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a b s t r a c t 

T cells exercise a multitude of functions such as cytotoxicity, secretion of immunomodulating cytokines or regu- 

lation of tolerance, collectively resulting in an effective control of immune-related disease. Through the unique 

mechanism of V(D)J recombination, T cells express a highly specific receptor complex known as the T-cell recep- 

tor (TCR). Single-cell sequencing technologies have paved the road for interrogating the transcriptome and the 

paired 𝛼𝛽 TCR repertoire of a single T cell in tandem. In contrast, conventional bulk methods are restricted to 

only one layer of information. This combination of transcriptomic- and repertoire information can provide novel 

insight into the functional character of T cell immunity. Recently, single-cell technologies have gained in popular- 

ity due to improvements in throughput, decrease in cost and the ability for multimodal experiments that integrate 

different information layers. Consequently, this prompts the need for the development of novel computational 

tools that integrate transcriptomic profiles and corresponding features of the TCR repertoire. Here we discuss the 

current progress in the field of single-cell T cell sequencing, with a focus on the multimodality of new approaches 

that allow the paired profiling of cellular phenotype and clonotype information. In addition, this review pro- 

vides detailed descriptions of recent computational developments for analyzing single-cell TCR sequencing data 

in an integrative manner using novel computational approaches. Finally, we present an overview of the available 

software tools that can be used to perform integrative analysis of gene expression and TCR profiles. 
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. Introduction 

T cells are central players of the adaptive immune system, and play

 crucial role in the control of immune-related diseases. In addition,

 cells are indispensable mediators of vaccination and immunotherapy

esponse. By generating a highly diverse T cell repertoire, the adaptive

mmune system is equipped with a powerful toolkit to protect against a

road range of pathogenic organisms and cancer. This diversity in the T

ell repertoire is achieved by the generation of a multitude of different T-

ell receptor (TCR) complexes through V(D)J recombination. The TCR,

xpressed on the cellular surface, recognizes small peptides (epitopes),

erived from foreign or self-antigens, and presented by Major Histocom-

atibility Complex (MHC) molecules on antigen-presenting cells. Upon
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inding of a TCR to its cognate peptide-MHC (pMHC) complex, a T-cell-

ediated immune response is triggered [1] . The TCR complex of most

 cells consists of an 𝛼 and 𝛽 chain, and the diversity of the complex is

roduced by the recombination process of V and J gene segments in the

chain, and an additional D gene segment in the 𝛽 chain. This is the first

evel of diversity, known as combinatorial diversity. During this process

f recombination, non-templated nucleotides are added and deleted at

he junctions of the segments, drastically increasing the potential di-

ersity of the TCR repertoire [2] . This is known as junctional diversity.

inally, an additional level of diversity is established through the near

nconstrained pairing of 𝛼 and 𝛽 chains [3] . The total theoretical di-

ersity of the TCR repertoire remains largely disputed but estimations

ange from 10 15 up to 10 61 , although the true diversity is limited to the
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otal number of T cells in the human body (3 • 10 11 ) and restricted by

election processes in the thymus [4–8] . 

TCR sequencing has become an invaluable tool for understanding

he complex TCR repertoire dynamics. A clonotype is typically defined

y the unique combination of consecutive V gene, CDR3 amino acid se-

uence and J gene. In general, the number of unique clones within a

ypical bulk repertoire sample may vary between 10 3 to 10 6 , depend-

ng on clonality of the repertoire, sampling conditions and sequencing

epth [ 9 , 10 ]. However, even though TCR sequencing has become in-

ispensable, typical bulk approaches provide only one layer of informa-

ion on the T cell, as they only capture the TCR characteristics. Con-

idering T cells exhibit a wide array of immune phenotypes, enabling

arious functionalities ranging from secreting (anti-)inflammatory cy-

okines to releasing cytotoxic effector molecules to induce cell death, the

eceptor characteristics do not fully capture the functionality of T cell

hey originate from. Traditionally, immunologists rely on targeted tech-

iques, such as flow cytometry, to characterize these distinct immune

ell phenotypes. Flow cytometry separates cells based on the expression

f certain marker proteins, using fluorescently-tagged antibodies to la-

el these targets [11] . However, the number of available fluorophores is

imited by emission spectra overlap, restricting the number of measur-

ble parameters [ 12 , 11 ]. Although the number of measurable parame-

ers can be increased to 50 by using altered and improved techniques,

uch as mass cytometry (also known as CyTOF), this still limits users

o a specific number of pre-defined markers [13] . In contrast, RNA se-

uencing can capture the phenotype of cellular subsets in an unbiased

anner as it is not restricted to a limited and targeted selection of mark-

rs. However, gene expression at the transcriptional level can be insuf-

cient for discriminating between certain cellular subsets, whereas a

rotein marker might be more descriptive. For example, the expression

f distinct CD45 isoforms, enabling us to discriminate between naive

nd memory T cells, cannot be identified on the transcriptional level

14] . Additionally, bulk RNA sequencing typically results in a compos-

te mix of gene expression profiles derived from all cells in the sample,

hich does not sufficiently reflect the cellular diversity. Thus, bulk RNA

equencing often requires prior cell sorting with fluorescent-labeled an-

ibodies to target protein markers, in order to purify cell types within a

ample. 

A more promising alternative to these conventional techniques is

ingle-cell RNA sequencing, which leverages the power of combining

ultiple information layers such as paired sequencing of the gene ex-

ression and TCR sequences within a single-cell. This feature of mul-

imodality is not restricted to the transcriptional level. For example,

he addition of antibodies linked to specific oligonucleotide barcodes

Feature Barcoding) enables the characterization of surface proteins,

imilar to flow cytometry. Nonetheless, despite its promise, several as-

ects of single-cell sequencing remain challenging. Compared to con-

entional (bulk) techniques, single-cell sequencing is still costly and

abor-intensive. Consequently, sample sizes are typically lower. How-

ver, as the single-cell sequencing field is rapidly growing [15] , more re-

ent developments have allowed easy sample multiplexing by including

ligonucleotide-labeled antibodies that allow discrimination between

amples (Cell hashing), reducing costs and enabling greater sample sizes

16] . The number of cells that can be sequenced with single-cell plat-

orms is several orders of magnitude lower than with bulk methods as

ell. For example, most single-cell sequencing technologies only allow

he assessment of up to 10 4 cells, whereas bulk approaches can typically

onfidently assess > 10 5 cells [17] . However, this number is rising for

ingle-cell sequencing as technology advances. 

There are several platforms that enable the characterization of T

ells at the single-cell level, each of them differing in how the cells

re prepared and how the genetic material is subsequently enriched for

equencing. These factors have substantial impact on the sequencing

hroughput, depth, costs, and even the ability of generating data from

ultiple modalities. As prior reviews have extensively compared mul-

iple single-cell sequencing methods, we will not further discuss the re-
2 
pective methods [ 18 , 19 , 20 , 21 , 17 ]. Instead, in this review, we will focus

n the data analysis of the paired T cell gene expression profile and their

CR sequences [22–25] . Next to the previously described advantages,

he sequencing of the TCR of a single cell has the benefit of conveniently

airing 𝛼 and 𝛽 chains. This is difficult to achieve with conventional bulk

ethodologies, due to the unknown origin of TCR molecules in bulk ex-

eriments. In addition, technical limitations of bulk techniques, and the

arger heterogeneity introduced by the additional recombination of the

 segment, have resulted in a preferential interest in the TCR 𝛽 chain.

s a result, most of our understanding of TCR recognition has been

ased on the sequencing of the 𝛽 chain alone [26] . However, it has been

hown that the 𝛼 chain partially mediates the recognition of a peptide-

HC complex (pMHC) to varying degrees as well [27–32] . Moreover,

he power of multimodality provided by single-cell sequencing also al-

ows the inclusion of T cell targeting peptide-MHC dextramers, enabling

he identification of antigen-specific T cells, their TCR sequences and

heir functional phenotypes. This information is vital not only for eluci-

ating the immunopathology of immune-mediated disease, but can be

tilized to identify potential immunotherapeutic targets or help guide

mmunomonitoring in clinical trials [33–35] . 

