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Abstract

Motivation: While growing numbers of T cell receptor (TCR) repertoires are being mapped by

high-throughput sequencing, existing methods do not allow for computationally connecting a

given TCR sequence to its target antigen, or relating it to a specific pathology. As an alternative, a

manually-curated database can relate TCR sequences with their cognate antigens and associated

pathologies based on published experimental data.

Results: We present McPAS-TCR, a manually curated database of TCR sequences associated with

various pathologies and antigens based on published literature. Our database currently contains

more than 5000 sequences of TCRs associated with various pathologic conditions (including patho-

gen infections, cancer and autoimmunity) and their respective antigens in humans and in mice. A

web-based tool allows for searching the database based on different criteria, and for finding anno-

tated sequences from the database in users’ data. The McPAS-TCR website assembles information

from a large number of studies that is very hard to dissect otherwise. Initial analyses of the data

provide interesting insights on pathology-associated TCR sequences.

Availability and implementation: Free access at http://friedmanlab.weizmann.ac.il/McPAS-TCR/.

Contact: nir.friedman@weizmann.ac.il

1 Introduction

T cells recognize antigens of foreign and self-origin using the T cell

receptor (TCR), which is comprised of two chains (TCRa, TCRb)

that are generated through a random process of DNA rearrangement

(Bassing et al., 2002; Davis and Bjorkman, 1988). This random pro-

cess can generate a huge and diverse repertoire of TCR sequences,

which ensures functional adaptive immunity (Laydon et al., 2015;

Robins et al., 2010). Responding T cell populations typically show

profiles of preferred usage of a few TCR sequences (oligoclonal re-

sponses) (Kedzierska et al., 2008). Moreover, specific pathology-

related TCR sequences were detected across different individuals

with the same pathology (Madi et al., 2014; Mamedov et al., 2011;

Turner et al., 2006; Venturi et al., 2008). These findings indicate that

TCR bias exists in pathological situations (Miles et al., 2010; Serana

et al., 2009; Turner et al., 2006; Venturi et al., 2008), and the signifi-

cance of this concept can be studied through the association of

experimentally observed expanded TCR sequences with their respect-

ive pathologic conditions and antigens.

Although current progress allows for mapping of TCR repertoires

using high-throughput sequencing (Calis and Rosenberg, 2014;

Friedensohn et al., 2017; Heather et al., 2017; Mamedov et al., 2013),

existing methods do not allow for computationally connecting a given

TCR sequence to the antigen that it binds and recognizes. Studies of

disease-specific TCR sequences frequently try to get a broader perspec-

tive on their findings by comparing them with previous disease-related

sequence data (Emerson et al., 2017; Hughes et al., 2003; Madi et al.,

2014; Mamedov et al., 2011). However, such data is sparse and difficult

to retrieve and assess. To overcome this limitation, we present McPAS-

TCR, a manually curated database of TCR sequences that are associated

with various pathologies and antigens, based on published literature.

We believe that McPAS-TCR fills an important unmet need, as it

collects in one accessible website information from a large number
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of studies that is very hard to dissect otherwise. The database in-

cludes detailed information on each TCR sequence, such as details

on the study in which it was found, the type of pathology with

which it was associated, the related antigen protein/epitope (if

known), and the way by which antigen specificity was determined.

It provides valuable information that can support hypotheses and

new studies in many areas of immunology, including vaccine design,

autoimmunity and cancer immunotherapy.

2 Materials and methods

2.1 Data collection
To build a database of annotated TCRa and TCRb sequences that

were found in T cell clones associated with various diseases/condi-

tions in humans and in mice, a PubMed query was conducted with

variations of the following search terms: CDR3 sequence, sequenc-

ing, T cell receptor, T cell repertoire, T cell AND [Pathology X].

Further publications were added based on citations from papers that

were found by the PubMed search. Only data from published work

was included.

