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ABSTRACT 

The immune system consists of various cell types, all of which are controlled and directed by 

signals from helper T cells and functionally similar regulatory cells. Clonal fate and lineage choice 

of T cells are instructed by costimulatory signals in the moment of priming but may also depend on 

the mode and duration of T cell receptor interaction with antigen. We investigate how TCR structure 

predisposes T cells to specific functional and phenotypical states. We are interested both in classical 

and non-classical T cells, and we study the extent, complexity, and homogeneity of TCR structure 

influence on the T cell subset selection and survival. 

This thesis is structured as a compilation of published articles contributing to the research of 

alpha/beta and gamma/delta T cell receptor repertoires. Chapter I studies the peripheral selection, 

survival, and aging among human naive T cells, both CD4+ and CD8+ subsets. In contrast to mice, 

who produce most of the naive T cells in the thymus, humans replenish their naive T cells pool 

through homeostatic proliferation due to age-related thymus involution. In order to study the rules 

for naive T cell survival, we compared the naive TCR repertoires from young and aged donors. 

Moreover, to study the peripheral selection after thymus exit, we compared RTE and mature naive 

T cell populations and found high homogeneity in these two subsets. We discovered that age-related 

changes in TCR repertoires include shortened and less diverse CDR3 regions of TCRs, and the 

changes are more prominent in the RTE subset. Chapter II continues the research on the selection 

and survival of naive T cells with a unique dataset. We demonstrate the phenomenon of 

immunological memory in helper T cells acquired in embryonic intestinal tissue for the first time. 

This collaborative project describes the distinct subsets of CD4+ Treg and non-Treg memory T cells 

in the fetal gut through mass cytometry, RNA-seq, and TCR-seq.  
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Chapter III is the central part of this Ph.D. thesis. It investigates the fundamental questions in 

helper T cell biology, such as the plasticity of Th1/Th2 and Th17/Treg functional subsets, the stability 

of acquired clonal programs, and the level of heterogeneity of TCR repertoire features among subsets 

and unrelated healthy donors. We sorted and profiled intact effector memory helper T cells of the 

following subsets: Th1, Th2, Th2a, Th17, Th17-1, Th22, Treg, and Tfh. We show that even among 

unrelated donors, functional T cell subsets share the same patterns of prominent physicochemical 

TCR features. We demonstrate high plasticity within Th17 and Th22 functional subsets and 

prominent clonal exchange of both Th17 and Th22 with Th2. Th1-17 subset shares clones with Th1 

but not with the Th17 subset. Finally, we investigate relative publicity of effector CD4 subset 

repertoires across donors. We reveal high publicity of Treg and Tfh and high privacy of Th22 and 

Th2a repertoires, which corresponds to the number of added N-nucleotides for these subsets, 

suggesting their earlier fetal and evolutionary origin. Altogether, we provide the first detailed picture 

of distinct repertoire features, plasticity, and publicity of helper CD4 T cell subsets.  

Chapters IV to VI investigate the role of TCR structure in the biology of human gamma/delta 

T cells in peripheral blood and tissues. The proposed approach to γδ TCR sequencing and data 

analysis allows the correction of cross-contaminations and unbiased clonality estimation even in 

highly expanded T cell samples. Chapters IV and V characterize new innate-like and adaptive-like 

subsets of blood gamma/delta T cells and a tissue-resident subset in the liver. Chapter VI discusses 

the role of public T cell receptors in cancer surveillance on an example of gamma/delta TILs in breast 

cancer samples. Together, this thesis contributes to a more comprehensive model of the TCR 

repertoire landscape and its changes across functional T cell subsets, across locations of systemic 

and tissue-specific immunity, and across the human lifespan. 
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INTRODUCTION 

 

1. Role of T cells in human adaptive immunity 

 
1.1. The diversity of T cells subsets and functions 

 

T cells occupy the niche of decision-makers in the immune system. All T cells are 

characterized by the presence of a unique T cell receptor that functions to establish high specificity 

of antigen recognition in the context of MHC molecules. While the task of cytotoxic CD8+ T cells 

is to compete and create the most specific and effective mode to recognize and destroy the infected 

host cells, tasks and goals of helper T cells are much more diverse. After TCR-induced activation, 

helper T cells initiate the massive production of cytokines – signaling molecules in the immune 

system. Through cytokine signal propagation, helper T cells are able to activate a particular branch 

of the immune response or suppress it in the case of regulatory T cells (Tregs). Helper T cells can 

activate macrophages, granulocytes of certain subtypes, or alter the functional states of other innate 

immune cells [1, Fig.1]. Helper T cells license activated killer T cells to ensure the safety of 

cytotoxicity inside the tissue [1,2]. Dendritic cells’ final maturation is dependent on helper T cells-

derived cytokine signals as well [3,4]. 

