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 TCR repertoire analysis as a tool to advance cancer immunotherapy 

 Computational methods are used to understand TCR repertoire characteristics 

 Both TCR sequence and structure have been used for specificity prediction 

 
Abstract 
 
T cell receptor (TCR) sequencing has emerged as a powerful new technology in 

analysis of the host-tumour interaction. The advances in NextGen sequencing 

technologies, coupled with powerful novel bioinformatic tools, allow quantitative and 

reproducible characterisation of repertoires from tumour and blood samples from an 

increasing number of patients with a variety of solid cancers. In this review, we 

consider how global metrics such as T cell clonality and diversity can be extracted 

from these repertoires and used to give insight into the mechanism of action of immune 

checkpoint blockade. Furthermore, we explore how the analysis of TCR overlap 

between repertories can help define spatial and temporal heterogeneity of the anti-

tumoural immune response. Finally, we review how analysis of TCR sequence and 

structure, either of individual TCRs or from sets of related TCRs can be used to 

annotate the antigenic specificity, with important implications for the development of 

personalised adoptive cellular immunotherapies. Importantly, advancements in single 

cell TCR profiling, coupled with powerful analytical tools adopted from artificial 

intelligence have the potential to drive the next breakthrough in cancer 

immunotherapy.  
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Introduction 
 

T cell receptor (TCR) repertoire sequencing is a powerful tool which can characterise 

the breadth, strength and dynamics of the anti-tumoural immune response. The 

advances in next generation (NextGen) sequencing technologies and associated 

bioinformatic pipelines have significantly improved the sensitivity, accuracy and 

quantitation of TCR repertoire studies, resulting in a large number of publications and 

associated data sets.  However, major computational challenges remain in inferring 

the dynamics and antigen specificity from static snapshots of the TCR repertoire. Here, 

we review progress in applying TCR repertoire analysis to track the host immune 

responses to immunotherapeutic checkpoint blockade, to follow the evolution and 

heterogeneity of the response in the face of a changing tumour microenvironment and 

to reveal T cell antigen specificity.  

 

T cell clonality and diversity as metrics for immune checkpoint TCR repertoire 

analysis 

 

TCRs consist of a heterodimer of alpha and beta, or gamma and delta chains. In this 

review we focus on alpha and beta TCRs. TCR genes are generated during T cell 

differentiation by stochastic and imprecise somatic cell recombination of sets of short 

homologous genomic sequences, the V, D and J genes. Because the total number of 

possible TCR alpha/beta heterodimers is huge1 the same sequence is rarely 

generated twice in an individual, and so identical sequences observed multiple times 

are likely to be derived by selection and proliferation of a single T cell clone. The overall 

clonality of the TCR repertoire2, a metric which captures the number and frequency of 

TCRs which are observed multiple times in a sample, is often used as an indicator of 

immune activity (Figure 1). Repertoire diversity is inversely related to clonality, and 

captures the breadth of a repertoire.  

 

Several groups have investigated the effect of immune checkpoint blockade on T cell 

clonality and diversity. Given the challenge of obtaining longitudinal tumour samples, 

the majority of these studies have utilised peripheral blood sampling. In patients with 
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bladder cancer, urine derived lymphocytes (UDLs), may offer an additional non-

invasive method of TCR repertoire sequencing3.  

 

Effects of anti-CTLA-4 on the TCR repertoire 

 

Increased TCR repertoire diversity following anti-CTLA-4 therapy is reported in 

patients with advanced melanoma.4 This increased diversity has been hypothesised 

to reflect recruitment of new tumour-reactive clones, as suggested by  an increase in 

the number of newly detected CD8+ melanoma specific TCRs following anti-CTLA-4 

treatment.5 Surprisingly, the systemic effects on the TCR repertoire seem to be quite 

limited. Perhaps the concentrations achieved in vivo are such that the effect on the 

immune system as a whole (blood, thymus etc.) are relatively limited, and are limited 

to where Tregs are most active in limiting an immune response (such as in a tumour). 

