOF, epigenetic landscape profiling using cytometry by time of flight; 
NOMe-​seq, nucleosome occupancy and methylome sequencing; PEA , proximity 
extension assay ; PL A , proximity ligation assay ; PL AYR , proximity ligation assay for RNA ; 
REAP-​seq, RNA expression and protein sequencing; scATAC-​seq, single-​cell resolution in 
assay for transposase-​accessible chromatin using sequencing; scCOOL-​seq, single-​cell 
chromatin overall omic-​scale landscape sequencing; scHi-​C, high-​throughput variant of 
chromosome conformation capture performed on single cells; scM&T-​seq, single-​cell 
methylome and transcriptome sequencing; scNMT-​seq, single-​cell nucleosome, 
methylation and transcription sequencing; scTrio-​seq; single-​cell triple omics sequencing.
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a combinatorial therapeutic strategy to enhance check-
point inhibitor efficacy32. Such studies provide rheu-
matic disease researchers with valuable and helpful 
information in relation to experimental design and data 
analysis. Future studies in rheumatic diseases could be 
performed to identify immune cell subsets that correlate 
with patient responses to therapies that often have poor 
response rates. The results of such studies will have the 
potential to help researchers to understand the under
lying pathological mechanisms of rheumatic diseases and  
to improve patient stratification and treatment outcomes.

Antigen receptor sequencing. Several NGS-​based plat-
forms have been developed to profile the paired func-
tional B cell receptor (BCR) sequences of individual 
B cells (Box 2). Single-​cell BCR sequencing of plasma-
blasts isolated from patients with RA identified BCRs 
specific for cyclic citrullinated peptides and other RA-​
associated autoantigens33. Sequencing of plasmablasts 
from anti-​citrullinated protein autoantibody (ACPA)-
positive individuals, who are at risk of developing RA, 
revealed both IgA-​secreting and IgG-​secreting clones 
responsive to common RA autoantigens, suggest-
ing the potential involvement of mucosal immunity 
in the early stages of RA development34. Analysis of 

plasmablasts from patients with clinically evident RA 
that were collected longitudinally showed the presence 
of persistent IgA-​producing cells that underwent con-
tinuous affinity maturation and produced ACPAs that 
formed pro-​inflammatory immune complexes35. Single-​
cell functional BCR sequencing is likely to continue to 
provide new insights into the pathological functions of 
humoral immunity in rheumatic diseases.

An important utility of functional BCR analysis at the 
single-​cell level is the in vitro expression of paired heavy-​
chain and light-​chain sequences to construct clone-​
specific immunoglobulins. The resultant recombinant 
antibodies can be tested for antigen specificity using pro-
tein microarrays, and their importance in the pathogen-
esis of rheumatic diseases can be assessed using tissue 
culture or animal models. For example, BCR sequencing 
of plasmablasts from patients with idiopathic pulmonary 
arterial hypertension (IPAH) revealed the presence of 
monoclonal antibodies that recognize autoantigens 
frequently associated with connective tissue diseases36. 
Importantly, the treatment of cultured endothelial cells 
with recombinant antibodies that were generated on 
the basis of the sequencing results induced the secretion 
of pro-​inflammatory cytokines and the expression of 
intercellular adhesion molecule 1, thereby implicating 

Table 1 | Single-​cell RNA sequencing technologies

Technique Single-​cell isolation 
method

Reverse transcription 
method

cDNA 
amplification 
method

Throughput 
(number 
of cells 
analysed)

UMI Refs

Tang et al. Micropipetting Poly(A)-based PCR 101 No 10

inDrop Droplet-​based 
microfluidics system

Poly(A)-based IVT 104 Yes 20

Drop-​seq Droplet-​based 
microfluidics system

Poly(A)-based PCR 104 Yes 21

Seq-​Well Microwells Template-​switching PCR 104 Yes 22

CytoSeq Microwells Poly(A)-based PCR 105 Yes 23

Div-​seq FACS Template-​switching PCR 103 (nuclei) No 24

DroNc-​seq Droplet-​based 
microfluidics system

Template-​switching PCR 104 (nuclei) Yes 25

STRT Micropipetting Template-​switching PCR 102 No 159

CEL-​seq Micropipetting Poly(A)-based IVT 102 No 170

SUPeR-​seq Micropipetting Random primer-​based PCR 102 No 171

Quartz-​seq FACS Poly(A)-based PCR 102 No 172

MATQ-​seq Micropipetting MALBAC primer-​based PCR 102 Yes 162

SMART-​seq2 Micropipetting Template-​switching PCR 102 No 173

MARS-​seq FACS Poly(A)-based IVT 103 Yes 161

CEL-​seq2 Microfluidic devices Poly(A)-based IVT 102 Yes 160

Quartz-​seq2 FACS Poly(A)-based PCR 103 Yes 174

SMART-​seq Micropipetting Template-​switching PCR 102 No 175

SC3-seq Micropipetting Poly(A)-based PCR 102 Yes 176

CEL-​seq, cell expression by linear amplification and sequencing; CytoSeq, gene expression cytometry; Div-​seq, RNA sequencing 
on divided cells; DroNc-​seq, massively parallel single-​nucleus sequencing with droplet technology; Drop-​seq, droplet sequencing; 
FACS, fluorescence-​activated cell sorting; IVT, in vitro transcription; MALBAC, multiple annealing and looping-​based amplification 
cycles; MARS-​seq, massively parallel single-​cell RNA sequencing; MATQ-​seq, multiple annealing and dC-​tailing-based quantitative 
single-​cell RNA sequencing; SC3-seq, single-​cell mRNA 3′ end sequencing; seq2, second-​generation platform; SMART-​seq, switch 
mechanism at the 5′ end of RNA templates sequencing; STRT, single-​cell tagged reverse transcription; SUPeR-​seq, single-​cell 
universal poly(A)-independent RNA sequencing; UMI, unique molecular identifier.
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autoantibodies in the pathogenesis of IPAH36. Several 
autoimmune diseases are known to be mediated directly 
by pathogenic autoantibodies, such as anti-​desmoglein 3  
(DSG3) antibodies in pemphigus vulgaris37, but the 
clinical relevance of the autoantibodies detected in 
most rheumatic diseases is still unclear. Functional BCR 
sequencing of B cells from patients with rheumatic dis-
eases has the potential to reveal new autoantibodies that 
could contribute to pathogenesis. Promising results from 
a study in which chimeric antigen receptor technology 
was used to target anti-​DSG3-positive autoreactive 
B cells in a mouse model of pemphigus vulgaris38 suggest 
that the identification of pathogenic B cell clones could 
lead to the discovery of new antigen-​specific therapeutic 
interventions for rheumatic diseases.