Helper T cells of a specialized subset – follicular helper T cells (Tfh) are required to induce 

somatic hypermutagenesis in B cell follicles. Thus, helper T cells are indispensable to produce 

high-affinity antibodies in the course of the adaptive immune response. Finally, helper T cells and 

Tregs regulate the timing of the onset and termination of the immune response and the transition 

to the regeneration phase. Altogether, it is hard to imagine either cellular or humoral immune 

response without helper T cells involvement at multiple stages of the process. 
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An individual helper T cell cannot perform all of the functions mentioned above, e.g., 

simultaneously or consequently provide help to B cell maturation and suppress inflammation. On 

the contrary, T cells but acquire a narrow specialization during their development. The major paths 

of helper T cell specialization are considered to be the 3 subsets that initiate 3 types of immunity: 

Th1 helper T cells for Type 1 immunity, Th2 helper T cells for Type 2 immunity, and Th17 helper 

T cells for Type 3 immunity, along with the fourth important subset of regulatory T cells. These 

subsets are described in activated effector helper T cells and could be distinguished by cytokine 

production profile or even by the characteristic surface markers [1,5]. 

In addition to the four main helper T cell subsets, more functional subsets were described 

more recently, for example, Th9, Th22, and other subsets with distinct cytokine secretion profiles 

[1,5,6,7]. How is this functional diversity organized among T cells observed in human blood? If 

you look at the effector T cells isolated from a normal peripheral blood sample, each type will 

occupy up to 5-6% of all helper T cells (see Chapter III). What lies in the rest of the helper T cell 

niche? These are the naive helper T cells with yet undefined functionality and the activated T cells, 

which by their phenotype occupy an intermediate position that does not fit into the four conventional 

subsets (Fig.1). This observation is discussed in detail in Chapter III of the thesis. 

Distinct cytokine production profiles are also observed in innate lymphoid cells (ILC), 

which resemble T cells in many aspects but do not carry a rearranged T cell receptor. ILCs are rare 

in blood but are abundant in peripheral tissues, where they can take over some of the helper T cell 

duties (Fig.1). Based on the functional profile, ILCs can also be divided into subsets, such as ILC1, 

ILC2, and ILC3 [8,9]. Still in central circulating immunity, in blood, lymph nodes, and in spleen, 

helper T cells are the primary regulators of the inflammatory state and the current balance between 

type 1/2/3 immunity branches [1,5]. 
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Figure 1. Functional diversity of human CD4+ helper T cell subsets. CLP – common lymphoid progenitor, 

which gives rise both to thymic-derived T cell lineage and thymus-independent innate lymphoid cells (ILC) 

lineage which lacks the antigen-recognizing T cell receptor. Functional subsets of ILC1, ILC2, ILC3 could 

mimic the corresponding helper T cell subsets. Illustration was created with BioRender.com. 

Another lymphoid cell group takes part in mucosal tissue immunity along with 

conventional T cells and ILC and fills the spectrum between fully innate and fully adaptive cell 

types. This group is composed of MAIT T cells, NKT cells, and gamma/delta T cells. These 
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subsets, for example, gamma/delta T cells, contain innate-like cells and cells with developmental 

patterns similar to the conventional adaptive immune cells [10, 11, 12]. This is studied in more 

detail in thesis Chapters IV and V. 

Gamma/delta T cells are also present in the peripheral blood where the subset occupies 

about 1-5% of T cells, similarly to functional subsets of conventional helper T cells (Tfh, Th1, 

Th2, Th17, etc.). In this regard, it is logical to study various peripheral blood T cell subsets with 

similar frequency and common regulatory functions in parallel. The current Ph.D. thesis is focused 

on the research on helper T cells and gamma/delta T cells and their subpopulations through the T 

cell receptor repertoires structure analysis. Naive CD8+ T cells are discussed in Chapter 1, along 

with naive helper T cells’ T cell receptor repertoires study. 