However, increased peripheral blood T cell diversity has also been linked to anti-

CTLA-4 toxicity, suggesting checkpoint inhibition may also result in recruitment of self-

reactive T cells.6  In contrast, increased repertoire clonality prior7 to or following8 

treatment is associated with improved response to anti-CTLA-4 therapy and survival. 

Thus, TCR repertoire analysis supports the idea that strong pre-existing immunity, for 

example, increased T cell clonality, together with anti-CTLA-4 induced broadening of 

the T cell pool are key to deliver an effective immunotherapeutic response (Figure 2A).   

 

Effects of anti-PD-1 on the TCR repertoire 

 

Similar to anti-CTLA-4, increased pre-treatment clonality has been associated with 

improved clinical outcomes to anti-PD1 therapy in melanoma9,10. Moreover, increased 

T cell clonality following anti-PD-1 treatment is associated with clinical response in 

metastatic melanoma, NSCLC, glioblastoma and metastatic bladder 

cancer..9,11,12,14,17,12 Interestingly, increased T cell clonality detected in ‘on-treatment’ 

tumour samples was predominantly a feature of single agent anti-PD-1 treatment 

rather than those undergoing dual anti-PD-1/anti-CTLA-4 blockade. Accordingly, anti-

PD-1 may favour the maintenance and expansion of existing anti-tumour T cells 

(Figure 2A). However, oligoclonal expansion of novel T cell clonotypes has been 

observed in basal and squamous cell carcinomas treated with anti-PD-1, suggesting 

that in some contexts pre-existing tumour infiltrating lymphocytes (TILs) may have 
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limited reinvigoration capacity and that the intratumoural T cell response to checkpoint 

blockade may be due to a distinct repertoire of T cell clones that have recently entered 

the tumour microenvironment.13  

 

The functional heterogeneity of the T cell compartment in peripheral blood complicates 

the interpretation of the repertoire studies reported to date, and more detailed analysis 

of fractionated T cells using cell surface markers that enrich for anti-tumour T cells 

(e.g., CD8+PD1+) is an area of active research. Nevertheless, there is convincing 

evidence that the clonality and diversity of the TCR repertoire reflects the therapeutic 

response to checkpoint inhibitors, providing insight into mechanisms of action, and 

supporting the use of TCR repertoire analysis as a biomarker for stratification and 

monitoring of patients on immunotherapy.  

TCR repertoire heterogeneity and tumour genomic heterogeneity 

 

Tumour heterogeneity, arising from genetic and epigenetic changes during tumour 

evolution, is a well-established and important feature of many cancers, and has a 

major influence on disease progression.14 The relationship between tumour 

heterogeneity and the host immune response is complex, since the immune response 

is a powerful selection force driving immune evolution, but genomic instability can also 

produce neoantigens which drive immune responses with important clinical relevance. 

For example, studies have shown that a high burden of clonal nonsynonymous 

mutations is associated with reduced disease recurrence and improved response to 

checkpoint blockade15-17.  

 

A key confounder in comparing TCR repertoires from distinct tumour samples is 

heterogeneity arising as an artefact of sampling during nucleic acid extraction, PCR 

amplification and sequencing. It is therefore important to establish a rigorous statistical 

framework to control for the sampling process.  

 

In the context of early-stage NSCLC, we have developed such a statistically rigorous 

approach and used it to define ubiquitous TCRs, present throughout a tumour, and 

regional TCRs, found in only defined regions of a tumour.18 Ubiquitous TCRs, present 

across multiple regions of the tumour or in multiple metastatic lesions may represent 
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responses to common tumour antigens found in all cancer cells, although direct 

experimental proof for this hypothesis is still limited. Since neoantigens can appear 

progressively during the course of tumour evolution, the number of neoantigens in 

different regions of the tumour may differ considerably. We have previously reported 

that different T cell clonotypes can also be observed in different regions of the tumour, 

and that spatial heterogeneity in expanded T cell clones is correlated with spatial 

mutational heterogeneity (illustrated schematically in Figure 2B). These findings, and 

numerous further reports of TCR heterogeneity across both primary19-21 and 

metastatic tumours22-24, support the idea that expanded intra-tumoural T cell clones 

are driven by the intratumoural neoantigen landscape that may be sculpted by somatic 

mutations, and immune editing including focal HLA loss or antigen processing 

defects.15, 18 Furthermore, heterogeneity of the repertoire in longitudinal samples may 

reflect dynamic changes in the host-tumour relationship.18  

Repertoire analysis in assigning TCR antigenic specificity 

 