Similarly, established NGS-​based single-​cell meth-
ods exist to profile T cell receptor (TCR) sequences 
with paired α-​chains and β-​chains (Box 3). In contrast 
to conventional bulk sequencing methods, single-​cell 
analysis preserves information on functional TCRs, 
thereby enabling researchers to reconstruct clone-​
specific TCRs in vitro and to functionally characterize 
T cells with defined antigen specificities. Additionally, a 
yeast display-​based platform can be used to determine 
the antigenic targets of TCRs with unknown specifici-
ties39. In this technique, yeast cells that express geneti-
cally encoded libraries of peptide–MHC complexes are 
selected through multiple rounds of enrichment using 
beads coated with recombinant TCRs. The antigen 
specificity of a TCR can subsequently be obtained by 
sequencing the enriched pool of yeast cells. Autoreactive 
T cells are thought to be involved in the pathogenesis 
of several rheumatic diseases; however, the cognate 
ligands for most rheumatic disease-​related autoreac-
tive T cells are unknown. The combination of single-​
cell TCR sequencing and yeast display-​based antigen 
identification has been used successfully to discover the 
antigen specificities of tumour-​infiltrating T cells from 
patients with colorectal adenocarcinoma and to iden-
tify common tumour antigens40. These complimentary 

techniques could therefore be adapted to sequence auto-
reactive T cells isolated from inflamed tissues relevant to 
rheumatic diseases such as synovial tissue, kidney and 
skin and to determine the antigen specificities of T cells 
that are highly enriched at these sites.

The dysregulation of specific T cell subsets directly 
contributes to tissue damage and clinical symptoms 
in rheumatic diseases. For example, large numbers of 
T helper 17 (TH17) cells are found in the peripheral 
blood of patients with SLE and the kidneys of patients 
with lupus nephritis41,42, and the number of TH17 cells 
correlates with disease activity scores. Similarly, altera-
tions in the numbers and immunomodulatory functions 
of regulatory T (Treg) cells in many rheumatic diseases 
and autoimmune diseases have led to the develop-
ment of new therapies that aim to augment Treg cell 
functions43. The antigen specificities of these clinically 
important T cell subsets and the mechanisms by which 
they become activated in affected tissues or organs is a 
fascinating area of rheumatology research that, in our 
opinion, will be greatly accelerated by single-​cell TCR 
sequencing technologies in the future.

Single-​cell proteomics
The abundance of mRNA transcripts is not strictly 
reflective of the level of protein translation, both in 
the context of a population of cells and in single cells44. 
Additionally, the stability and function of a protein is 
modulated by post-​translational modifications, which 
affect biological processes and cellular phenotypes. 
To begin to understand the heterogeneity of immune 
cells and proteome dysregulation associated with 
immune-​mediated diseases, quantitative analyses of 
protein abundance in single cells, as well as patterns 
of post-​translational modifications, provide a critical 
layer of biological information. In this section, we dis-
cuss mass cytometry, highly multiplexed imaging and 
other single-​cell proteomic technologies.

Mass cytometry. Mass cytometry uses lanthanide-​
labelled affinity reagents coupled with mass spectrom-
etry to quantitatively measure proteins in individual 
cells with high precision and throughput. As many as 
45 isotopes are routinely used in current mass cytometry 
assays, although, in principle, >100 isotopes could be 
used for ultrahigh-​content analyses of single cells45. Mass 
cytometry has been widely used to perform immune 
monitoring of phenotypic and functional protein mark-
ers in rheumatic diseases. Analyses of whole-​blood 
samples from patients with SLE treated with Toll-​like 
receptor ligands revealed differences in signalling pro-
tein activation and downstream cytokine production 
profiles compared with samples from healthy individ-
uals46. Furthermore, a molecular signature defined by 
increased CC-​chemokine ligand 2 (CCL2), CCL4 and 
IL-1 receptor antagonist in CD14hi classical monocytes 
was found by mass cytometry in patients with juvenile 
SLE47. This signature, which correlated with disease 
activity, could be abrogated by the use of the Janus kinase 
inhibitor ruxolitinib47.

Mass cytometry also facilitates the identification 
of unique immune cell subsets that are aberrantly 