1.2. T cell receptor structure and function 

T cell receptor is the most important molecular complex expressed on the T cell surface as 

it determines the specificity to an antigen and the general usefulness of a T cell clone. Each T cell 

carries on its surface a single specific variant of the T cell receptor typically, although double TCR- 

bearing T cells were also reported. T cell receptor specificity to the antigen ensures the adequate 

and balanced response to the presence of infectious or tumor-associated antigens. Two subunits 

form the T cell receptor complex: α and β, or γ and δ, linked by a disulfide bond and anchored in 

the surface membrane. In a structural sense, all subunits of T cell receptors belong to the 

immunoglobulin protein superfamily. Each of the TCR chains includes two domains - the C- 

terminal, constant (C), which anchors the receptor in the plasma membrane and performs 

cytoplasmic signal transduction, and the N-terminal, variable (V) domain, responsible for antigen 

recognition (Fig. 2). αβ T cell receptors recognize antigens only in the form of short peptide 
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fragments presented on the cell surface as part of a complex glycoprotein complex known as the 

major histocompatibility complex (MHC), whether γδ T cell receptors are capable of recognizing 

non- peptide antigens in the context of non-classical MHC molecules, other receptors, such as 

EPCR, or in a soluble form [13]. The interaction of the T cell receptor with the MHC complex and 

the associated antigen occurs through the complementarity determining region (CDR) within the 

variable domains: three regions from the α-chain and three from the β-chain of the T cell receptor 

[14]. 

Figure 2. T cell receptor gene and membrane-bound protein complex structure: a scheme. a) Variable and 

constant domains in the structures of αβ TCR and γδ TCR. Complementarity-determining loops 1, 2 and 3 

of all chains are color-coded. b) Rearranged TCR gene structure. Positions of variable regions are color-

coded as in (a). Reproduced from [14] under the Creative Commons CC BY license.  

Neither of the genes coding α, β, γ or δ polypeptide chains of the T cell receptor is present 

in a functional state in a human genome. Instead, these genes are assembled by the sophisticated 

process of V(D)J recombination of short gene segments in each individual T cell progenitor 

independently. A complex sequence of reactions has to occur in the TCR locus in the course of V 
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(D) J recombination during the maturation of T-lymphocytes in the thymus, and a functional gene

must always contain 1 V-gene segment, 1 J, and 1 C-gene segment. The correct recombination 

sequence is ensured by special conserved RSS (recombination signal sequences) that flank V, D, 

and J gene segments on both sides. The molecular region located at the junction between the V 

and J gene segments contains the TCR repertoire’s greatest diversity and corresponds to the 

hypervariable CDR3 fragment of the TCRα and TCRβ loci. When gene segments are stitched 

together by ligation, additional diversity is introduced without a template: palindromic P-insertions 

and random N nucleotides are included in the gene sequence. The P- and N-additions increase the 

diversity of CDR3 significantly at the VJ junction (for α or γ chains) or the VD and DJ junctions 

(for β and δ chains) [15, 16]. In delta chains, several D gene segments could be included in the 

same resulting gene sequence in a row, which allows for more junctional diversity. 

Figure 3. T cell receptor chains are encoded by somatically rearranged gene sequences. Gene segments are 

quasi-randomly selected and recombined through V(D)J recombination independently for each TCR chain. 

Reproduced from [14] under the Creative Commons CC BY license. 
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The wide combinatorial and semi-random diversity of the TCR’s CDR genetic sequences 

allows the T cells to recognize millions of various antigens that an immune system encounters 

during a longer life of a human individual (compared to other multicellular organisms). 

Theoretically, the repertoire of diverse T cell receptors of the entire human population could be 

estimated as 10^15 unique variants [17]. The most significant TCR variability is concentrated in the 

CDR3β or CDR3δ loops, which primarily determine the specificity of binding of the receptor to 

the antigen in alpha/beta or gamma/delta T cells correspondingly. The CDR1 and CDR2 regions 

are less specific and are mainly responsible for binding the T cell receptor to MHC [14]. Since the 

major diversity source is located in the CDR3 region, the sequencing technology to read TCR 

variability should focus on the shorter region of CDR3; however, it is preferable to sequence full-

length molecules instead of CDR3 regions in the case of antibodies. 