Collectively, the combination of single-cell RNA and TCR sequencing

ffers multiple benefits over conventional (bulk) techniques. In this re-

iew, we will outline several of these benefits. Furthermore, we aim

o introduce experimental or computational immunologists working

n bulk TCR sequencing data or bulk RNA-seq data to common high-

esolution and unbiased multimodal single-cell workflows that are able

o generate new biologically relevant insights. Due to emerging appli-

ations in both targeted enrichment of TCR transcripts and single-cell

equencing of TCR repertoires, a large number of different tools are be-

ng developed for the downstream analysis of this data, in an attempt to

ntegrate gene expression with clonotype information. The final purpose

f this review is to provide an overview of the current state-of-the-art

ethods and software tools for the integration and downstream analy-

is of single-cell TCR and single-cell gene expression data. Although this

eview will primarily focus on the analysis of T cells and their receptors,

any of the discussed methods and technologies are also applicable to

 cells. 

To fully introduce the reader to the benefits of paired single-cell RNA

nd TCR sequencing, we will first outline the typical workflows for un-

aired single-cell RNA sequencing and TCR repertoire analysis. Next,

e discuss the advantages of integrating these two layers of informa-

ion, and the available tools that enable this integration. Finally, we

dentify current challenges in the field of TCR repertoire analysis and

rovide novel perspectives on how to bridge the research gaps in this

eld. 

. General workflow for single-cell transcriptomics 

.1. Power calculation for single-cell transcriptomics 

Power calculation is an important component of experimental de-

ign. While power calculation approaches for bulk sequencing can be

pplied on the single-cell level, these often fail to take single-cell spe-

ific characteristics such as data sparsity into account. Several factors

etermine the statistical power of a single-cell sequencing experiment,

ncluding the depth of sequencing (# of reads per cell), the number

f cells per sample and the number of samples. These factors are typi-

ally influenced by budgetary restraints, technical limits of the chosen

equencing platform and sample availability. Although information on

he recommended sequencing depths is typically provided by the assay

anufacturer (e.g. 10x Genomics), deciding on adequate sample sizes

nd the required number of cells per sample are more challenging. In

ddition, other prior knowledge, depending on the research question,

ight be required to calculate the power. For example, when trying

o identify a rare cell population in a sample, prior knowledge on the

roportion of cells within that sample type may be required to deter-
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Table 1 

Pre-processing steps for single-cell RNA sequencing data. 

Pre-processing step Goal Method 

Acquisition of initial 

gene expression 

matrix 

Transformation of raw 

sequencing data to raw 

gene expression matrix. 

Cell Ranger (10x 

Genomics) [159] 

Kalisto - bustools 

[ 160 , 161 ] 

STARsolo [162] 

Alevin-fry [163] 

Quality control Removal of low quality 

cells. 

Using combinations of 4 

metrics per barcode: 

(1) number of UMIs 

(2) number of detected 

genes (features) 

(3) fraction of reads that 

map to mitochondrial 

genes, 

(4) fraction of reads that 

map to ribosomal genes 

Identification and 

removal of multiplets 

Manual inspection: 

Removal of multiplets 

when visualizing the 

distribution of the number 

of detected genes for all 

cells (Caution: potential 

loss of relevant cells) 

Computational 

doublet-detection methods 

(benchmarked in [164] ) 

Normalization and 

scaling 

Normalization to relative 

gene expression levels in 

order to adequately 

compare expression 

across cells. 

Log normalization (most 

common) 

SCTransform [140] 

(shown to improve 

performance of 

downstream analysis) 

Integration of 

samples 

Combining samples for 

analysis while removing 

technical variability such 

as batch- or sample 

-specific sequencing 

effects. 

Manual inspection: 

Regressing out sources of 

variability. 

Batch correction 

algorithms: Harmony 

[141] , LIGER [165] , 

Seurat [166] , scGen [167] 

and scVI [168] 

Dimensionality 

reduction 

Limit the amount of 

noise by reducing the 

high-dimensional gene 

expression matrix to a 

low- dimensional space, 

retaining the bulk of the 

information captured by 

the data. 

Selecting the top n most 

variable genes (generally 

1000 to 5000). 

Dimensionality reduction 

techniques: PCA followed 

by t-SNE [42] or UMAP 

[43] ) 
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ine how many cells need to be sequenced for adequate power [36] . As

ifferent prior knowledge is required depending on the research ques-

ion, several single-cell power analysis tools have been developed with

arying purposes, such as scPower [36] , SCEED [37] or SCOPIT [38] .

hile SCEED is focused on power calculation for cell type identifica-

ion, scPower can be rather wheeled for the power calculation for dif-

erential gene expression testing and expression quantitative trait loci

nalysis. Finally, SCOPIT uses a multinomial distribution to calculate

he required cell number, based on the minimum number of cells that

ust be sequenced per subpopulation, the desired probability of sam-

ling that number of cells for each population, and the frequency of

he rarest subpopulation. The model can be used as an intuitive web

nterface or as an R package. 

.2. Pre-processing of single-cell RNA sequencing data 

Sequencing data generated by single-cell platforms, similar to stan-

ard (bulk) sequencing applications, requires some processing before

roceeding to downstream analysis. The main pre-processing steps are

ummarized in Table 1 . While we will briefly discuss some of these in

his section, readers are referred to the supplementary text for a more
3 
etailed explanation, including popular software tools that enable pre-

rocessing of (single-cell) RNA-seq data. Some of these steps are also

urther explained in an excellent review by Luecken and Theis [39] .

n addition, a recent benchmark demonstrated that the choice between

re-processing tools is relatively unimportant, observing minor differ-

nces after downstream processing [40] . Nonetheless, for V(D)J profil-

ng using the 10x Genomics platform, CellRanger is recommended as it

imultaneously processes both the gene expression and paired TCR data.

The first step in pre-processing consists of the conversion of raw se-

uencing output data to a more interpretable gene expression matrix.

he acquisition of the raw gene expression matrix includes read assign-

ent to individual samples and cells based on cellular barcodes (demul-

iplexing), genome and/or transcriptome alignment, and read quantifi-

ation. Even after assigning all reads to a cellular barcode, not every

arcode will correspond to living cells of sufficient quality. Addition-

lly, a small but non-negligible proportion of the data will consist of

istinct multiple cells that have been captured as one single cell (multi-

lets), potentially confounding downstream analysis. Thus, quality con-

rol, involving the removal of low quality cells and multiplets, is typ-

cally performed directly after acquisition of the raw gene expression

atrix. Next, the gene expression level will be normalized to capture

he relative gene expression level between cells, accounting for poten-

ial technical variation, such as sequencing depth. Some unwanted vari-

bility might still exist after normalization, including both technical and

iological factors. Consequently, these factors may need to be corrected

or. Generally, technical variation originate from batch effects (cells se-

uenced in different runs or different sequencing lanes) or the integra-

ion of data from multiple experiments, among others. Batch effects can

e clearly observed during downstream visualization, as similar cells

ill separate based on their batch or donor origin. While correcting for

echnical variation is often warranted, correcting for biological factors,

uch as cell cycle variability, is not always advisable as it can mask

elevant biological information [41] . Lastly, a single-cell RNA-seq gene

xpression matrix is very high dimensional and prone to noise. The high

imensional matrix will be reduced to a low-dimensional space during

imensionality reduction, thereby reducing noise in the data while re-

aining essential information. 

.3. Common downstream analysis for single-cell transcriptomics 

In this section, the most widely used analysis methods for single-cell

ene expression data will be covered. However, available downstream

nalyses are not restricted to only these popular methods, and include,

or example, the identification of gene regulatory networks or the infer-

nce of cell-cell communication as well. The techniques discussed in the

pcoming section are summarized in Fig. 1. 

.3.1. Clustering and cluster annotation 

Non-linear dimensionality reduction techniques like t-distributed

tochastic Neighbor Embedding (t-SNE) [42] and Uniform Manifold Ap-

roximation and Projection (UMAP) [43] create representations where

ells that are highly similar in gene expression tend to be grouped to-

ether ( Fig. 1 A). The lowdimensional embeddings created by these al-

orithms can be used to identify distinct cell clusters or communities

ased on similarity scores or distance metrics. To achieve this, classi-

al machine learning clustering techniques or graph-based algorithms

community detection) can be applied on either a distance matrix (e.g.