Box 1 | Barcoding in single-​cell RNA sequencing

Unique molecular identifiers (UMIs) can be used to label individual RNA molecules 
with distinct barcodes156. Thus, after sequencing, it is possible to correct for the bias 
introduced by PCR amplification as reads with the same UMIs indicate that they were 
derived from the same starting templates. Specific barcodes can also be introduced 
to label cDNA from individual cells, thereby facilitating the simultaneous analysis of 
thousands of cells. For example, researchers used split-​pool ligation-​based transcriptome 
sequencing (SPLiT-​seq) with a combinatorial barcoding strategy to analyse >150,000 
single cells from the central nervous system of a developing mouse157. Another technique, 
single-​cell combinatorial indexing RNA sequencing (sci-​RNA-seq), introduces distinct 
barcodes to pools of cells during both first-​strand synthesis and PCR amplification158; 
the two-​barcode combinations label single cells without physically separating them. 
Strategies to label individual cells with unique barcodes have also been adopted for 
use with single-​cell tagged reverse transcription (STRT)159, second-​generation cell 
expression by linear amplification and sequencing (CEL-​seq2)160, massively parallel 
single-​cell RNA sequencing (MARS-​seq)161, droplet sequencing21, the inDrop system20, 
gene expression cytometry23 and multiple annealing and dC-​tailing-based quantitative 
single-​cell RNA sequencing (MATQ-​seq)162. Notably, gene expression cytometry23, the 
Seq-​Well platform22 and a droplet-​based approach163 have all been used successfully 
to barcode thousands of peripheral blood mononuclear cells for unbiased, highly 
multiplexed analyses of the immune system.
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expanded in patients with rheumatic diseases. Analyses 
of single-​cell suspensions derived from inflamed solid 
tissues led to the discovery of previously uncharacterized 
immune cell populations, such as PD1hiCXCR5−CD4+ 
T cells that promote humoral immunity in inflamed 
RA synovial tissue48 and PD1+CD4+ T cells in the sali-
vary glands of patients with primary Sjögren syndrome 
(pSS)49. Immunophenotyping of blood samples and 
paired labial salivary gland tissue samples from patients 
with pSS by mass cytometry revealed that changes in 
the frequencies of immune cell subtypes correlated with 
disease activity50. The identification of unique immune 
cell subsets can be accelerated by the use of mixed-​effects 
modelling of associations of single cells, a statistical 
method in which the association between population 
clusters and disease status is tested while biological and 
technical confounding factors are controlled51. Using 
this statistical strategy to analyse mass cytometry data, 
a CD27−HLA-​DR+ effector memory CD4+ T cell subset 
was discovered that correlated with RA disease sever-
ity51, demonstrating that this method has the potential 
to be applied broadly to single-​cell rheumatic disease 
research. Importantly, the success of mass cytometry 
studies depends heavily on high-​quality affinity rea-
gents with high specificity and sensitivity; researchers 
should test reagents and protocols carefully before ana-
lysing precious clinical samples to ensure that quality 
data sets can be obtained. Together, the high content 
and throughput of mass cytometry make it an excellent 
experimental system for deep immunophenotyping and 
functional characterization of the immune system that 
can be applied to a wide range of cell types to identify 
differential protein markers.

Next-​generation imaging. Mass spectrometry imaging 
(MSI) is a powerful non-​optical approach for the analysis 
of tissue specimens. Secondary ion mass spectrometry 
uses a finely focused primary ion beam to bombard the 
surface of a tissue sample, and the sputtered secondary 
ions from the tissue surface are captured and analysed 
by a mass spectrometer52. As a result, a high-​resolution 
molecular image of the tissue surface can be generated. 
Two revolutionary MSI methods, multiplexed ion beam 
imaging (MIBI)53 and imaging mass cytometry54, achieve 
highly multiplexed images of fixed tissue samples. Both 
systems use lanthanide-​labelled antibodies and follow 

conventional immunohistochemistry staining protocols. 
Through the use of MIBI or imaging mass cytometry 
at ultrafine resolution, the lanthanide-​tagged tissue is 
converted to a stream of vaporized particles in a scan-
ning process and is measured by a mass spectrometer. 
The spectra of lanthanides, which represent the abun-
dance and distribution of the corresponding epitopes, 
are then assembled to construct a tissue image consist-
ing of multiple biomarkers. Modern mass spectrome-
ters offer excellent precision and restrict mass errors 
to a fraction of a Dalton. Different metal isotopes can 
be accurately resolved with minimal signal spill-​over 
between tags. Signal amplification is not required in 
mass-​spectrometry-based measurements; thus, the 
linear quantitative relationship across a tissue section 
is preserved. Both MIBI and imaging mass cytometry 
enable the quantitative measurement of an epitope at a 
dynamic range of more than five orders of magnitude 
and the simultaneous analysis of an unprecedented 
number of biomarkers55.

These next-​generation imaging systems have been 
used to study tissue abnormalities in human diseases, 
mainly malignant tumours56. Their potential to study the 
pathological functions of tissue-​resident immune cells 
and immune cell infiltrates in inflamed tissues in rheu-
matic diseases has not yet been explored. The majority 
of our understanding of the human immune system 
relies on circulating immune cells. However, given 
that subsets of immune cells can permanently reside 
in tissue niches, in situ analysis of these cells becomes 
essential to understand their function in immune sur-
veillance and in disease. For example, tissue-​resident 
memory T (TRM) cells have been found in nearly all 
non-​lymphoid tissues57. In addition to providing local 
protection against frequently encountered pathogens, 
the dysregulation of TRM cells has been implicated in the 
pathology of several rheumatic diseases, including RA 
and juvenile idiopathic arthritis (JIA)58. Similarly to 
TRM cells, the localization of other immune cells to non-​
lymphoid tissues is indispensable for protecting tissues 
from invading pathogens59,60. Next-​generation imaging 
technologies offer the opportunity to examine the func-
tions of tissue-​resident immune cells in immunosurveil-
lance and in the pathophysiology of immune-​mediated 
diseases. We envision that the use of such technologies 
will soon become widespread and will provide insights 
into the physiological and pathological functions of 
non-circulating immune cells.

Other types of single-​cell proteomics. Single-​cell 
western blotting enables the analysis of individual cells 
seeded in microwells by thin-​layer gel electrophoresis 
and photoimmobilization, followed by antibody hybrid-
ization61. This method separates denatured proteins by 
size in a similar manner to conventional western blot-
ting, thereby offering additional precision and facili-
tating isoform-​specific detection. Single-​cell western 
blotting has been used to dissect the heterogeneity of 
neural stem cells and to track their lineage commitments 
during differentiation61. Alternatively, fluorescence-​
based imaging can be performed using microscopes 
commonly available in academic laboratories. By using 

Box 2 | Methods for paired VH–VL sequence identification

•	Microwells can be used to capture single B cells, and a specialized PCR can then be 
performed in emulsion droplets to generate linkages between the variable regions  
of heavy-​chain (VH) and light-​chain (VL) transcripts164.