1.3. T cell receptor repertoires sequencing technology 

The strategies for T cell receptor repertoires profiling use the NGS techniques previously 

developed for other tasks in genomics, but face unique challenges due to the nature of TCR 

sequences. The field of TCR sequencing is rather new and keeps improving the standards to obtain 

and interpret the data. The rearrangement of the T cell receptor gene leads to generation of the 

genetic sequences, which are similar in structure of most of the protein domains; however, they 

contain hypervariable regions which mostly contribute to the antigen recognition. It means that 

when sequencing T cell receptors RNA or DNA, we get millions of assembled sequences with 

high similarity and short, highly dissimilar regions, which creates a special need for accuracy in 

sequence assembly. Moreover, similar sequences could be generated during the VDJ recombination 
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process, even from different V-genes and J-genes pairs. Thus, the accuracy of alignment and 

correct identification of the V- and J-gene segments in the individual TCR sequences is an 

important goal. If V- or J-gene segments were identified incorrectly, the clonotype assembly from 

similar and identical sequences would be erroneous, and the estimation of TCR clonality would be 

further biased [21]. 

Multiple technologies for TCR profiling exist, both at bulk sequencing and single-cell 

level. The single-cell technologies are mostly out of scope of the current thesis; bulk TCR 

sequencing was used in all chapters. The main advantage of single-cell technologies is pairing of 

the functional phenotype (via scRNA-seq, or CITE-seq) with the TCR clonotype. Another critical 

advantage is pairing of the TCR chains itself: getting simultaneously both chains of a T cell 

receptor allow a more straightforward pipeline to testing the antigen specificity of TCR of interest 

in the downstream in vitro experiments. However, the current single-cell technologies still provide 

less reads per cell than is required for a robust cell identification based on the present cell type-

specific transcriptional markers. Expensive reagents add up to the (transient?) disadvantages of the 

technology.  

Bulk TCR sequencing is more productive than single-cell sequencing, but the exact 

efficiency of the technology may vary (see Fig.4). Protocols preparing the TCR libraries from 

genomic DNA argue that due to DNA stability and the uniform presence of starting material in all 

T cells, the sequencing protocol is more robust. For the laboratories preparing both TCR and BCR 

libraries starting from DNA could be an advantage for standardization of the protocols for different 

kinds of biological samples and adaptive immune cell subsets. DNA-based libraries usually utilize 

multiplex PCR approach; however, multiplex PCR is also applied to cDNA-based libraries 

preparation. The disadvantages of multiplex PCR are amplification bias, loss of rare variants, the 
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prevalence of shorter TCR sequences, and the resulting incomplete sequence of a V-gene.  

 On the other hand, the TCR libraries preparation with full-length V gene sequencing 

allows for a more accurate identification of a reference gene during alignment. Moreover, it allows 

to discover new V gene allelic variants in novel datasets. Using 5’RACE to prepare cDNA libraries 

(see Fig.4) allows to achieve such accurate full-length sequencing, and to use unique molecular 

identifiers if needed. Here in the collection of research articles, we used multiplex PCR for 

sequencing gamma/delta TCRs (Chapters IV and V) and a 5’RACE-based protocol previously 

developed in Chudakov’s lab (also available as kit from Milaboratory LLC) [22].   

 

Figure 4. Diversity of molecular approaches for high-throughput sequencing of T cell receptor repertoire 

libraries. The workflow of three principal methodologies for TCR library preparation are shown: multiplex 

PCR, basic targeted enrichment and 5’RACE-switch-oligo nested PCR. Multiplex PCR is suitable for both 

RNA and genomic DNA sequencing. Basic target enrichment includes fragmentation and end-repair of 

libraries which can affect library recovery. Nested PCR based on the 5’RACE and switch-oligo approach  

allows UMI incorporation during cDNA synthesis. 5’RACE uses only 1 pair of primers eliminating 

multiplex PCR bias. Subsequent nested PCRs increases outcome specificity. Reproduced from [30] with 

permission. 
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In this protocol, each cDNA molecule is marked with a short unique nucleotide sequence 

at the first stage of the TCR libraries preparation protocol [23, 24, 25]. This allows identifying and 

removing artificial diversity in the repertoire introduced during library amplification and by 

sequencing errors [22, 26]. The superior quality of UMI-barcoded data allows using all processed 

data. On the other hand, other technologies (notably, older iRepertoire protocol) that do not use 

molecular barcodes usually need to discard lower quartile or even half of the sequencing reads to 

ensure that the clonotypes observed in the data are “real” and not a result of artificial diversity 

from sequencing errors [22, 27, 28, 29, 30]. A direct comparison of protocols clearly showed that 

the UMI-incorporating 5’-RACE approaches resulted in the minimal bias in the V-gene usage 

compared to other protocols and achieved comparable diversity and sequencing depth [30, Fig.4]. 