-means clustering) or a graph-based representation, respectively. The

ouvain community detection algorithm [44] is the most popular graph-

ased method, offering great computational performance. Several im-

rovements of the Louvain algorithm have been suggested, contributing

owards enhancements in modularity, speed and scalability. These im-

rovements include the smart local move [45] , fast local move [ 46 , 47 ]

nd random neighbor move [48] algorithms. More recently, the Lei-

en algorithm was introduced as an augmentation of the Louvain com-
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Fig. 1. Frequently used analyses for scRNA-seq data. A. Clus- 

tering of cells based on gene expression profiles and subse- 

quent labeling of clusters with suspected cell types. B. Compo- 

sitional analysis to compare the proportion of particular cell 

types across conditions. C. Volcano plots can be used to visu- 

alize differentially expressed genes identified through statisti- 

cal testing. D. Ligand-receptor pair analysis or similar analyses 

based on correlative co-expression of particular genes. E. Func- 

tional enrichment analysis using publicly available databases 

determines up- or downregulated biological processes. F. Cell 

trajectory analysis to infer pseudotemporal evolution of cells 

in a dynamic process. 
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unity detection algorithm, by integrating these earlier improvements

49] . 

Once clusters have been established, they can be annotated with rel-

vant biological information such as cell type identity. Generally, this

s either performed manually or by using reference-based mappings.

anual cluster annotation requires a priori knowledge of marker genes,

enes that are typically only (abundantly) expressed by a particular cell

ype. Cells are then compared for differential gene expression. Next,

nnotation labels are provided based on differential expression of the

arker genes. In contrast, reference-based mappings make use of ref-

rence ’atlases’ to transfer annotation labels to the dataset in question.

ommonly employed reference mapping tools include SingleR [50] , Az-

muth [51] , and within the context of T cells, ProjecTILs [52] . Aside

rom differences between tools in underlying methodologies for map-

ing, these tools use different reference atlases as well. For example,

ingleR makes use of bulk RNAseq datasets of pure cell types to map

he query dataset on. In sharp contrast, Azimuth uses atlases consist-

ng of multimodal single-cell datasets that leverage the combination of

ranscriptome profiling with antibodies targeting known cell markers.

eference-based mapping, however, remains challenging. As these refer-

nce atlases consist of datasets that have been generated under different

onditions than the query dataset of interest, they may contain an incor-

ect label for the cells under investigation. However, new datasets that

ould facilitate novel reference atlases are continuously generated, po-

entially providing an extensive catalog of high-quality reference atlases

hat better fit the dataset under investigation. In addition to this dataset

eneralization problem, droplet-based single-cell methods have a low

ecovery rate for transcription factors and cytokines [53] . As immune

ells are notoriously heterogeneous, subtle differences in the expression

f transcription factors or cytokines may pose additional difficulties for

eference-based mapping tools to correctly assign T cell subsets [ 54 , 55 ].

t should be mentioned that this problem also affects manual annotation.

owever, considering these problems, it is generally recommended to

g  

4 
ombine reference-based mapping with manual annotation to confirm

he validity of the annotations. 

.3.2. Differential cell type composition analysis 

Differential cell type composition analysis includes the comparison

f the proportions of particular cell types, relative to the total number

f cells, between conditions or state ( Fig. 1 B). Some pathogenic organ-

sms or diseases are known to affect the abundance of certain cell types.

or example, CD4 + T-cell depletion is a general hallmark of HIV in-

ection [56] . Cell type composition analysis can thus be a crude way

o identify affected cell types in a particular disease, without a priori

nowledge. However, the composition of a sample is heavily dependent

n the preparation protocol, potentially confounding the compositional

nalysis [57] . For instance, certain cells may be more prone to stress and

amage during library preparation, potentially skewing the proportions

s these cells may be depleted in the sample as a result [58] . 

As a recent example, researchers applied compositional analysis to

tudy the immune system’s response against SARS-CoV-2 infections. In

ccordance with the observation that COVID-19 patients experience a

ytokine storm induced by inflammatory monocytes and pathogenic T

ells, compositional analysis was used to illustrate that proliferative T

ells and CD14 + monocytes are significantly enriched in patients with

evere symptoms [ 35 , 59 ]. 

.3.3. Differential gene expression and functional enrichment 

Although differential gene expression analysis and functional enrich-

ent have long been employed for bulk gene expression profiling, the

ingle-cell environment confers several advantages ( Fig. 1 C). In contrast

o bulk gene expression profiling, resulting in a homogeneous average

ene expression profile, single-cell data consists of gene expression pro-

les for each individual cell, offering greater resolution. Moreover, for

ach particular cell type cluster, the fraction of cells expressing a certain

ene can be calculated. Within the context of differential gene expres-
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ion testing in single cells, both conventional bulk methods and meth-

ds specifically developed for single-cell data are employed. Soneson

 Robinson (2018) demonstrated that both techniques perform equally

ell [60] . However, a more recent benchmark shows increased fidelity

o ground truth using pseudobulk methods [61] . Popular methods in-

lude the non-parametric Wilcoxon test, pseudobulk methods DESeq2

nd edgeR, and single-cell method MAST among others [62–66] . In a

ecent paper, Bassez et al. introduce the concept of applying differ-

ntial expression testing on expanded and non-expanded T cells to il-

ustrate that the expanding T cells pre-anti-PD1-treatment are tumor-

eactive, showing higher expression of activation, effector and immune-

heckpoint markers [34] . In another example, Zhang et al. applied dif-

erential gene expression analysis to identify differences in the transcrip-

ional profile of different T cell types in colorectal tumor samples [67] .

Differential gene expression testing typically outputs a large num-

er of differentially expressed genes that require additional biologi-

al knowledge to interpret. A common aid herein are pathway analy-

is methods. Here, annotated genes are grouped into certain sets based

n biological features, and computational algorithms test whether any

ets are enriched in the differential gene list (over/under-representation

nalysis) or in the extremes of the ranked log-fold change list (gene set

nrichment analysis) [68] ( Fig. 1 E). These methods rely on databases

f annotated gene sets to test against, such as the Molecular Signa-

ures Database (MSigDB) [69] , Reactome [70] or Gene Ontology (GO)

 71 , 72 ]. 

.3.4. Trajectory analysis 

scRNA-seq provides a static snapshot of the cells at a particular time

oint. However, some of these cells will be involved in a dynamic pro-

ess, such as cellular differentiation, the cell cycle or a gradual change in

iological function. Thus, clusters annotated with just cell type labels do

ot fully capture the heterogeneity of the clusters, as they may contain

 mixture of cells at different stages along a trajectory of a particular dy-

amic process. With trajectory analysis, cells are ordered along a path

r trajectory based on transcriptional similarity ( Fig. 1 D). An inferred

seudotime variable represents the progression along this trajectory,

tarting from a particular cell type that is designated as the root cell.

rajectory analysis thus enables the interpretation of distinct dynamic

rocesses, and the identification of gene expression profiles responsi-

le for branching off along the trajectory. Differential gene expression

long the trajectory is also possible [73] . Popular methods that allow

rajectory analysis include Monocle [74] and Slingshot [75] . Trajectory

nalysis may be combined with RNA velocity to quantify the speed by

hich cells transition between different states [ 76 , 77 ]. In the context

f T cells, integrating RNA velocity with cell trajectories may help to

nravel the dynamics of the T cell response and reveal phenotypic tran-

ition between clonotypes. The choice of method generally depends on

he dataset and trajectory topology, and interested readers are recom-

ended to follow guidelines for method selection as proposed by Sae-

ens et al. [78] . A very unique single-cell transcriptomic profiling study

n supercentenarians used trajectory analysis to demonstrate that T cells

f these supercentenarians were more terminally differentiated as com-

ared to the T cells of healthy donors [79] . 