•	An axisymmetric flow-​focusing device can be used to sequester single B cells into 
emulsion droplets with oligo(dT)-containing beads to capture mRNA. Beads are 
pooled and re-​emulsified to generate linked VH–VL amplicons for sequencing165. 
This high-​throughput technique enables the repertoire sequencing of millions of 
B cells in a single experiment.

•	VH and VL transcripts from single fluorescence-​activated cell-​sorting-purified B cell 
clones can be barcoded to facilitate the next-​generation sequencing of paired 
full-length immunoglobulin VH and VL genes166.

•	Barcodes can be introduced to label mRNA from individual B cells during template 
switching and PCR amplification33.
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multiple rounds of staining and de-​staining with nano-
particles, up to 25 biomarkers can be reliably measured 
in single cells with quantum dot imaging62. An estab-
lished protocol exists for quantum dot-​based immuno
histochemistry analysis63, which can be applied to 
analyse formalin-​fixed and paraffin-​embedded (FFPE) 
clinical samples for rheumatology research. Another 
method, co-​detection by indexing (CODEX)64, provides 
high-​parameter imaging with dimensionality compara-
ble to mass-​spectrometry-based methods and requires 
minimal modifications to conventional fluorescence 
microscopes. The invention of this analytic platform 
has enabled high-​dimensional imaging of splenic tissues 
from lupus-​prone MRL/lpr mice64.

Technologies to measure the signalling molecules 
that are secreted from single cells, such as cytokines, 
are powerful tools that facilitate the functional charac-
terization of individual immune cells. Microengraving 
methods enable single cells to be trapped and cultured 
in microwells at sub-​nanolitre volumes65. Secreted pro-
teins can then be captured and detected by capping the 
microwells with substrate-​coated glass slides. This tech-
nology, initially developed to accelerate the selection of 
hybridomas from polyclonal mixtures, has been used to 
interrogate single-​cell variations in cytokine secretion 
by human PBMCs in response to immune stimulation66. 
Similarly, single-​cell barcode chip (SCBC) uses a micro-
fluidic system to simultaneously measure multiple mol-
ecules secreted from single cells and has been used to 
dissect the functional heterogeneity of cytotoxic T cells67.

Single-​cell epigenomics
Single-​cell epigenomic technologies provide research-
ers with exciting opportunities for the development of 
precision medicine. The epigenome is highly dynamic 
and is regulated by internal and external factors such as 
hormones, metabolites, microorganisms, environmental 
factors and ageing. The highly heterogeneous nature of 
rheumatic disease manifestations between patients sug-
gests an important function for epigenomic variation in 
their pathogenesis. Advances in epigenomic technol
ogies have helped researchers to interrogate multiple 

layers of the epigenome in individual cells68. These 
single-​cell assays have yet to be used in rheumatic disease 
research, but it is hoped that they will provide opportu-
nities to improve our understanding of the molecular 
mechanisms underlying rheumatic disease development.  
In this section, we discuss cutting-​edge single-​cell epi
genomic technologies and describe areas of rheuma
tology research to which these exciting technologies 
could be applied in the future.

DNA methylation analysis. The molecular links 
between DNA methylation and embryonic development, 
genomic stability, transcription regulation, gene imprint-
ing, repetitive DNA silencing and X chromosome inac-
tivation have been extensively studied69,70. Functionally, 
DNA methylation at promoters is mainly associated 
with gene silencing, whereas intragenic methylation 
at actively transcribed genes is essential for transcrip-
tional fidelity. Enhancers and insulators are also regu-
lated by DNA methylation, which affects transcription 
activities by altering their interactions with target pro-
moters. Methylation at CpG sites is a classic epigenetic 
mechanism by which de novo cytosine modifications 
can be stably transmitted through mitosis and meiosis 
and between generations71. Several studies have also 
shown that DNA methylation patterns that are altered 
as a result of environmental perturbation remain evi-
dent for several generations after the external stimuli 
have been removed72. Importantly, both global disrup-
tion and locus-​specific alterations to DNA methylation 
patterns are associated with human diseases, including 
rheumatic diseases.

The current gold standard for the detection of DNA 
methylation is bisulfite sequencing. The treatment of 
genomic DNA with sodium bisulfite converts unmeth-
ylated cytosines to uracils, whereas methylated cyto-
sines are resistant to this chemical modification. This 
approach essentially transforms epigenetic marks into 
a genetic code that can be measured by microarray or 
NGS technology. The first human DNA methylome 
with single-​base resolution was published in 2009 (ref.73), 
and advances in NGS technologies facilitated single-​cell 
DNA methylome profiling shortly thereafter. The first 
demonstration of single-​cell DNA methylation analy
sis used reduced representation bisulfite sequencing 
(RRBS), in which restriction enzyme digestion is used 
to enrich genomic regions with high GC content before 
bisulfite sequencing is carried out74. Approximately 
1.5 million CpG sites can be analysed in individual 
cells using this method. An alternative approach with 
improved CpG coverage, single-​cell bisulfite sequenc-
ing (scBS-​seq), used a modified version of post-​bisulfite 
adaptor tagging (PBAT) to enable the retrieval of the 
methylation status of 1.8–7.7 million CpG sites75. A third 
method, single-​cell whole-​genome bisulfite sequenc-
ing (WGBS), enabled the analysis of large numbers of 
cells with a coverage of 1.4 million CpG sites76. Notably, 
WGBS has been used to profile the DNA methylomes of 
haematopoietic stem cells and progenitor cells77.

An important advantage of NGS-​based methods 
relative to microarrays is the identification of new 
methylation sites that are not restricted to the content 

Box 3 | Methods for paired α-​chain and β-​chain T cell receptor sequencing

•	Reverse transcription of the lysate from single T cells can be performed using primers 
that target T cell receptor (TCR) transcripts and T cell subset-​specific markers, such as 
the transcription factors T-​bet (for CD4+ T helper 1 (TH1) cells) and GATA3 (for CD4+ 
TH2 cells)167. Nested PCR is then performed to amplify the cDNA of interest and to 
introduce barcodes for individual cells. This approach enables the accurate profiling 
of paired α-​chains and β-​chains to important phenotypic markers, thereby linking TCR 
specificity to the functional state of the same T cells.