2.2 Data organization
Each entry in the database describes one TCR sequence identified in

one study. TCR sequences were manually curated and characterized

according to the following fields:

(1) TCR alpha and beta chains: The junctional region of the

TCR, also known as the complementarity-determining region 3

(CDR3), is highly diverse and constitutes an important determin-

ant of antigen recognition by T cells. We list for each TCR se-

quence its CDR3 region (amino-acid sequence), starting with the

conserved cysteine at the 5’ end of the V segment, and ending

with the conserved phenylalanine at the 3’ end of the J segment.

V segment and J segment are presented if given in the original

publication. Nomenclature follows the international

ImMunoGeneTics information system (http://www.imgt.org)

(Lefranc et al., 1999). When a study used a different gene ontol-

ogy system, it was converted to the IMGT nomenclature.

The database contains both TCRa and TCRb sequences. Some

entries contain both sequences, if this information was available.

Nucleotide sequences are also presented if available.

As a rule, sequences are presented as given in the original paper.

However, when the conserved cysteine amino acid at the begin-

ning of the CDR3 sequence was missing in the original paper, it

was added to the database description. The same applies to a

missing conserved phenylalanine at the end of the CDR3 se-

quence. In addition, when the TRBJ gene was not mentioned in

the article, it was reconstructed according to the CDR3 sequence,

if possible, based on the IMGT terminology (Lefranc et al.,

1999). Such corrections are stated in the field ‘reconstructed J

annotation’.

(2) Category: Sequences were classified to one of the following

categories, based on the pathology with which they were associ-

ated: (A) Pathogens–including bacteria, viruses and parasites,

(B) Autoimmune–including sequences identified in tissues/

Tcells from human and mice with an autoimmune condition,

(C) Cancer–including sequences identified in malignant tissues/

Tcells of human origin, or in mice models of malignancies, (D)

Allergy–including sequences identified in allergic reactions to

various allergens and (E) Other–including sequences not classi-

fied to any of the above categories.

(3) Pathology: This field describes a disease or some sort of med-

ical condition (e.g. EBV viral infection, rheumatoid arthritis,

melanoma). This information enables the user to find all curated

sequences related to a specific disease/pathological condition.

(4) Additional study details: This field adds additional relevant

details pertaining to the study in which the sequence was identi-

fied. For example, EBV related sequences that were identified in

patients following bone-marrow transplantation.

(5) Antigen identification method: In cases where the cognate

antigen was identified, this field presents the method by which

the association of the TCR with the antigen was detected.

Selection of antigen-specific T cells using peptide-MHC multi-

mers (Altman et al., 1996) is labeled ‘1’. Selection of T cells that

were activated by an antigen in culture is labeled ‘2’, with sub-

categories 2.1–2.5 corresponding to the type of antigen used for

stimulation (2.1: stimulation with a peptide, 2.2: a whole pro-

tein, 2.3: a whole pathogen, 2.4: tumor cells, 2.5: other types of

in vitro stimulation). Sequences revealed by directly sequencing T

cells ex-vivo are labeled ‘3’. These include either Sanger sequenc-

ing of selected clones or the 50 most abundant sequences from a

high-throughput sequencing experiment. These can be, for ex-

ample, tumor infiltrating T cells, or T cells from synovial fluid of

rheumatoid arthritis patients. These sequences are associated

with a specific pathology, and are expected to be enriched with

TCRs specific for relevant antigens, e.g. cancer neo-antigens, the

identity of which is not known. This score enables users to filter

the data according to their need and research question. (See fur-

ther discussion in Section 3.1).

(6) NGS: This field specifies if the TCR sequence was identified

using Next Generation Sequencing (NGS). It states either ‘Yes’,

for use of NGS, or ‘No’ otherwise.

(7) Antigen protein: This field describes the antigen protein that

the TCR targets, if described in the curated article. The Protein

ID is the protein’s entry number in the UniProt Knowledgebase

(UniProtKB, http://www.uniprot.org/uniprot/) (UniProt, 2015).

(8) Epitope peptide: This field describes the specific peptide epi-

tope that is recognized by the TCR, if described in the curated

article. The Epitope ID is the epitope’s entry in the Immune

Epitope Database (IEDB, www.iedb.org) (Vita et al., 2015).