Assigning neoantigen or tumour-associated antigen specificity to TILs is an area of 

key interest, both to improve our understanding of the adaptive anti-tumoural immune 

response and also to translate this knowledge into therapy (Figure 2C). The 

identification of clusters or networks of sequence related TCRs within populations of 

TILs18 provide strong circumstantial evidence of antigen specificity25 (Figure 3A). TCR 

sequencing in combination with in vitro peptide-stimulation (mutation- associated 

neoantigen functional expansion of specific T cells (MANAFEST)26 assay) and/or 

MHC-peptide multimer sorting18 together with single cell RNA sequencing (scRNAseq) 

provide effective platforms with which to explore the antigen specificity of lymphocytes 

directly.  In contrast to bulk sequencing, scRNAseq identifies alpha/beta gene pairs, 

and thus permits a much more complete characterisation of the TCR receptor 

associated with each T cell. In addition, combining TCR sequencing with global 

scRNAseq links the T cell receptor to the transcriptional state of T cells.27-29 The 

majority of studies which have identified antigen-specific TCRs in this way have 

focused on TILs, since these are presumably highly enriched for tumour-reactive T 

cells. However, in one example TCR repertoire analysis demonstrated that 

approximately 11% of tumour resident T cell clones were detected in T cells expanded 

from PD-1 positive T cells in the peripheral blood.30  Thus antigen-specificity studies 
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can also be carried out using the much more accessible pool of peripheral blood T 

cells.  

 

 

 

 

 

Future directions 

 

Despite these elegant studies combining TCR repertoire sequencing with function to 

identify target antigens, the annotation of TCRs by functional approaches remains 

extremely challenging, labour intensive and costly, limiting its application to clinical 

studies outside of a few exceptionally well-funded research centres.  

 

There is therefore intense interest in predicting pMHC antigen specificity of individual 

TCRs from sequence alone, an extremely challenging computational challenge. 

Several studies25, 31, 32 have showed that TCRs that bind the same epitope show 

conserved sequence motifs, especially in the CDR3 loop, the TCR region that forms 

the most extensive contacts with the peptide epitope.33, 34  

 

We and others have used various metrics of sequence similarity to develop TCR 

clustering algorithms to gain insight into the antigenic specificity of TCRs35-38. This is 

a powerful approach to identify related sequences in a repertoire, once the antigen 

specificity of some members of the cluster is known (Figure 3B). For example, the 

clustering algorithm GLIPH2 has recently been used to find TCR specificity groups in 

two independent NSCLC datasets, and in combination with experimental antigen 

discovery was able to identify T cells reacting to tumour antigens39. 

 

More sophisticated machine-learning approaches to encoding the sequence 

information of available TCR-antigen pairs can also be used to predict TCR specificity 

(Figure 3C)25, 31, 40-43. Most available algorithms require training on existing datasets 

for prediction, i.e., a set of TCRs known to recognise a specific epitope is needed to 

be able to determine whether a new TCR will bind to that same antigen. However, the 

antigen driving the sequence convergence is often unknown, thus limiting the practical 
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application of these methods. To overcome this challenge, new classifiers that try and 

learn general binding rules using either sequence or structural44-46 features have been 

created and applied to predict probability of binding for unknown TCRs and epitopes. 

Of note, different algorithms require different inputs: ERGO and ImRex only need the 

CDR3β and peptide sequences; GLIPH relies on the CDR3β sequence and V-gene 

usage; TCRdist shows the best performance when information about the three CDR 

loops (as well as a fourth loop between CDR2 and CDR3) is included from both chains. 

The structure-based classifiers, instead, base the prediction on the properties of the 

(predicted) conformation of the entire complex, which will depend on the sequence 

and structure of both TCR chains (including the CDR loops, but also the framework 

features that determine the loop positioning). As paired αβ chains are necessary for a 

structural approach, the sequence classifiers are more readily applicable to TCR-seq 

information, which does not provide pairing information. However, further work will be 

required to develop the accuracy of these computational approaches to a point at 

which they will be of immediate value to tumour immunology. 