•	Another method, termed pairSEQ, enables paired TCR α-​chains and β-​chains to be 
decoded without physically separating single cells168. mRNA from pools of T cells is 
reversed transcribed and TCR cDNA is amplified by PCR and barcoded before 
undergoing combined high-​throughput sequencing. Given the highly diverse nature 
of the TCR repertoire and the improbability of given α-​chains and β-​chains being 
present in identical pools of cells, the presence of the same α-​chains and β-​chains in 
multiple pools would infer that they are derived from the same T cell clone.

•	A flow-​focusing device that facilitates the encapsulation of single cells in emulsion 
droplets for functional B cell receptor sequencing165 has also been used to profile 
functional TCRs169. This method enables the rapid analysis of millions of single T cells 
in an experiment and has the highest throughput reported to date.
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immobilized on the array. Although less prevalent than 
CpG dinucleotides, methylation at non-​CpG residues 
occurs at higher rates in certain cell subtypes, such 
as embryonic stem cells78. The biological functions 
associated with non-​CpG methylation have yet to be 
identified. Additionally, although microarrays meas-
ure CpG sites that represent nearly 99% of genes listed 
in the RefSeq database and 96% of CpG islands, only 
~2% of the total CpG dinucleotides in the genome are 
covered79. DNA methylome sequencing can be used 
to identify differentially methylated regions (DMRs) 
located outside of the genetic regions that are associated 
with rheumatic diseases, thereby expanding the analy
sis to include regulatory elements such as enhancers 
and silencers.

Over the past decade, the model for the mainte-
nance of DNA methylation dynamics has been revised 
to include active demethylation mediated by the TET 
enzyme family80, and the genome-​wide distributions of 
two intermediates of the active demethylation process, 
5-hydroxymethylcytosine (5hmC) and 5-formylcytosine 
(5fC), have been reported in single cells81. In vitro gluco-
sylation of 5hmC followed by modification-​dependent 
digestion with the restriction enzyme AbaSI and NGS 
(termed scAba-​seq) enabled genome-​wide 5hmC pro-
filing in single cells81, whereas chemical labelling of 5fC 
with malononitrile resulted in a C-​to-T conversion dur-
ing PCR (termed CLEVER-​seq), enabling researchers 
to map the genome-​wide 5fC landscape82. Emerging 
evidence from similar techniques suggests an impor-
tant function for DNA demethylation in the activation 
and development of B cells and T cells83. Together with 
bisulfite sequencing, analyses of distinct DNA modifica-
tions at single-​base resolution and single-​cell resolution 
is likely to be able to reveal aberrant DNA methylation 
patterns associated with rheumatic diseases.

DNA methylome studies in rheumatic diseases have 
mostly used microarray-​based approaches, and single-​
cell analysis has yet to be reported. Microarray-​based 
DNA methylome analyses have found DMRs in patients 
with SLE84, many of which were localized to type I 
interferon-​inducible genes85–89. Altered DNA methyla-
tion patterns have also been associated with ethnicity90, 
clinical manifestations91–93 and disease activity94,95 in 
patients with SLE. Analyses of cells from monozygotic 
twins discordant for SLE revealed widespread alterations 
in the DNA methylation landscape in affected twins 
compared with unaffected twins96,97. Similarly, DNA 
methylome profiling of monozygotic twins discord-
ant for ACPA-​positive preclinical RA revealed DMRs 
between affected and unaffected twins98. Together 
with the presence of RA-​associated DMRs in immune 
cells99,100 and synovial fibroblasts101–105, this evidence 
strongly suggests the involvement of DNA methylation 
in the pathogenesis of RA. Additionally, DMRs have 
been implicated in the pathogenesis of systemic sclerosis 
(SSc)106,107, pSS108 and JIA109.

Single-​cell DNA methylome sequencing has been 
used in the field of cancer research to discover DMRs 
that have the potential to be used for diagnosis, to iden-
tify new therapeutic targets and to predict treatment 
responses110. These cancer research studies have laid a 

solid foundation for the application of single-​cell DNA 
methylome analysis to clinical samples from patients 
with other diseases. We anticipate that the first single-​
cell DNA methylome analysis on clinical samples from 
patients with rheumatic diseases will soon be reported 
and will shed new light on the function of this important 
layer of epigenetic regulation in pathogenesis.

Histone modification analysis. Histone post-​transla-
tional modifications, often referred to as histone marks, 
are an important epigenetic mechanism for the regulation 
of chromatin dynamics111. Histone modifications are 
essential for successful haematopoietic cell development, 
effective immune responses against pathogens and the 
maintenance of immune tolerance112,113. The dynamics of 
histone modifications are maintained by several classes 
of chromatin-​modifying enzymes, the dysregulation of 
which has been directly linked to human diseases114. 
Changes in the amount and distribution of histone modi
fications facilitate the establishment of pathological gene 
expression programmes in diseases such as cancer115 
and the defective binding to histone post-​translational  
modifications by reader proteins disrupts normal bio-
logical activities, which can also lead to the develop-
ment of disease. For example, a genetic mutation in 
V(D)J recombination-​activating protein 2 (RAG2) that 
abrogates its ability to bind histone H3 trimethylation at 
lysine 3 (H3K4me3) marks results in inefficient V(D)J  
recombination and immunodeficiency116. Together, 
the mis-​writing, mis-​erasing and mis-interpretation of 
histone post-​translational modifications are signatures 
of a wide variety of human diseases117. Therapeutically 
targeting either chromatin-​modifying enzymes or 
post-​translational-modification-​dependent protein–
chromatin interactions therefore holds great promise 
for many diseases118.