Computational analysis of TCR repertoires is the main method used in this dissertation. 

The alignment and post-processing of T cell receptor sequences were done in accordance with 

standards in the Genomics of Adaptive Immunity laboratory in Moscow and mostly used software 

developed in the lab and by Milaboratory LLC. The software is widely used in research and 

diagnostic/applied R&D laboratories in different countries [18]. Previously developed MiTCR and 

currently recommended MiXCR software had become the gold standards for immune receptor 

sequences alignment efficacy and is used in benchmarking [19, 20, 21]. 

MiXCR software allows to study the alignment in detail and infer VDJ recombination 

probabilities from specific reference gene segments. For comparative example, the standard output 

of Immunoseq technology and default data analysis does not provide such information or the 

intermediate alignment results exporting; the user receives the limited information about 

clonotypes observed in the sample, and the correct clonality and diversity estimation remains 

complicated.  
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To highlight the relevance to author’s contribution to original research, it should be 

mentioned that projects comprising this thesis used a large variety of methods available in the 

modern laboratory studying molecular immunology. However, in most of the projects, the thesis 

author’s contribution is limited to bioinformatic analysis of TCR repertoires sequencing data. In 

some projects, the author participated in the experimental part, including healthy donor selection 

and recruitment, collection and processing of biological samples, flow cytometry antibody panel 

design, novel sequencing protocols optimization, NGS libraries preparation, and other “wet lab” 

tasks. 

1.4. TCR repertoires profiling in system immunology 

Sequencing of immune repertoires is known as RepSeq (repertoires sequencing) or AIRR 

(adaptive immunity receptors repertoires). This field of immunology, or immunogenomics, 

generates a large amount of data comparable to genomics and transcriptomics fields in its scale. 

AIRR promises to be comparable to genomics and transcriptomics in practical importance as well. 

Genomics is currently expanding in practical applications, including diagnostic confirmation for 

multiple genetic disorders, and the consumer genomics segment is expanding. Transcriptomics 

represents an indispensable tool for the majority of molecular biology laboratories focused on 

fundamental or biomedical research. Immune repertoires sequencing allows us to describe the 

composition of B cells or T cells immunity in a biological sample, providing the data needed for 

data-driven decision making in immune-related disorders and corresponding clinical trials; 

therefore, the AIRR sector's growth is expected in the next decade. 

Multiple publications argue that AIRR has a potential to be used in routine diagnostics 

procedures instead of remaining the status of a fundamental research tool [31, 32, 33]. Therefore, 
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AIRR data mining will gradually become more useful to create a comprehensive immunome 

description from a single biological sample derived from a patient. Just recently, an emergency 

use authorization was issued for the T-Detect test (Adaptive Biotechnologies) for the SARS-CoV-

2-specific TCR clonotypes identification from DNA of total peripheral blood T cell samples. This

is the first-ever approval of TCRseq analysis as a diagnostic procedure, and this extraordinary 

event is the primary argument towards prominent changes in the AIRR field [34]. The assignment 

of function to a T cell receptor sequence remains a complicated problem in the immunology of 

adaptive immunity: Dr. Shugay and colleagues have developed and maintained the largest database 

of annotated TCR sequences, but it is not enough to annotate a patient’s sample yet [35, 36]. The 

expanding list of simultaneous identification of transcriptomic state and TCR sequence variants 

would allow immunologists to speed up the functional annotation of human T cell receptor 

repertoire [37, 38, 39]. 

1.5. Individual T cell development and fate 

Due to the independent T cell receptor gene rearrangement in each thymocyte, the T cell 

receptor serves as a barcode or unique identifier for the entire clone of progeny cells of this 

thymocyte. As a result, when we obtain TCR repertoires sequencing data, we can trace the fate of 

all descendants from a single naive T cell: progeny could be found at different developmental 

stages from an early naïve T cell that has just exited the thymus after a successful TCR 

rearrangement (a recent thymus emigrant, or RTE) to a mature naive cell and to memory cell 

subsets emerging after TCR-pMHC contact and priming. 