. Extracting knowledge from TCR repertoires 

The TCR repertoire is the collection of clonotypes constituting an

ndividual’s T cell landscape. TCR repertoire data can be generated

hrough targeted enrichment strategies or the computational reconstruc-

ion of RNA-seq reads. Similarly to gene expression profiling, TCR se-

uencing data also requires some processing before downstream analy-

is. In brief, raw sequencing reads are first aligned to a reference set of

, D and J gene sequences, after which identical sequences are grouped

nto single clonotypes. Subsequently, poor quality reads are removed,

nd PCR and sequencing errors are corrected, resulting in quantitative

lonotype information. There is a wide collection of tools available for
5 
rocessing TCR sequencing reads from bulk experiments [80–90] , of

hich MiXCR remains the most popular choice [91] . The difference be-

ween these methods, their advantages and disadvantages have been

xtensively discussed by Bradley & Thomas [92] . 

In recent years, the post-processing of TCR repertoire data to re-

eal biologically relevant insight has gained more attention. These anal-

ses can be roughly categorized into three major sections: analyzing

he repertoire’s diversity, specificity and clonal composition. Various

ethodologies have been developed for analyzing each of these aspects

f the TCR repertoire, which have been summarized in Table 2 . Ad-

itionally, Fig. 2 provides an overview of the different techniques dis-

ussed in this section. For each of the methods listed in Table 2 an ex-

ensive description can be found in the supplementary materials to this

rticle. Researchers have developed several software tools that cover

ost of the functionalities discussed in Table 2 . These allow the cal-

ulation of repertoire statistics like diversity ( Fig. 2 A), clonal composi-

ion or gene usage ( Fig. 2 C). Some tools provide additional functionali-

ies for comparing different repertoires, for example through the quan-

ification of clonal overlap ( Fig. 2 C). Lastly, more specific tools exist

or advanced analyses of TCR repertoire data such as network analysis

 Fig. 2 H), clonotype clustering, enrichment analysis or the prediction of

pitope specificity ( Fig. 2 G). For a more comprehensive overview of the

vailable methodologies for analyzing T-cell clonotype data we refer to

wo excellent reviews by Bradley & Thomas [93] , and Brown et al. [94] .

.1. Basic repertoire analysis 

There is a plethora of software tools that can be used to for ex-

loratory analysis of TCR repertoires. The Immcantation Portal1 hosts

 range of different Python and R packages [95–102] , leveraging an

cosystem for end-to-end analysis of TCR-seq data, from mapping raw

equencing reads up to advanced post-analysis (e.g. clustering of clono-

ypes). Moreover, the Immcantation framework is certified as being

ompliant with the adaptive immune receptor repertoire (AIRR) Stan-

ards2 guidelines for software tools [103] . Another software package,

mmunarch [104] , provides an extensive suite of tools for the analy-

is of TCR data, which includes quantitation of clonotype abundance,

epertoire diversity ( Fig. 2 A), repertoire overlap ( Fig. 2 B), gene usage

stimation ( Fig. 2 C), clonotype tracking ( Fig. 2 D), CDR3 spectratyping

 Fig. 2 F), calculation of k-mer distributions and annotation of clonotypes

ith database information from VDJdb [105] , McPAS-TCR [106] and

BAdb (PIRD) [107] . Finally, another popular package is VDJtools. This

ommand line tool provides similar functionality to Immcantation and

mmunarch. VDJtools integrates a TCR neighborhood enrichment test

TCRNET) [ 108 , 109 ], which can be used to identify enriched clonotypes

ithin a single repertoire as compared to a background distribution. 

.2. Generation probability 

One of the most crucial advances in the field of immunoinformat-

cs has been the development of probabilistic models for the V(D)J re-

ombination process [110] . This is known to be a stochastic process

hat favours the generation of certain TCR sequence conformations over

thers. These models provide the opportunity to assign a probability of

eneration (P gen ) to any specific TCR sequence [ 111 , 112 ]. This P gen is

alculated by explicitly modeling the probabilities of selecting a V, J

r D gene (in case of TRB), and the potential nucleotide insertions and

eletions at the junctions of these gene segments. This value provides an

ndication of whether a specific TCR sequence is rare or common. For

xample, longer TCR sequences tend to have a lower P gen (i.e. they are

arer) due larger numbers of insertions. In addition, probabilistic models

f V(D)J rearrangement permit the generation of large synthetic reper-

oires that mimic the TCR repertoire of healthy individuals. Based on

his concept, Pogorelyy et al. developed ALICE, an approach similar to

CRNET that can be used to identify enriched clones from single reper-
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Table 2 

Analysis of TCR repertoire data. The table provides an overview of common methods used to extract knowledge from TCR sequencing profiles. The Description 

columns provides a brief overview of what the analysis involves. Output describes the potential insight that the analysis permits. AIRR tools gives an overview of 

open-source software tools that can be used to perform the analysis. The Examples column provides an overview of different studies where the analysis was used to 

gain novel insight. 

Analysis Description Output AIRR tools Examples 

Diversity analysis Quantification of the diversity 

within a lymphocyte population. 

Diversity is typically expressed 

using Hill numbers. Alternatively, 

different estimation approaches 

exist to quantify true repertoire 

diversity (e.g. Chao2, ICE, DivE 

and Recon). 

Combination of summary 

metrics that describe 

different aspects of the 

underlying frequency 

distribution. 

Immcantation 

immunarch [104] 

VDJtools [135] 

[169–178] 

Clonal overlap Quantification of the overlap 

between TCR repertoires. Popular 

metrics are the Jaccard or 

Morisita index. 

Quantitative metric 

describing the degree of 

overlap between two 

repertoires. 

Immcantation 

immunarch [104] 

VDJtools [135] 

[ 179 , 180 ] 

V(D)J gene usage Evaluation of the distribution and 

co-occurrence of different V, D 

and J germline gene segments. 

Potential biases in the 

use of specific V, D or J 

genes. 

Immcantation 

immunarch [104] 

VDJtools [135] 

[181–184] 

Clonotype tracking Track the frequency of a limited 

set of clonotypes across different 

time points or samples 

Potentially expanding 

clones across time or 

treatment. 

Immcantation 

immunarch [104] 

VDJtools [135] 

[185–187] 

CDR3 

spectratyping 

Evaluation of the CDR3 amino 

acid sequence length distribution. 

Potential aberrations in 

the distribution of CDR3 

length indicating 

expanded populations of 

clones with a bias in 

CDR3 length. 

Immcantation 

immunarch [104] 

VDJtools [135] 

[ 188 , 189 , 190 , 136 ] 

K-mer & motif 

analysis 

Decompose CDR3 sequences into 

overlapping k-mers and identify 

enriched subsequences that may 

represent important signatures 

contributing to the specificity of 

a TCR. 

K-mers or sequence 

motifs enriched in one 

repertoire (or group of 

repertoires) versus 

another (group of) 

repertoire(s). 

immunarch [104] [ 10 , 191 , 192 , 193 ] 

TCR clustering Epitope-specific grouping of TCRs 

based on properties of the TCR 

sequence. 

Clusters of TCRs 

targeting similar 

epitopes. 

TCRdist [194] GLIPH2 

[195] iSMART [196] 

ClusTCR [197] GIANA 

[198] 

[199–205] 

Enrichment 

analysis 

Perform statistical enrichment 

tests to identify clonotypes that 

are significantly enriched in one 

or a group of repertoires versus 

another (e.g. healthy versus 

disease). 

A list of TCRs that are 

statistically enriched in a 

group of individuals. 

VDJtools [135] ALICE 

[113] immuneML [117] 

[ 9 , 109 , 206 ] 

TCR-epitope 

specificity 

Identify the epitope specificity of 

a TCR by matching against a 

database with known 

TCR-epitope interactions or 

predict the specificity of a TCR 

using machine learning models. 

A list of matched or 

predicted TCR-epitope 

interactions. 

VDJdb [105] TCRex 

[115] immuneML [117] 

TCRGP [30] NetTCR 

[207] ERGO [26] 

DeepTCR [116] ImRex 

[157] 

[ 155 , 156 , 30 , 26 , 31 , 157 , 158 ] 

Network analysis Represent the TCR repertoire as a 

network where nodes represent 

TCRs and the edges between 

them indicate similarity 

(typically hamming distance = 1). 