To date, interrogating the dysregulated histone 
marks that are associated with rheumatic diseases has 
been challenging, mostly owing to technical limitations.  
Conventional assays such as chromatin immunopreci
pitation sequencing (ChIP-​seq) and immunoblotting 
require large numbers of cells and generate averaged 
overviews of heterogeneous populations of cells. 
However, ChIP-​seq analysis of histone modifications at 
single-​cell resolution has been reported119. Combining 
microfluidics-​based barcoding of individual cells, 
immunoprecipitation of nucleosomes from a pool of 
cells and NGS enables the genome-​wide locus-​specific 
profiling of histone marks in single cells119. This tech-
nology, although powerful and able to demonstrate 
heterogeneity in histone marks at a single-​cell level, has 
low sensitivity. A complementary technology, in which 
in situ hybridization and proximity ligation assays 
(PLAs) are integrated, also enables the locus-​specific 
detection of histone marks in single cells120. However, 
this technology does not provide information about the 
genome-​wide distributions of histone marks, and low 
throughput prevents it from being broadly applied.

New methods to facilitate genome-​wide locus-​
specific analyses of histone marks in single cells are still 
required; however, one method has been developed to 
at least partially fill this technological gap. Epigenetic 
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landscape profiling using cytometry by time-​of-flight 
(EpiTOF) takes advantage of the high multiplexing 
power, single-​cell resolution and the potential for quan-
titative measurement provided by mass cytometry to 
simultaneously detect the bulk concentrations of a 
variety of histone marks in individual cells121,122. Using 
this analytic platform, immune cell subtype-​specific 
and haematopoietic lineage-​specific histone modifica-
tion profiles have been identified that predict immune 
cell identities at the single-​cell level122. EpiTOF has the 
potential to serve as a powerful discovery platform to 
reveal dysregulated histone marks in patients with rheu-
matic diseases and to facilitate the identification of pre-
viously uncharacterized immune cell subtypes defined 
by unique histone modification patterns. An important 
use of EpiTOF data will be to provide guidance for 
ChIP-​seq analyses, which can subsequently be used to 
discover locus-​specific histone modification changes. 
The modulation of histone marks by manipulating 
chromatin-​modifying enzymes can further inform 
about the reversibility of phenotypes of interest and 
provide a basis for the development of new therapies 
that target chromatin-​modifying enzymes. Together 
with other epigenomic methods, such as chromatin 
structure sequencing and DNA methylome sequencing, 
single-​cell histone modification analysis using tech-
niques such as EpiTOF will help researchers to better 
understand the function of epigenetic regulations in the 
pathophysiology of rheumatic diseases.

Chromatin structure analysis. The invention of assay 
for transposase-​accessible chromatin using sequencing 
(ATAC-​seq) has revolutionized the genome-​wide analy
sis of chromatin structure123. This method makes use of 
the preferential insertion of sequencing adaptors into 
open chromatin by the hyperreactive Tn5 transposase. 
The sequencing reads therefore enable the inference of 
the chromatin accessibility landscape, which would have 
traditionally been mapped by DNase I hypersensitivity 
assays. Inaccessible sections of DNA of ~147 base pairs  
indicate the presence of nucleosomes, thereby provid-
ing a nucleosome positioning map similar to results 
obtained by micrococcal nuclease-​based assays. More
over, ATAC-​seq enables the identification of transcrip-
tion factor ‘footprints’, the chromatin occupancies of 
which are often identified by ChIP-​seq.

Single-​cell resolution in ATAC-​seq (scATAC-​seq) 
can be achieved using two independent approaches. One 
strategy uses combinatorial cellular indexing, in which 
individual cells are labelled with barcoded Tn5 trans-
posase and then another indexed tag is introduced by 
PCR124. This method has been used to plot the single-​cell 
chromatin accessibility maps of over 20,000 cells during 
Drosophila melanogaster embryonic development125. 
A second scATAC-​seq approach involves microfluidic 
handling of individual cells followed by ATAC and PCR 
amplification using an integrated fluidics circuit126. 
Pooled chromatin accessibility landscapes from single 
cells resemble combined data derived from millions of 
cells; however, single-​cell data sets preserve the indi-
viduality of single cells and showcase the heterogeneity 
within a population of cells.

Low-​input ATAC-​seq or scATAC-​seq analyses of 
human immune cells have brought about many excit-
ing discoveries. ATAC-​seq has been used to map the 
epigenomic landscapes of haematopoietic stem cells 
and progenitor cells and has revealed a regulatory net-
work that governs immune cell differentiation during 
haematopoiesis127,128. The lineage-​specific chromatin 
dynamics of haematopoiesis were comprehensively 
characterized using data sets from ATAC-​seq, RNA-​seq  
and an advanced ChIP-​seq method that requires as 
few as 500 cells129. The integration of scATAC-​seq with 
TCR sequencing lead to the identification of clone-​
specific variability in chromatin accessibility within 
naive and memory CD4+ T cells and between TH1 cells,  
TH2 cells and TH17 cells, thereby uncovering dysregu-
lated cis-elements and trans-​elements associated with 
malignant clonal expansion in T cell leukaemia130. 
However, ATAC-​seq data sets from patients with rheu-
matic diseases are scarce. CD4+CD28+KIR+CD11ahi 
cells and CD4+CD28+KIR−CD11alo cells purified from 
patients with SLE were characterized by genome-​wide 
increases in chromatin accessibility, and CD4+CD28+ 
KIR+CD11ahi cells were enriched for differentially 
accessible regions in pro-​inflammatory genes131. 
Similarly, using >1,000 naive B cells purified by FACS 
from patients with SLE, an SLE-​specific chromatin 
accessibility landscape was identified that showed chro-
matin decondensation surrounding genes involved in 
B cell activation132. We envision that scATAC-​seq will 
soon be used to analyse immune cells and clinically 
relevant tissues in rheumatic diseases.