 

 

Conclusions 

 

TCR repertoire sequencing is increasingly becoming an indispensable part of the 

cancer immunologist’s arsenal. As sequencing costs fall further, protocols become 

more standardised, and computational tools more reliable and user-friendly, repertoire 

measurements will increasingly find a use in a clinical context, for monitoring of 

disease recurrence and progression, assessment of response to systemic treatment 

and patient stratification. However, perhaps, the most powerful impact of repertoire 

analysis will emerge from the application of the latest advances in artificial intelligence 

which will ultimately allow annotation of the repertoire in terms of antigen specificity of 

the anti-tumoural immune response with important clinical relevance for the 

development of adoptive cellular therapies for patients with solid tumours.  
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Figure Legends 
 
Figure 1. T cell clonality and diversity. T cells represented by coloured spheres. The colour 
of each T cell represents its clonotype. In a tumour sample where T cell clonality is low any 
diversity is high, many T cell clones with different specificities are present and none are very 
expanded (left). In contrast, in a sample with increased T cell clonality and low T cell diversity, 
only a few T cell clones are detected and are highly expanded (right). 
 
Figure 2. Applications of TCR repertoire analysis in cancer immunology.  
 
A) TCR response to immune checkpoint blockade. T cells represented by coloured 
spheres. The colour of each T cell represents its clonotype. Anti-CTLA-4 treatment is 
associated with increased TCR repertoire diversity (left) whereas anti-PD-1/PD-L1 treatment 
is associated with oligoclonal T cell expansion.  
 
B) TCR repertoire heterogeneity reflects tumoural genomic heterogeneity. T cells 
represented as in A. Tumour cells are star shaped and different colours represent different 
tumour subclones based on their genomic landscape.  
 
C) Assessment of TCR antigen specificity. By combining functional assays with TCR 
sequencing, TILs can be annotated with their antigen specificity to provide further insights into 
the anti-tumoural immune response and provide candidates for TCR therapy. TILs are known 
to include neoantigen-reactive T cells (NARTs), which respond to mutant proteins unique to 
the tumour, T cells specific for tumour-associated antigens (TAAs) and bystander T cells, 
which do not recognise tumour. 
 
Figure 3. Computational methods for TCR-antigen pairing.  
 
A) Clustering algorithms. Clustering algorithms find TCRs within a repertoire that are similar 
in sequence and therefore may share antigenic specificity. A distance metric is calculated 
between each pair of TCRs based on their sequence and they are assigned to the same 
cluster if the distance is below a certain threshold.  
 
B) TCR specificity clusters. An extension to the clustering algorithms is to assign specificity 
to each cluster, i.e., a peptide antigen that the TCRs in the cluster are known to recognise. 
New TCRs with unknown specificity can then be assigned to a specificity cluster depending 
on the distance calculated from the members of each cluster.   
 
C) Prediction of binding probability. A classifier is trained on a set of known TCR-antigen 
pairs, as well as a set of known non-binders. For a new TCR-antigen pair, a classifier will 
output a probability that the TCR will bind the specific peptide.  
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Increasing T cell clonality and reducing diversity

Figure 1. T cell clonality and diversity. T cells represented by

coloured spheres. The colour of each T cell represents its clonotype. In

a tumour sample where T cell clonality is low any diversity is high,

many T cell clones with different specificities are present and none are

very expanded (left). In contrast, in a sample with increased T cell

clonality and low T cell diversity, only a few T cell clones are detected

and are highly expanded (right).
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B) Intra-tumoural heterogeneity of the TCR 

repertoire reflects genomic heterogeneity

A) Response to immune checkpoint blockade

C) Assessment of TCR antigenic specificity
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Figure 2. Applications of TCR repertoire analysis in cancer immunology.

A) TCR response to immune checkpoint blockade. T cells represented by coloured

spheres. The colour of each T cell represents its clonotype. Anti-CTLA-4 treatment is

associated with increased TCR repertoire diversity (left) whereas anti-PD-1/PD-L1

treatment is associated with oligoclonal T cell expansion.