The repertoire architecture can 

be analyzed using various graph 

theoretic metrics. 

Visualization of the 

repertoire architecture. 

Quantitative metrics of 

the repertoire 

architecture. 

igraph [142] networkx 

[143] Cytoscape [208] 

[ 154 , 209 , 210 ] 
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oire snapshots, using a synthetic repertoire as background distribution

113] . 

.3. Receptor specificity 

Understanding which TCRs target which epitopes is arguably the

ost important challenge in repertoire analysis. This allows the iden-

ification of T cells responsible for the neutralization of pathogens. Con-

equently, this knowledge helps us understand why certain individuals

ay be susceptible to infection or cancer, while others are able to mount

n effective immune response. In the context of autoimmune diseases,

dentifying TCRs that target self-antigens may leverage potential thera-

eutic targets. As indicated, immunarch and VDJtools provide function-
6 
lities for annotating clonotypes with epitope-specificity using databases

f experimentally verified TCR-epitope interactions or associations, such

s VDJdb [105] , McPAS-TCR [106] and IEDB [114] . Other tools like

CRex [115] predict the specificity of any TCR towards a finite num-

er of epitopes, based on epitope-specific machine learning models. For

his application, TCR sequences are typically transformed into a numer-

cal encoding. Popular types of encoding include the use of physico-

hemical properties or one-hot-encoding. The recent DeepTCR provides

 deep learning framework for generating numerical representations of

CR sequences, which can be used for downstream machine learning ap-

lications such as the prediction of TCR-epitope specificity [116] . The

mmuneML platform [117] also provides functionalities to train and as-

ess receptor-level machine learning classifiers using various encodings.
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Fig. 2. Frequently used analyses for TCR se- 

quencing data. A. Repertoire diversity com- 

pared across different groups or time points. 

B. Repertoire overlap describes the pairwise 

similarity of a range of TCR repertoires. A 

heatmap is a common type of visualization for 

repertoire overlap. C. Using chord diagrams, 

the co-occurrence of V and J genes can be vi- 

sualized. D. Clonotype tracking is often used 

to evaluate the abundance of a limited set 

of TCRs across time points. E. Sequence lo- 

gos can be constructed from a set of TCR se- 

quences, revealing shared motifs that may con- 

tribute to the recognition of common antigens. 

F. CDR3 spectratyping is used to identify bi- 

ases in the distribution of CDR3 lengths, which 

may disclose expansions of oligoclonal popula- 

tions with similar lengths of the CDR3 region. 

G. Based on data of known TCR-pMHC interac- 

tions, epitope-specific machine learning mod- 

els can be built for predicting whether an un- 

known TCR will recognize a specific epitope 

or not. H. Repertoire architecture can be pre- 

sented by a network where the nodes represent 

unique TCR sequences, and the edges connect- 

ing them describe the similarity between two 

TCRs (typically defined as HD = 1). 

I  

g  

p

4

4

 

d  

g  

l  

m  

J  

g  

t  

h  

p  

e  

t  

m  

e  

v  

b  

a  

w  

a  

a  

h  

g  

h  

p

4

 

T  

t  

l  

s  

c  

c  

r  

p  

r  

d  

o  

a  

o  

o  

A  

v  

o  

s  

s  

o  
mmuneML offers models like K-Nearest Neighbours (KNN), logistic re-

ression, random forests, TCRDist classifier, etc. Additional methods for

redicting the epitope specificity of a TCR are presented in Table 2 . 

. Generating matched single-cell gene expression and TCR data 

.1. Targeted enrichment of the V(D)J locus 

Combined single-cell transcriptomics and adaptive immune profiling

ata is typically acquired through a targeted enrichment of the V(D)J re-

ion in conjunction with gene expression profiling. Amplifying the TCR

ocus can be performed using three main strategies. The first involves a

ultiplex PCR amplification using a set of primers that target all V and

 gene segments. Alternatively, V(D)J sequences can be purified by tar-

eting them with tagged TCR-specific oligos. These baits will anneal to

he target regions, and can therefore easily be captured once the sample

as been fragmented. Lastly, the most popular method for V(D)J am-

lification of cDNA samples is the 5 ′ RACE strategy. To effectively pair

nriched V(D)J sequences and the rest of the gene expression profile,

wo main methods can be distinguished. Droplet-based methods using

icrofluidic devices are among the most popular strategies. Commercial

xamples of droplet-based approaches for isolating and barcoding indi-

idual cells are the Chromium device offered by 10x Genomics, ddSEQ

y Bio-Rad, Nadia by Dolomite Bio, and inDrop by Illumina. There are

lso approaches that apply flow cytometric-cell sorting in 96 or 384

ell plates to isolate individual cells. However, this approach limits the

nalysis to only one cell per well, per run. A commercial example of this

pproach is the C1 Single-Cell Auto Prep system by Fluidigm. A compre-
7 
ensive overview of library preparation methods and sequencing strate-

ies for paired sequencing are discussed in [118] and [17] . Generally,

owever, these sequencing protocols differ only in the method of am-

lification. 

.2. Computational reconstruction of TCR sequences 

Aside from targeted enrichment, it is also possible to reconstruct

CRs from scRNA-seq data using computational methods. In contrast

o targeted approaches, computational reconstruction methods provide

ower coverage of the TCR repertoire, but allow re-analysis of existing

cRNA-seq datasets, potentially providing additional insights. Moreover,

onventional immunoprofiling kits typically contain only 𝛼/ 𝛽 amplifi-

ation primers, resulting in minimal recovery of 𝛾𝛿 TCRs. However, the

econstruction of 𝛾𝛿 TCRs from the gene expression profile is possible,

rovided that the data was amplified from the 5 ′ end. There is a broad

ange of tools designed for recovering TCR sequences from scRNA-seq

ata, summarized in Table 3 . For a more detailed description of each

f the tools listed in Table 3 , we refer to the supplementary materi-

ls of this article. TCR reconstruction tools generally use a combination

f reference-based and de novo assembly, enabling the reconstruction

f a considerable subset of V(D)J sequences from transcriptomic data.

lthough not competitive to targeted amplification methods, recent de-

elopments of TCR reconstruction tools have shown significant recovery

f TCR sequences from scRNA-seq profiles. For example, the TRUST4

oftware was able to recover about 70% of all V(D)J sequences from

cRNA-seq data [119] . The authors of MiXCR illustrated the recovery

f around 3000 TRBs from lymph node metastasis samples, 1700–3000
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Table 3 

Overview of software tools for reconstructing TCR and BCR clonotypes from single-cell RNA sequencing data. A more detailed description of each method can be 

found in the supplementary information. 

Tool Ref. Version Latest release Source Platform Receptor 

type 

Type of 

assembly 

Assembler Compatible with 

SMART-seq 

Compatible 

with 10x 

BASIC [211] 1.5.1 2019–07–12 https://github.com/akds/BASIC Python B + T Anchor- 

guided 

Native Yes No 

MiXCR [91] 3.0.13 2020–04–15 https://github.com/milaboratory/mixcr Java B + T Mapping Native Yes No 

scTCRseq [212] N.A. 2016–06–09 https://github.com/ElementoLab/scTCRseq Python T de novo GapFiller Yes No 

TraCeR [213] 0.6.0 2018–03–08 https://github.com/Teichlab/tracer Python T de novo Trinity Yes No 

TRAPeS [214] N.A. 2019–10–13 https://github.com/YosefLab/TRAPeS Python T Anchor- 

guided 

Native Yes No 

TRUST4 [119] 1.0.4 2021–05–13 https://github.com/liulab-dfci/TRUST4 C( ++ ), Python B + T de novo Native Yes Yes 

VDJPuzzle [ 215 , 147 ] 3.0 2020–03–19 https://bitbucket.org/kirbyvisp/vdjpuzzle2 Python B + T de novo Trinity Yes No 

Table 4 

Advantages and disadvantages of bulk and single-cell approaches to TCR and 

gene expression profiling. 1 : Repertoire coverage here refers to the total number 

of unique TCR sequences that can be identified. Depending on the scale of the 

experiment, single-cell approaches can reach similar repertoire coverage as bulk 

methods, but this will drastically increase the cost of the experiment. 2 : It is 

possible to study various modalities (e.g. TCR profile, gene expression profile, 

antigen-specificity, etc.) using bulk approaches, but they cannot be integrated. 3 : 

Generally, bulk approaches are more appropriate for large sample sizes, mainly 

due to the lower cost, efficiency and duration of the protocol. 