In addition to ATAC-​seq, several new technologies 
have facilitated the identification of the chromatin state in 
single cells. Single-​cell DNase sequencing (scDNase-​seq)  
can be used to identify sites that are hypersensitive  
to DNase I digestion, which mark open chromatin and 
active regulatory DNA elements133. Both fresh cells  
and FFPE tissues are compatible with scDNase-​seq, 
making it a compelling option for rheumatology research. 
Another methodological advance has enabled Hi-​C,  
a high-​throughput variant of chromosome conforma-
tion capture, to be performed on single cells (scHi-​C)134. 
Hi-​C reveals the spatial organization of chromosomes 
by mapping contacts between DNA elements that 
are distantly located in the linear genomic sequence 
and megabase-​sized topological domains where 
intradomain DNA segments frequently interact with 
each other. By performing Hi-​C on primary human 
immune cells from patients with rheumatic diseases, 
genes that interact with non-​coding disease-​associated 
single-​nucleotide polymorphisms have been identi-
fied135. Disruption of the architecture of topologically 
associated domains has also been linked to human dis-
eases136. Hi-​C and scHi-C are excellent experimental 
platforms for this mostly uncharted area of rheumatic 
disease research.

To better understand the molecular mechanisms 
by which differentially accessible chromatin states are 
created and maintained at specific loci, a systems-​level 
analysis involving a combination of techniques such 
as EpiTOF, ChIP-​seq and DNA methylome profiling 
is required to provide a comprehensive view of the 
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epigenome. These technologies have complementary 
strengths that will enable researchers to link chromatin 
accessibility to histone and DNA modifications and have 
the potential to identify opportunities to alter chromatin 
states by manipulating chromatin-​modifying enzymes.

Single-​cell multi-​omics technologies
Analysing DNA, RNA and proteins in individual cells 
can provide direct and powerful evidence for how layers 
of regulatory mechanisms work together to control cel-
lular phenotypes. Several methods have been developed 
to conduct parallel analysis of either genomic, transcrip-
tomic and epigenomic data or genomic, transcriptomic 
and proteomic data in single cells.

Parallel analyses of the genome, transcriptome and  
epigenome. Following the introduction of the first 
single-​cell integrated genomic DNA and mRNA sequenc
ing (DR-​seq) analysis137 in 2015, several NGS-​based 
multi-​omics methods have been described (Fig. 2). In 
DR-​seq, a T7 promoter is added to mRNA transcripts, 
which can then be amplified using in vitro transcrip-
tion to generate a transcriptomic library while, in par-
allel, a genomic library is constructed from the same 
sample using whole-​genome amplification. An alter-
native strategy, genome and transcriptome sequencing 
(G&T-seq)138, involves the physical separation of mRNA 
from DNA using biotinylated poly(T) primers. The 
independently generated transcriptomic and genomic 
libraries are then analysed by NGS.

At the epigenomic level, several methods have been 
described to interrogate different layers of epigenetic 
regulation simultaneously, a few of which facilitate 
integrative analyses with genomics and/or transcrip-
tomics. In single-​cell methylome and transcriptome 
sequencing (scM&T-​seq)139, mRNA is captured by 
poly(T)-coated beads for RNA-​seq and genomic DNA 
is treated with bisulfite for DNA methylome analysis. 
Nucleosome occupancy and methylome sequencing 
(NOMe-​seq)140,141 makes use of the GpC methyltrans-
ferase M.CviPI, which is isolated from chlorella virus, 
to methylate accessible GpC sites in vitro, leveraging 
the fact that GpC methylation does not occur naturally 
in the mammalian genome. After bisulfite conversion 
and high-​throughput sequencing, both endogenous 
CpG methylation and M.CviPI-​mediated GpC meth-
ylation can be evaluated bioinformatically to infer the 
methylome and chromatin accessibility, respectively. 
Single-​cell chromatin overall omic-​scale landscape 
sequencing (scCOOL-​seq) integrates NOMe-​seq and 
PBAT sequencing to enhance the sensitivity of methy-
lome profiling and incorporates genomic analyses of 
copy-​number variation and chromosome ploidy142. 
Another method that builds on NOMe-​seq involves 
combining it with RNA-​seq to create single-​cell nucleo
some, methylation and transcription sequencing 
(scNMT-​seq)143. In this method, mRNA is purified from 
single-​cell lysates using poly(T) oligonucleotides immo-
bilized on magnetic beads for use in transcriptomic 
profiling and chromatin-​containing genomic DNA is 
analysed by NOMe-​seq. Yet another method, single-​cell 
triple omics sequencing (scTrio-​seq), enables researchers 

to interrogate copy-​number variation, gene expression 
and DNA methylation simulateously144.

These powerful approaches have been used to inves-
tigate single-​cell heterogeneity in biological contexts 
such as embryonic development and cancers137–139,142–144, 
but their utility for studying the human immune system 
and immune-​mediated diseases has yet to be explored. 
Previous studies have shown differential DNA methyl-
ation in patients with rheumatic diseases108,145, and it is 
hoped that multi-​omics analyses will reveal the func-
tional effects of these methylation patterns on the tran-
scriptome in the same cells. Multi-​omics technologies 
can also be used to identify transcriptomic and epi
genomic alterations in cells that carry chromosomal 
defects. The continuous maturation of these techno
logies in precision and throughput and improvements  
in computational algorithms to facilitate data inter
pretation will enable multi-​omics analyses to maximize 
the data generated from precious clinical samples and yield  
one-​of-a-​kind data sets to facilitate integrative analyses.