(9) MHC: The major histocompatibility complex associated with

the epitope, as described in the original article. For human

TCRs, the HLA allele is presented, as described at the HLA

Nomenclature website (http://hla.alleles.org/nomenclature/nam

ing.html). For mouse TCRs, the MHC haplotype of the corres-

ponding mouse strain is given.

(10) Tissue: This field describes the tissue from which the T cells

were extracted.

(11) T cell type: Two fields describe the type of T cells from

which the sequence was obtained: CD4/CD8, and additional de-

tails on the T cell type, e.g. T-regulatory, T-effector, or TIL

(Tumor infiltrating lymphocyte).

(12) PubMed.ID: The PubMed Identifier (PMID) of the study’s

entry in PubMed database of citations for biomedical literature

at http://www.ncbi.nlm.nih.gov/pubmed . A link is provided so

that the paper’s abstract is easily accessible.

2.3 Web interface
The web interface for McPAS-TCR was developed in R using the

Shiny package from R studio (http://shiny.rstudio.com/). A remote

web server (http://friedmanlab.weizmann.ac.il/McPAS-TCR/) is

backing the R web interface. The graphical user interface (GUI)

relies on the shinydashboard R package (https://rstudio.github.io/shi

nydashboard/index.html). Session-based user searches are included

in the framework design. Multiple sequence searches are enabled by

the shinyAce R package. The user can search not only for sequences

that are identical to the query sequence, but also for similar
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sequences with varying edit distances. This feature is made possible

through the stringdist R package (https://cran.r-project.org/web/pack

ages/stringdist/index.html). The Levenshtein distance (Levenshtein

1966) is used to estimate similarity between the query and the anno-

tated sequences. The search results can be filtered by specific values in

the different fields, using the DT R package filtering feature (https://

rstudio.github.io/DT/).

The integrated data can be downloaded in comma-separated val-

ues (CSV) format. Each entry in the database is linked to other pub-

lic databases. Links include: publications from the National Center

for Biotechnology Information (NCBI) PubMed site, pathologies as

defined in the vocabulary of biomedical terms of the Medical

Subject Headings (MESH) database of the U.S.A national library of

medicine (NLM), antigen proteins are linked to the Uniprot protein

database (UniProt, 2015) by their protein ID, and epitope peptides

are linked to the IEDB database of T cell epitopes (Vita et al., 2015).

3 Results

3.1 McPAS-TCR overview
The database currently contains �5100 entries, curated from 118

publications, of TCR sequences that were found in T cells associated

with various pathologic conditions in humans and in mice. �75%

of the sequences are from human data, and the rest come from

mouse data. Each sequence is characterized by its V and J gene seg-

ments and by the amino acid sequence of the complementarity-

determining region 3 (CDR3). In most cases only the TCRb
sequence is available, some entries contain the TCRa sequence, and

some contain both. Other characteristics are included if found in the

original paper, as described in the methods section.

We classified the pathologies into five categories: pathogens,

autoimmune, cancer, allergy and other. Table 1 shows the number

of entries in each category in our database. Each category contains

different pathologies. Examples include T cells associated with

pathogens, such as viral infections: Cytomegalovirus (CMV, N¼459

entries), Epstein Barr virus (EBV, N¼474) or influenza (N¼498);

T cells associated with autoimmune diseases (e.g. multiple sclerosis,

N¼118, type 1 diabetes, N¼532); and T cells associated with

malignancies (e.g. melanoma, N¼542). We also include other rele-

vant information such as the tissue of origin of the T cells, their

type (CD4/CD8) and other characteristics (e.g. memory/regulatory,

TIL, etc).