Bulk Single-cell 

Repertoire coverage 1 High Low 

Chain pairing No Yes 

Gene drop-out rate 2 Low High 

Multimodality No Yes 

Cost per cell Low High 

Sample size 3 High Low 

T  

f  

T  

i  

e  

w  

i  

m  

e

5

s

 

g  

c  

c  

T  

s

5

r

 

b  

f  

t  

t  

f  

t  

S  

t  

c  

c  

H  

i  

s  

i  

s  

i  

e  

u  

[  

c  

s  

a  

s  

u  

T  

i  

c  

w  

s  

t  

s  

d  

s  

c  

w  

[  

s  

c  

p

 

m  

t  

T  

f  

l  

t

5

 

a  

o  

w  

t  

u  

[  
RBs from CD4 T cells isolated from spleen, and around 400–1000 TRBs

rom central nervous system tissue [120] . However, the effectiveness of

CR recovery from scRNA-seq data is highly dependent on the sequenc-

ng depth and expression level of the TCR locus, which may vary consid-

rably between cells [121] . Hence, this may introduce a substantial bias

hich should be considered when analyzing TCR diversity and clonal-

ty [17] . In conclusion, reconstruction of TCRs from scRNA-seq samples

ay be desirable if the aim of the experiment is the identification of

xpanded or dominant clones in the repertoire Table 3 . 

. When to opt for single-cell over bulk approaches: features of 

ingle-cell T cell profiling 

Whether the TCR data accompanying gene expression profiles is

enerated through dedicated enrichment of the V(D)J region or re-

onstructed from scRNA-seq data, having both layers of information

an provide multiple advantages over conventional bulk technologies.

able 4 provides a brief comparison of the main features of bulk and

ingle-cell sequencing approaches. 

.1. Single-cell sequencing allows integration of functional and immune 

eceptor characteristics 

While bulk sequencing of TCRs provides a clear representation of the

readth of the antigenic response, it does not offer information about the

unctional characteristics of the T cells it originates from. Such informa-

ion, provided by scRNA-seq, may help elucidate the mechanism of ac-

ion for T cell subsets associated with pathology. For example, straight-

orward analyses include overlaying clonal properties on a UMAP or

-SNE generated from the gene expression matrix of the cells ( Fig. 3 A).

uch analyses are especially interesting when performed in parallel to
8 
he cell type annotations described in the subsection on Clustering and

luster annotation. This may reveal certain biases in specific groups of

ells, such as hyperexpansion of distinct phenotypic subsets [ 67 , 122 ].

owever, these analyses are not restricted to just overlaying clonal-

ty, and may also include the application of previously described TCR-

pecific analyses ( Fig. 2 ) on distinct T cell subsets. Such analyses may

nclude, but are not limited to, calculating subset-specific TCR diver-

ity ( Fig. 3 B), annotation with (imputed) antigen-specificity or analyz-

ng bias in the use of germline genes in specific cell subpopulations. For

xample, Bilate et al. identified a clonally restricted CD4 + CD8 𝛼𝛼+ pop-

lation whose differentiation was dependent on local antigen challenge

123] . As another example, Lee and colleagues identified reduced T cell

lonality in patients with hereditary chronic pancreatitis (CP), as a re-

ult of CD4 + Th cells replacing tissue-resident CD8 + T cells [124] . In

ddition they studied clonotype sharing between different phenotypic

ubsets, and discovered interactions between CCR6 + Th and Th1 pop-

lations, in combination with significant upregulation of CCR6 ligand.

hese findings may indicate a role of a CCR6-CCL20 signaling pathway

n hereditary CP. Tools such as immunarch, Immcantation or VDJtools

an be used to evaluate the clonal distribution and diversity of T cells

ithin a specific subset or to compare the overlap between multiple cell

ubsets. Conversely, the combination of gene expression and TCR reper-

oire profiles enables direct interrogation of the functional response of

pecific T cells using conventional transcriptomic analyses. For example,

ifferential gene expression analysis can also be applied on distinct T cell

ubsets, on expanding versus non-expanding T cells, or on specific T cell

lones or clusters ( Fig. 3 C). This functionality is offered by various soft-

are packages, including Scirpy [125] , VDJView [126] , scRepertoire

127] , and Platypus [128] . The practical execution of this analysis is

pecific for each individual package. We therefore instruct the reader to

arefully study the documentation provided with each of the described

ackages. 

Vice versa, information obtained from the gene expression profile

ay be mapped onto a TCR similarity network ( Fig. 3 D), which is some-

hing that has been explored to a far lesser extent with existing tools.

his type of analysis may reveal clusters of highly similar clones (there-

ore likely targeting identical epitopes) that belong to the same or re-

ated cell subsets, revealing expansions of T cell sets both on the pheno-

ypic as well as the clonotype level. 

.2. Power of multimodality: antigen-specificity profiling 

Novel modalities have been developed for single-cell sequencing that

llow researchers to unambiguously determine the antigen specificity

f T cells. In these approaches, scTCR-seq and scRNA-seq are combined

ith epitopeloaded MHC multimers that epitope-specific T cells will in-

eract with [129] . For example, TetTCR-seq, as described by Zhang et al.,

sed such pMHC tetramers to profile the antigen-specificity of T cells

130] . This introduces a third, and very important layer of information

https://github.com/akds/BASIC
https://github.com/milaboratory/mixcr
https://github.com/ElementoLab/scTCRseq
https://github.com/Teichlab/tracer
https://github.com/YosefLab/TRAPeS
https://github.com/liulab-dfci/TRUST4
https://bitbucket.org/kirbyvisp/vdjpuzzle2
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Fig. 3. Integrative methods for studying TCR and gene ex- 

pression profiles in tandem. A. Clonotype information, such 

as clonal expansion, can be mapped onto a gene expression- 

based UMAP. B. TCR-specific metrics, such as diversity, can 

be evaluated on the level of different celltypes. C. Evaluating 

the gene expression profile of clonotypes within a TCR cluster. 

D. Celltype information can be projected onto TCR ype sim- 

ilarity networks in order to identify clonotype clusters with 

convergent or divergent celltypes. 
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hat enables the complete characterization of T cell functionality, pro-

iding information about its cellular phenotype, receptor sequence and

he peptide-MHC complex that it can recognize. In cancer research, for

xample, tumor-specific T cells can be identified, and subsequently used

or adoptive T cell therapies, by capturing them using barcoded MHC-

ultimers loaded with the tumor epitope of interest [ 131 , 132 ]. More-

ver, single-cell methodologies allow for the pairing of 𝛼 and 𝛽 chain.

his provides additional resolution, by including information about both

RA and TRB. In contrast, bulk approaches typically only offer single

hain information. 