Parallel analyses of the genome, transcriptome and 
proteome. Flow cytometry and fluorescence microscopy 
are most frequently used to study protein expression; how-
ever, over the past few years, methods to reliably detect 
RNA using these technologies have been described (Fig. 3). 
One such technique modifies FISH to use branched DNA 
technology (flow-​FISH)146, whereas other techniques 
such as PLA147,148 and proximity extension assay (PEA)149 
simultaneously analyse protein and RNA at single-​cell res-
olution. These technologies enable researchers to analyse 
both fresh frozen and FFPE samples from clinically impor-
tant tissues, such as kidney tissue from patients with lupus 
nephritis or skin from patients with SSc. Following the 
advent of mass cytometry and mass spectrometry-​based 
imaging systems, innovative methods have been devel-
oped to combine nucleic acid and protein marker meas-
urements. In proximity ligation assay for RNA (PLAYR), 
the concept of proximity ligation is applied to RNA quan-
tification using flow cytometry or mass cytometry150. 
Sequence-​specific probes target unique RNA transcripts 
to generate ligation products in a proximity-​dependent 
fashion, which are then amplified by a rolling circle reac-
tion to enhance assay sensitivity. This approach150 uses the 
full spectrum of the lanthanide series in mass cytometry, 
thereby enabling the parallel analyses of >40 RNA and/or  
protein targets. PLAYR has been used to monitor cell sig-
nalling cascades (protein phosphorylation) and cytokine 
production at a transcriptional level in specific immune 
cell subtypes (immunophenotypic markers) in stimulated 
PBMCs150. A method using RNAscope technology151 has 
also been described for detecting RNA in tissue samples 
in situ using imaging mass cytometry152. RNA signals 
from FFPE tissue samples are amplified by tree-​like DNA 
scaffolds that have multiple binding sites for lanthanide-​
labelled probes. This highly sensitive assay152, which can 
detect fewer than ten copies of a specific mRNA mole-
cule, enables multiplexed analyses of both RNA and 
protein markers at subcellular resolution. This method 
has been successfully used to measure the amount of 
CXC-​chemokine ligand 10 expression and T cell infil-
tration in FFPE tissue samples from patients with breast 
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Fig. 2 | Methods to simultaneously perform genomic, transcriptomic and epigenomic analysis. Timeline of sequencing-​based single-​cell 
technologies for simultaneous analysis of combinations of the genome, transcriptome and epigenome, showing the basic methods for individual 
technologies and the biological information that can be obtained using these platforms. BS-​seq, bisulfite sequencing; DR-​seq, DNA and mRNA 
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cancer152. Rheumatic disease researchers could use a sim-
ilar approach to analyse clinically relevant samples, such 
as synovial tissue from patients with RA.

Another class of technology converts protein con-
centrations into measurements of DNA abundance, 
which can be analysed by NGS-​based methods along-
side single-​cell transcriptomic profiling (Fig. 3). Cellular 
indexing of transcriptomes and epitopes by sequencing 
(CITE-seq)153 and RNA expression and protein sequenc-
ing (REAP-​seq)154 involve staining cells with epitope-​
specific affinity reagents conjugated with barcoded 
oligonucleotides that contain poly(A) tails. By taking 
advantage of the DNA polymerase activity of reverse 
transcriptase, the oligonucleotide labels can be amplified 
during sample processing for single-​cell RNA-​seq. The 
epitope concentrations inferred by the oligonucleotide 
reads can thus be obtained during transcriptomic analy-
sis in single cells. CITE-​seq and REAP-​seq were initially 
benchmarked on cord blood and PBMCs, respectively. 

Both methods can be adapted with minimal modifica-
tion to interrogate the immune systems in patients with 
rheumatic diseases. Importantly, performing CITE-​seq 
or REAP-​seq for rheumatology research can be facili-
tated by several commercially available DNA-​barcoded 
antibodies and fully validated sample processing plat-
forms. In principle, the DNA barcodes in these systems 
provide an almost unrestricted multiplexing capability, 
limited only by the availability of highly specific affin-
ity reagents, and when coupled with a microfluidic 
device, CITE-​seq and REAP-​seq can be used to analyse 
hundreds of thousands of single cells simultaneously. 
Importantly, CITE-​seq and REAP-​seq have the poten-
tial to bridge decades of accumulated knowledge from 
cytometry research with the latest breakthroughs in 
single-​cell RNA-​seq. Cells important for pathogenesis 
that have been defined previously by immunophenotypic 
markers or autoreactive TCR binding to antigen-​loaded 
MHC tetramers can now be identified computationally 
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in scRNA-​seq data sets using the same protein markers. 
Post-​translational modifications to cell surface mole-
cules, in particular glycosylation, have been implicated 
in the pathogenesis of many diseases155; CITE-​seq and 
REAP-​seq offer researchers the opportunity to interro-
gate the transcriptional programmes in cells that have 
distinct patterns of post-​transcriptional modification 
on immunoregulatory cell surface molecules. The same 
concept applies to alternatively spliced isoforms of mol-
ecules such as CD45RA and CD45RO, which are used in 
flow cytometry to differentiate between naive and mem-
ory T cells and are difficult to quantitatively distinguish 
using transcript data. We anticipate that in the near 
future a protocol compatible with intracellular proteins 
or post-​translational-modification-​specific markers will 
be developed to enable the measurement of important 
markers alongside the transcriptome.

Conclusions
Over the past decade, several revolutionary single-​cell 
technologies have been invented that offer the possibil-
ity to profile the genome, transcriptome, epigenome and 

proteome of individual cells to an unprecedented depth. 
Future efforts will require teams of basic researchers, 
clinicians, computational biologists and other research-
ers with multidisciplinary expertise in both academic 
institutions and in the biotechnology and pharmaceu-
tical industries to work together. We anticipate that in 
the coming years, new single-​cell technologies will be 
introduced that have improved resolution and through-
put and that computational algorithms and methods 
will be developed that are specialized for the analysis 
of data from high-​throughput single-​cell technologies. 
Experiments that conceptually advance our under-
standing of the human immune system and rheumatic 
diseases using these new single-​cell technologies are 
eagerly awaited. However, a fundamental question that 
should be considered is how these technologies can be 
combined to enrich our understanding of the human 
immune system, to identify causal pathogenic mecha-
nisms in rheumatic diseases and, ultimately, to improve 
human health.
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