Relating an antigen to specific TCRs that recognize it is a main

aim of this database. Different studies provide varying level of infor-

mation regarding the antigens. This information is reflected by a

number of fields in the database. The ‘antigen identification method’

describes the method by which the association between the antigen

and TCR was determined. A value of ‘1’ indicates detection by

peptide-MHC multimers (Altman et al., 1996), which is considered

a gold-standard for detection of antigen-specific T cells. A value of

‘2’ indicates isolation of T cells that respond to a specific antigen

from in vitro cultures. Various types of antigens are used in these

studies: a peptide antigen, an antigenic protein, a whole pathogen or

cells from a tumor. This is indicated by sub-divisions 2.1–2.5, as

described in the methods section. We also included in the database

sequences associated with a pathology for which the antigen is not

identified in the original study. These include, for example, tumor

infiltrating T cells, T cells isolated from pancreases of type 1 dia-

betes patients, or T cells isolated from synovial fluid of rheumatoid

arthritis patients. These sequences are labeled by ‘3’ in our antigen

identification method scheme. This information can enable users to

filter the results based on the requested level of accuracy, while sup-

plying information on TCR sequences that might be relevant in

some pathologic scenarios, even if currently the specific antigen is

not known. It should be noted, however, that in these cases (cat-

egory ‘3’) the sequences may come from bystander cells, not neces-

sarily related to the pathology in a direct way.

The method by which the TCR sequences were obtained is indi-

cated by the ‘NGS’ filed. In studies that use next generation sequenc-

ing (NGS), we included only the 50 most abundant TCR sequences

from each study, assuming that these are the most relevant. These

cases are indicated by the entry ‘yes’ in the NGS field. If sequences

were identified by sequencing isolated T cell clones, they are marked

by the entry ‘no’ in that filed. Information on MHC/HLA allele is

also included in the database if available.

3.2 McPAS-TCR search options
The database can be searched using a web-based friendly user inter-

face that provides various data analysis options. Users can search

the database for specific sequences, and filter data according to spe-

cific values of the different fields. We also allow for search within

long lists of sequences (as obtained from high-throughput TCR

sequencing studies, for example), by uploading user text files and

querying them against the database. Search results can be saved to a

file for further analysis.

The search can return sequences from the database that are ei-

ther identical to the user query, or those that are similar to the query

up to a user-defined threshold (measured by the Levenshtein dis-

tance (Levenshtein 1966)–the minimal number of insertions/dele-

tions/substitutions required to change one sequence to the other).

Thus, users can find not only identical sequences, but also sequences

that are similar to a given query sequence, which might indicate

related antigen specificity.

Some examples for searching the database include:

(1) Find TCR sequences associated with a specific pathology/

disease.

(2) Find TCR sequences associated with a specific antigen or

epitope.

(3) Compare human CDR3 sequences with mouse CDR3 se-

quences associated with a specific pathology/disease.

(4) Find sequences from the database in lists of CDR3 sequences

provided by the user (e.g. from high-throughput TCR sequencing

data).

3.3 Update of McPAS-TCR
We intend to continue collecting more sequences to the database,

and maintain it functional and updated. We currently include in the

database TCRa and TCRb sequences. TCRc and TCRd sequences

can be added in the future, when such pathology related sequences

will become available in the literature.

Table 1. Number of TCRa and TCRb sequences in McPAS-TCR per

functional category, in mouse and human data

Category Pathogens Autoimmune Cancer Allergy Total

Human TCRa 252 91 41 2 386a

Human TCRb 1,897 886 804 259 3887

Mouse TCRa 105 52 68 0 254b

Mouse TCRb 580 279 220 0 1194

a270 human TCRa and TCRb chains are paired.
b148 mouse TCRa and TCRb chains are paired.

2926 N.Tickotsky et al.
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3.4 Applications
3.4.1 TCRs associated with leukemia

We searched the database for sequences that are related to leukemia.

In the ‘Search database’ window, we typed ‘leukemia’ inside the

query field above the ‘Pathology’ column. This gives three terms in

the pop-up list: ‘Leukemia’, ‘Acute myeloid leukemia’ and ‘Murine

leukemia virus (MuLV)’, which were all checked. The resulting

search screen is shown in Figure 1. This search returned sequences

from three studies: a study on T-large granular lymphocyte (T-LGL)

leukemia (Clemente et al., 2013), another study that sequenced

TCRs from human CD8þT cells specific for a leukemia derived

antigenic peptide epitope (Hunsucker et al., 2015) and one mouse

study (Iwashiro et al., 1993), in which T cell clones were stimulated

by peptides from murine leukemia virus envelope proteins.