. Software packages for analyzing T cells at the single-cell level 

With the emerging availability of analytical techniques for study-

ng T cells at the single cell level, there has been a need for the de-

elopment of tools to analyze the growing amount of data that ac-

ompanies this technological revolution. There is a plethora of tools

vailable for analyzing either transcriptomics [ 74 , 133 , 134 , 75 ] or TCR

 135 , 97 , 99 , 102 , 104 , 113 , 117 ] data individually, but less attention has

een spent on the combination of both layers of information. Recently,

esearchers have shown increased interest in the development of such

ools aiming at the integrative analysis of TCR and gene expression pro-

les. In the upcoming section, we will discuss the current landscape

f computational tools specific for the analysis of scTCR-seq data. We

ncluded all tools, to the best of our knowledge, that had an associ-

ted peer-reviewed publication or pre-print article before the 1st of Oc-

ober, 2021. These tools build on the foundations of the rapidly pro-

ressing field of TCR repertoire analysis and provide a giant leap to-

ards the system-based analysis of T cell immunity, thereby providing

 deeper mechanistic understanding of T cell biology. Table 5 provides

n overview of the different functionalities provided by the packages

iscussed in this review. 
9 
.1. CoNGA 

Integration of gene expression and TCR data typically involves map-

ing TCR sequence properties to cell subsets, the latter being defined

y these cells’ gene expression profile. This approach impedes the iden-

ification of new cell subsets by defining them up front. Schattgen and

olleagues developed a graph-theoretic approach, Clonotype Neighbor

raph Analysis (CoNGA)3 [136] , which aims to identify correlations

etween gene expression and TCR profiles in an unbiased way. CoNGA

uilds a similarity graph based on TCR sequence similarity (as defined

y the TCRdist measure) and one based on the gene expression data.

s a Python package, CoNGA is built on top of the scanpy package

134] and therefore makes use of the AnnData object to store integrated

ene expression and TCR sequence data. Additionally, the package inte-

rates an implementation of TCRdist for distance calculations between

CRs. CoNGA provides a graph-vs-graph and a graph-vs-feature analy-

is. The first analysis involves correlating the gene expression with the

CR sequence similarity graph by identifying clonotypes whose neigh-

ours significantly overlap in both graphs. For each clonotype, CoNGA

valuates all components that are directly connected to this clonotype

graph neighbours) in both the TCR and gene expression graphs. A score

s assigned to each clonotype, reflecting the probability that observing

his degree of overlap between both graphs is greater than or equal to

he overlap that would be expected by chance. To limit the number of

alse positives, this score is multiplied by the total number of clonotypes.

n the second type of analysis, graph-vs-feature, numerical features from

ither property are mapped onto the similarity graph of the complemen-

ary property, thereby aiming to identify graph neighborhoods with a

ias in the score distribution. 

By applying CoNGA to a collection of publicly available T cell

atasets, the authors identified a population of HOBIT + expressing T

ells with long CDR3s enriched for hydrophobic residues. Moreover,
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10 
hey observed strong correlation between the usage of the TRBV30 gene

egment and the expression of the conserved EPHB6 gene. 

.2. mvTCR 

Supplementing gene expression profiles with functional information

rom the TCR provides a more detailed understanding of the behavior

f different T cell subsets. Typically, this data is processed and analyzed

arallel from one another, thereby impeding the identification of novel

 cell phenotypes. An et al [137] developed a multiview variational

utoencoder, termed mvTCR, that creates a joint embedding of gene

xpression and TCR sequence data at the level of individual cells. By in-

egrating both modalities, it is possible to capture groups of T cells that

re correlated on both a phenotypic and functional level. mvTCR applies

wo types of mixture models to integrate the transcriptomic and TCR em-

edding into a joint latent distribution. The authors show that this joint

mbedding improves separation of epitopespecific clusters in the UMAP,

s compared to either gene expression or TCR embeddings individually.

onsequently, mvTCR-generated embeddings for multimodal single-cell

ata may be used to improve existing models for predicting TCR-epitope

pecificity, by integrating an additional layer of phenotypic informa-

ion. Alternatively, sub-clustering of epitope-specific clusters may reveal

pitope-specific expansions in certain T cell subsets. 

.3. Platypus 

Platypus [128] is an R-based software package dedicated to the anal-

sis of single-cell immune repertoires. Platypus is optimized for data

enerated through the 10x Genomics Chromium platform, but it is also

ompatible with other barcode-based scRNA-seq approaches like RAGE-

eq [25] or SplitSeq [138] . Platypus uses the Seurat platform to integrate

ranscriptomic profiles with V(D)J sequencing data [133] . By default,

caling and normalization of the gene expression data is performed using

he default Seurat parameters, although the software also supports alter-

ative normalization methods like SCTransform [ 139 , 140 ] or Harmony

141] . Platypus provides a method for extracting V(D)J sequences from

ell Ranger output and it contains a range of functions for pre-processing

nd calculating basic repertoire statistics. The latter include calculating

he number of isotypes per clones (BCRs), CDR3 length distributions

nd constructing sequence logos. An interesting feature of the Platypus

ackage is its ability to automate Seurat workflows. The results of this

ene expression analysis can be subsequently integrated with clonotype

nformation using a custom function. This allows users to project clono-

ype information onto the UMAP plots generated by clustering the gene

xpression profiles. For example, the visualize_clones_gene expression

an be used to highlight expanded clones within the gene expression

lusters. Finally, Platypus provides a feature for evaluating repertoire

opology through the construction of sequence similarity networks. 

.4. Scirpy 

Scirpy [125] is a Python library built on top of the Scanpy toolkit for

nalyzing scRNA-seq data in Python. Data can be directly imported from

arious sources, including Cell Ranger, TraCeR and standardized AIRR

ormats. Similar to Scanpy and CoNGA, Scirpy leverages the AnnData

ormat [134] , which stores a matrix of values along with annotations

f observations and variables. This data structure also keeps track of

dditional unstructured annotations. Moreover, Scirpy follows the prac-

ices of the intuitive API of Scanpy. To integrate V(D)J and gene ex-

ression profiles, Scirpy provides functions for merging AIRR and gene

xpression data into a single AnnData object. Scirpy offers tools for pre-

rocessing and analyzing TCR repertoire and gene expression data in

andem. The pre-processing procedure allows up to two 𝛼 and 𝛽 chains

er T cell, flagging any cell containing more than two of either chains

s potential doublets and discarding them during the process. Analysis

ools include calculation of clonotype abundance within a specific group
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f samples, clonal expansion, diversity, imbalance, as well as repertoire

verlap. However, the only available diversity metric is Shannon en-

ropy. Next to this, the package provides graph visualizations of clono-

ype clusters with high sequence similarity, using igraph [142] or net-

orkx [143] . The package also provides clustering where similarity is

ased on pairwise alignments, but also offers other distance metrics. 

.5. scRepertoire 

scRepertoire [127] is an R package designed for the post-analysis of

ltered contigs generated from the Cell Ranger pipeline. The package

nteracts with Seurat and SingleCellExperiment (SCE), allowing for in-

egration of gene expression data. Various functions are provided for

he visualization of T cell contigs, which includes abundance, length,

ene usage and clonotype sharing plots. scRepertoire also offers more

dvanced types of analysis, such as clonal homeostasis (visualization of

ifferent levels of expansion) or clonal proportions (the proportions of

lone sizes). Other analysis include the calculation of repertoire over-

ap, sample diversity and clustering of clonotypes based on the amino

cid edit-distance (the number of mismatched amino acids between two

equences). 

Previously described features can also be calculated for gene expres-

ion clusters. Integration with Seurat also allows projection of clonotype

nformation on the UMAP plots. Additional advanced visualizations in-

lude alluvial plots displaying clonotypes shared across different cat-

gories. Lastly, shared clonotype gene usage patterns across cell type

lusters can be analyzed using chord diagrams. 

.6. Tessa 

Tessa is a tool that generates numerical embeddings for TCR se-

uence and integrates it with the gene expression profiles of T cells

144] . Numerical encoding of the TCR is based on Atchley factors

145] of the amino acids in the CDR3 𝛽 region. Tessa uses a stacked auto-

ncoder to reduce the size of the numeric vector, while maintaining its

ntrinsic structural features. For the gene expression matrix, only the

op 10% genes with the highest variation in expression are kept. Tessa

hen uses a parametric Bayesian model to identify the influence of the

CR on the gene expression profile of matched clones. In addition, tessa

ses weighted TCR embeddings to cluster clones into groups that rep-

esent their antigen specificity. The algorithm alternates between both

rocesses (correlating TCR and gene expression matrix, and antigen-

pecific grouping), updating the weights of the embeddings, until the

odel reaches convergence. Using tessa, Zhang and colleagues firstly

howed that clonotypes sharing similar TCRs are more likely to also

hare similar gene expression profiles, as determined from the corre-

ation between embeddings from the TCR and transcriptomic profiles.

oreover, the correlation was stronger in PBMCs from healthy donors

han tumor samples of different cancer types. This may indicate a pro-

ortionally smaller influence of the TCR on the gene expression pro-

le in tumor samples, which may be a consequence of high cyto- and

hemokine secretion in the tumor microenvironment, influencing T cells

ranscriptionally [146] . 