B) TCR repertoire heterogeneity reflects tumoural genomic heterogeneity. T cells

represented as in A. Tumour cells are star shaped and different colours represent different

tumour subclones based on their genomic landscape.

C) Assessment of TCR antigen specificity. By combining functional assays with TCR

sequencing, TILs can be annotated with their antigen specificity to provide further insights

into the anti-tumoural immune response and provide candidates for TCR therapy. TILs are

known to include neoantigen-reactive T cells (NARTs), which respond to mutant proteins

unique to the tumour, T cells specific for tumour-associated antigens (TAAs) and bystander

T cells, which do not recognise tumour.



TCR specificity groups are created based on a similarity metrics. A TCR with 

unknown specificity can be assigned to an existing group because of its similarity to 

the members of the group (triplet kernel, TCRdist, GLIPH, … )

TCR-pMHC pairs with known binding are used to train a predictive model. For a 

TCR with unknown specificity, probability of binding a specific pMHC is calculated 

(ERGO, ImRex, …)

Identification of TCRs possibly responding to the same (unknown) antigen from 

bulk sequencing by calculation of sequence similarity

A) Clustering algorithms 

B) TCR specificity clusters

C) Prediction of probability of binding
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Figure 3. Computational methods for TCR-antigen pairing.

A) Clustering algorithms. Clustering algorithms find TCRs within a repertoire that are

similar in sequence and therefore may share antigenic specificity. A distance metric is

calculated between each pair of TCRs based on their sequence and they are assigned to

the same cluster if the distance is below a certain threshold.

B) TCR specificity clusters. An extension to the clustering algorithms is to assign

specificity to each cluster, i.e., a peptide antigen that the TCRs in the cluster are known to

recognise. New TCRs with unknown specificity can then be assigned to a specificity cluster

depending on the distance calculated from the members of each cluster.

C) Prediction of binding probability. A classifier is trained on a set of known TCR-antigen

pairs, as well as a set of known non-binders. For a new TCR-antigen pair, a classifier will

output a probability that the TCR will bind the specific peptide.



Highlights 
 

 TCR repertoire analysis as a tool to advance cancer immunotherapy 

 Computational methods are used to understand TCR repertoire characteristics 

 TCR sequence and structure can be used for specificity prediction 
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13th July 2021 
 
 
Dear Hans 
 
Thank you for reviewing our MS and for the helpful comments. We have edited the MS to address these points 
as follows: 
 
1. On page 3 the authors talk about the observation that CTLA-4 blockage leads to increase TCR diversity.  This 
requires further explanation; is it simply a consequence of local T cell recruitment (as suggested); does ‘new 
recruitment’ also apply to blood; are new TCR generated in the thymus? This is a very interesting point. 
Remarkably, the systemic effects of anti-CTLA4 on the overall repertoire seem to be remarkably limited, and the 
effects on intra-tumour heterogeneity more marked. Perhaps the concentrations achieved in vivo are such that 
the effect on the immune system as a whole (blood, thymus etc.) are relatively limited, and the effects are more 
marked where Tregs are actively limiting an immune response such as in a tumour. We have added a couple of 
sentences to explain this point on page 3 
 
2. In the section ‘Repertoire analysis in assigning TCR antigenic specificity’ to authors should clarify whether 
cited papers use CDR3 motifs in one TCR chain, or combine CDR3 motifs in the alpha and beta chain.  The 
authors should also clarify whether CDR1 and CDR2 are included in any of the specificity prediction models. 

 
Although the prediction tools do not usually explicitly make use of the other CDRs, the structure-based ones 
implicitly make use of the whole TCR sequence. We have added a section to address this point at the top of 
page 7. 
 

3. The left panel in figure 2B suggests that low mutation rates drive clonality of tumour infiltrating T cells.  Is 
this the case? No, we do did not wish to imply this; only that increased mutational heterogeneity leads to 
increased TCR heterogeneity. We have edited the figure somewhat, and added an explanatory sentence in the 
text (top of page 5).  
 
 
I hope the revised manuscript is now acceptable for publication.  
 
Many thanks 
 

 
With best wishes 
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