The first study used high-throughput TCR sequencing of T cells

obtained from peripheral blood of T-LGL leukemia patients.

Fourteen immunodominant clones from 11 patients are described in

the paper and listed in the database, providing information on the

sequence attributes of the clones (V, D, J segments, CDR3baa and

CDR3bnt sequences). We further searched our database for these 14

sequences, and found that one of them (CASSLIGVSSYNEQF) was

previously identified in a study of CMV specific CD8 T cells

(Miconnet et al., 2011). In the T-LGL leukemia study, this sequence

came from a dominant expanded clone that accounted for 10.9% of

all TCRb sequences in one of the patients. This example shows how

the database can be used to link findings of different papers and fos-

ter new research hypotheses.

3.4.2 TCRs associated with a specific peptide epitope

McPAS-TCR allows for studying associations between specific epi-

topes and the TCRs that recognize them. As an example, we

searched for CDR3 sequences associated with the Cytomegalovirus

(CMV) immunodominant epitope NLVPMVATV, derived from the

pp65 viral protein. In the ‘Search Database’ window we typed
0NLVPMVATV0 in the sequence query field, and selected 0Epitope0

from the available search parameters. The search returned 237

entries of TCRb CDR3 sequences associated with that epitope, from

10 publications. For each sequence, the search results also pro-

vided the related parameters (Pubmed ID, TRBV and TRBJ,

cell type etc.). Interestingly, we find in this list some TCRb
sequences that were identified in more than one study. One example

is 0CASSLAPGATNEKLF0, that has been found in six studies

(Table 2). This CDR3b amino acid sequence was associated with

one TRBJ gene segment (TRBJ1-4), but with three different TRBV

segments in the different studies (TRBV7-6, TRBV5-1 and TRBV6-

3). In one study, it was encoded by two different CDR3nt sequences.

These findings indicate dominance of this public TCR, and suggest

convergent recombination of sequences that were generated by dif-

ferent DNA recombination events and were selected based on their

common antigen specificity.

3.4.3 TCRs identified in a number of studies

Next, we looked for TCRb CDR3 sequences in the database

that were identified in three or more studies. Twenty such cases

were found, representing public sequences that are shared by

many individuals with the same pathology (Madi et al., 2014;

Menezes et al., 2007). One example is the TCRb CDR3 sequence
0CSARDRTGNGYTF0, which is associated with EBV (protein: EBV-

BMLF-1, epitope: GLCTLVAML, HLA: HLA-A*01), and has been

found in seven studies. Interestingly, there are ten sequences in the

database that are at a Levenshtein distance of 1 from this EBV asso-

ciated sequence (Table 3). These sequences were found in ten differ-

ent studies, many of which more than once, and all were found to

recognize the same EBV epitope. The ability to connect data from

many studies and find highly similar but not identical sequences that

share antigen specificity, can contribute for investigation of deter-

minants of TCR specificity.

3.4.4 Search for annotated TCRs in high-throughput TCR-seq data

In a previous study, we have analyzed CDR3b sequences in TCR

repertoires from spleens of young and old healthy C57BL/6 mice

(Shifrut et al., 2013). We now used McPAS-TCR to look for anno-

tated CDR3b sequences in this data. To perform the search, we used

the ‘Upload file’ option of the ‘Search database’ window to load lists

Fig. 1. The 0Search database0 screen of the web-based tool. In this example,

the term ‘Leukemia’ was chosen from a pop-up list in the ‘Pathology’ field.

Shown are 6 out of 18 entries that were found. The user can view more

entries by scrolling up-down, and further fields by scrolling left-right

Table 2. Results obtained by searching the database for the CDR3b
sequence ‘CASSLAPGATNEKLF’ that is associated with a CMV

peptide epitope

Antigen identification method MHC TRBV Pub-Med.ID

1a HLA-A*02 TRBV7-6 21374820

1 HLA-A*02:01 TRBV7-6 19017975

1 HLA-A*02:01 TRBV5-1 21555537

1 HLA-A*02 TRBV7-6 16287711

1 HLA-A*02 TRBV6-3 16237109

1 HLA-A*02 26509579

aBinding to pMHC multimers.