.7. VDJView 

VDJView [126] integrates various R packages for analyzing scRNA

Scater, Seurat, SC3, Monocle & MAST) and V(D)J sequencing data (im-

unarch) into an easy-to-use R Shiny web application. As input, the

oftware allows 3 ′ - as well as 5 ′ -generated scRNA-seq data (both 10x

nd SmartSeq2). Moreover, TCR sequences can be directly reconstructed

rom the input scRNA-seq data, using the VDJPuzzle software [147] . The

ool offers various features for analyzing clonotype abundance, CDR3

ength distributions, V(D)J gene usage and clonotype sharing. For the

nalysis of gene expression levels, the tool includes common dimension-

lity reduction techniques such as PCA, t-SNE and UMAP. Additionally,
11 
ell clustering (both supervised and unsupervised) is provided based on

ene expression values. Finally, the software offers pseudo-time analy-

is for determining single-cell state trajectories based on the Monocle

ackage [74] . 

. Challenges that remain for single-cell over bulk approaches 

The size and constitution of the repertoire is strongly influenced by

he applied repertoire profiling technique [118] . In addition, the cell

opulation may also influence the potential number of identified clono-

ypes, as some cell types may be rarer than others. Therefore, researchers

ust carefully evaluate the choice of single-cell approaches versus bulk,

epending on the research question to be answered. Deep sampling ap-

roaches that allow the capture of large numbers of cells (e.g. leuka-

heresis) have revealed up to 2 • 10 7 unique clonotypes within a single

ample [148] . From a practical perspective, the analysis of this amount

f cells is only possible using bulk sequencing approaches. For single-cell

xperiments, the number of uniquely identified clonotypes is typically

ower. Consequently, bulk sequencing approaches may be more appro-

riate when the goal of the study is to characterize the full repertoire

rom whole blood samples. However, when interested in the functional

haracteristics and the phenotypes of specific (sub)populations, one may

pt for single-cell technologies. These may include situations where the

umber of profiled clonotypes is less relevant. For example, when study-

ng certain epitope-specific T cells and the immune responses they elicit.

. Perspective 

Single-cell technologies have opened up novel opportunities for iden-

ifying specific 𝛼𝛽TCR pairs along with the functional profile of the

ells they originate from. The information obtained through the use

f these technologies simultaneously delivers gene expression profiles,

CR sequence information and optionally other modalities (such as pep-

ide specificity, epigenetic modifications, chromatin accessibility, etc.).

hile a plethora of techniques have been established to individually

nalyze these information layers, the use of single-cell technologies has

ffered a new way to integrate this information at the level of indi-

idual cells. This imposes a tremendous challenge from the perspec-

ive of data analysis. In this review we have discussed several excellent

oftware modules that offer tools aimed at the integrative analysis of

aired single-cell gene expression and TCR repertoire data. Although

hese packages provide a comprehensive toolkit for exploring and ana-

yzing gene expression and TCR profiles, several issues remain. scTCRseq

llows chain pairing, granting information about both 𝛼 and 𝛽 chain.

hile this is considered a major advantage, there remains an unresolved

roblem with the pairing of 𝛼 and 𝛽 chains, even in the case of single-cell

equencing. Occasionally, a single cell may express multiple productive

and/or 𝛽 chains [ 149 , 150 ]. In this case it is not possible to know

hich of the 𝛼𝛽 pairs is functional. It has long been known that post-

ranslational silencing mechanisms exist that result in allelic exclusion

 151 , 152 ]. Nonetheless, one question AIRR researchers should address

s: what determines functional chain pairing in TCRs? Additionally, al-

hough rare, there is always the possibility of sequencing only one TRA

nd one TRB, while the cell may in fact express multiple TRAs and/or

RBs. Moreover, the identified TRA and TRB may not even match as

hey might only pair the other, unidentified chains. Consequently, this

aises the question: whether identified 𝛼𝛽 pairs in single-cell experi-

ents are truly functional rearrangements? Another consideration is the

act that gene expression and TCR data obtained during single-cell ex-

eriments are typically processed and analyzed individually using es-

ablished approaches from the fields of scRNA-seq and TCR-seq analy-

is. Integration is often limited to the projection of clonotype features

n gene expression-based UMAP. Therefore, we advocate for the devel-

pment of novel methodologies that integrate information from both

ources into a reciprocal metric. Several approaches already adopt this
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dea, including CoNGA [136] , mvTCR [137] , and tessa [144] . Integra-

ive approaches like this may reveal distinct subpopulations of T cells

hat display similar gene expression and TCR sequence characteristics.

uch observations may be explained by the expansion of certain T cell

ubpopulations, triggered by an immunogenic peptide. Similarly, UMAP

s commonly applied to gene expression matrices to project distinct cell

ubpopulations based on a set of highly variable genes. Little attention

as been focused on applying UMAP to a combination of gene expres-

ion and TCR features. Such an approach may reveal distinct clusters

f epitope-specific cells that could not be identified from gene expres-

ion or TCR profile features individually. This idea has been outlined

y An et al. [137] who developed a variational autoencoder, mvTCR,

o generate a joint embedding for gene expression and TCR sequence

nformation, thereby improving separation of epitope-specific clusters

n the UMAP. 

Another major challenge for scTCR-seq is the development of im-

roved visualizations. Currently, the most common approach for visu-

lizing scRNAseq data is a UMAP. UMAPs can be annotated with addi-

ional layers of information such as clonal expansion amongst others.

or TCR sequences, the similarity network representation is one of the

ost common visualizations. Although this representation provides a

eneral overview of the repertoire architecture and highlights clonal

xpansions [153] , network representations become infeasible when the

umber of nodes is very large as is often the case for AIRR-seq data

154] . It is imperative to extract relevant subsets of the TCR network

e.g. expanded clonotype clusters with low generation probability), thus

nabling visualization. In addition, features from gene expression space

an be mapped onto clonotype similarity networks. Such network rep-

esentations enable the identification of clonotype clusters with simi-

ar expression profiles, potentially indicating common origin or pref-

rential differentiation of a cellular subtype. Conversely, the observa-

ion of clonotype clusters with distinct transcriptomic profiles may indi-

ate phenotypic plasticity between celltypes. These visualization strate-

ies map features from one modality (TCR or gene expression) onto the

ther, but do not truly integrate both layers. Hence, there is a need for

mproved visualization techniques that captures both gene expression

nd TCR features by integrating them. 

With the advent of novel experimental and computational ap-

roaches for determining the specificity of T cells, scTCR-seq combined

ith scRNA-seq will be an indispensable tool for fully characterizing

he complete molecular profile of a T cell. Several methods exist that

ccurately predict the binding of any TCR with a known epitope, based

n an epitope-specific model [ 30 , 155 , 115 , 156 , 26 ]. These are often re-

erred to as seen epitopes. A major downside to these models is that

hey require sufficient data for a single epitope in order to make accu-

ate prediction about which TCRs bind to it. In addition, these models

re typically trained using only 𝛽 chain information, thereby neglecting

otential contribution of the less diverse 𝛼 chain. Predicting the binding

f a TCR with an unseen epitope is a problem that is considerably more

ifficult. Nonetheless, multiple studies have illustrated the possibility of

olving this problem using deep neural networks [ 157 , 158 ]. A common

onclusion is that predictions for epitopes similar to known epitopes are

uperior to vastly different ones. One of the current limitations is the

ow amount of known high-quality TCR-epitope pairs. However, due to

he introduction of high-throughput methods for TCR-antigen screening,

ore data will become available which will allow the construction of

ore accurate models for predicting the specificity of any TCR sequence.

inally, we encourage the use of standardized pipelines for processing

nd analyzing scTCR-seq data, which will result in more transparency

nd improved comparability between scTCR-seq studies. 
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