Table 3. Results obtained by searching the database for sequences

at a Levenshtein distance of 1 from the EBV-associated CDR3b se-

quence ‘CSARDRTGNGYTF’ (top row)

CDR3b sequence Number of publications

CSARDRTGNGYTF 7

C_ARDRTGNGYTF 1

CSARDATGNGYTF 1

CSARDGTGNGYTF 4

CSARDKTGNGYTF 1

CSARDQTGNGYTF 3

CSARDSTGNGYTF 3

CSARDWTGNGYTF 1

CSARDRIGNGYTF 3

CSARDRKGNGYTF 1

CSARDRVGNGYTF 1

Note: All sequences were associated with the same EBV epitope. Modified

positions and gaps are underlined.
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of the TCRb CDR3 sequences found in the six mice from the previ-

ous study. We specified ‘CDR3–Beta chain’ in the ‘Search param-

eters–sequence type’ pop-up list and selected a Levenshtein distance

of zero, i.e. exact match. The results are summarized in Figure 2,

which shows the number of annotated sequences found in each

mouse repertoire, and the fraction of sequences in each of the 5

functional categories. In this example, 1–2% of the sequences in

these repertoires could be annotated using our database. We found

that the fraction of pathogen-associated annotated sequences was

significantly higher in old mice relative to young ones.

4 Discussion

McPAS-TCR is a comprehensive database of pathology-related TCR

sequences that aims to fill an important unmet need of the immun-

ology community by assembling existing information on pathology-

related TCR sequences. This data is vital for deciphering the associ-

ation between a given TCR sequence and the pathology with which

it is associated, and in many cases also with the antigen that it binds

and recognizes.

We demonstrated how this tool can be used to identify epitope

specific TCR sequences across a large number of studies, and also to

find similarities between sequences recognizing the same epitope.

These large lists of epitope specific TCR sequences, obtained by inte-

grating data from many resources, can be used to develop a better

understanding of the relations between TCR sequences that recog-

nize the same target.

The ability to search high-throughput TCR-seq data for anno-

tated sequences can allow researchers for finding disease associated

TCR sequences in their data, providing links to previous studies and

evoking new hypotheses regarding sequences that co-occur in differ-

ent settings. A notable example is the analysis of TCR repertoires of

tumor infiltrating T cells (Cohen et al., 2015; Shilyansky et al.,

1994), which can benefit from identification of TCRs with known

targets.

We are aware of another resource (which has not been described

in the literature) that contains TCR sequences collected from pub-

lished manuscripts, and is searchable by users through a web-based

interface (VDJdb, https://vdjdb.cdr3.net/). There is only a partial

overlap in sequences and cited papers between McPAS-TCR and

VDJdb, attesting to the very large diversity of antigen specific TCR

repertoires, and the broad literature describing them. As both data-

sets are based on manual curation, they are complimentary and

should allow users to cover the ever growing literature in this field.

A major difference between the two resources is that VDJdb focuses

on relating TCR sequences to their cognate epitopes, while McPAS-

TCR focuses on the pathology with which a TCR sequence is associ-

ated. We believe that our approach is advantageous for appreciating

the clinical relevance of TCR repertoires and will find applications

in pre-clinical and clinical studies that study T cell responses. Of

note, we include sequences that were found in defined pathologies

even if their antigen is not known. In particular, TCRs associated

with autoimmune diseases, or with tumors (TILs) are included in

McPAS-TCR. Thus, McPAS-TCR can allow researchers to identify

autoimmune-associated TCRs or TILs that are shared by individuals

across different studies. Such links can in turn provide further infor-

mation, for example correlation of TCRs with expression of specific

neo-antigens, which can lead to new testable hypotheses.
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