At most of the developmental stages, T cells require TCR-dependent signaling for survival, 

selection, or differentiation to the next stage until the terminally differentiated T cell stage or 
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apoptosis [40]. Testing of T cell receptor specificity at different stages ensures the safety and 

efficacy of an individual T cell activity in adaptive immunity. Therefore, a functional and structural 

description of T cell receptor diversity is essential to understand the biology of antigen-specific 

recognition and T cell-driven immunity regulation. Moreover, understanding the details of T cell 

selection into functional subsets may promote the development of pharmaceuticals for fine-tuning 

immune response in patients [15]. 

T cell receptor gene rearrangement, which was described in 1.1.2, occurs in T cell 

progenitors at an early stage called DN thymocyte for double-negative, e.g., not expressing either 

CD4 or CD8 coreceptor. At later DP (double-positive, CD4+CD8+ cell) and SP (single positive, 

helper T cell progenitor CD4+ or killer T cell progenitor CD8+) stages, each T cell progenitor is 

tested for the functionality of the randomly assembled receptor (positive selection) and the lack of 

excessively high-affinity host self-antigens (negative selection). The vast majority of thymocytes 

fail at the thymic selection and undergo apoptosis [14]. 

Surviving T cells proliferate and exit the thymus into the bloodstream; these are the recent 

thymic emigrants (RTE), the earliest stage in the naïve T cells [41]. The main function of a naïve T 

cell is recirculation through major lymph nodes in order to maximize the probability of meeting 

the cognate antigen through contact with specialized antigen-presenting cells in the T cell zone. In 

rodents, the naïve T cell pool is maintained with the new portions of naïve T cells being constantly 

produced in the thymus [42]. In human immunity, however, the naïve T cell pool is believed to be 

more self-replenishing, which means that naïve T cells slowly proliferate and can survive for 

multiple years, while the initial thymic naïve T cell production monotonously decreases with age 

[43, 44, 45]. 

After meeting with the antigen in the lymph node, the individual T cell’s ability to divide 
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rises dramatically. This initially primed T cell becomes a TSCM - stem cell memory T cell, the 

earliest memory stage. In line with its name, stem cell memory T cell can give life to various 

progeny, including long-living central memory cells (TCM), short-lived effector cells that carry out 

the acute immune response reactions (SLEC or TEMRA cells), and effector memory progenitor cells 

TEM, which in turn produce TEMRA during division [46]. CD4+ T cell subset contains TSCM, TCM, 

TEM stages, and killer CD8+ T cells can belong to TSCM, TEM, and TEMRA differentiation stages. All 

of these cells leave the lymph node and travel through the blood; activated effector cells can then 

exit the bloodstream to initiate an immune response in the peripheral tissue close to the pathogen 

activity location [47].  

At the next stages, effector T cells can decide to stay in the peripheral organ and become 

resident T cells or return to the lymph node-bloodstream constant recirculation. The lymph node- 

specific chemokines are produced to the lymph node stromal cells and are recognized by the 

homing receptors CCR7 and CD62L on the T cell surface. Both of these receptors are usually 

absent on effector cells’ surface. Because of this, it has long been a mystery how effector cells can 

get from the peripheral tissue back to the secondary lymphoid organs - the spleen and lymph nodes, 

but there is always a second route to enter the lymph node via lymph instead of a blood vessel [47, 

48]. Finally, a T cell can die at different stages of its thorny developmental path via intrinsic or 

instructed apoptosis, long anergy and lack of resources, or via activation-induced death. In most 

situations, an activated T cell requires T cell receptor signaling for survival, which is called tonic 

signaling [40, 49, 50, 51]. However, if the cognate foreign antigen is not present in the lymph node 

or in the tissue, recognizing it T cell clone may not survive for a long time. It is not so clear if TCR 

signaling is also responsible for the survival and proliferation of the naïve T cell compartment 

[51]. We decided to investigate if there is a systemic change in the T cell receptor repertoires during 
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biased survival and peripheral selection among human naïve T cells in Chapter 1. 

1.6. TCR role in T cell lineage selection and survival 

The understanding of TCR influence on a naïve T cell survival could lead to discoveries of 

approaches for maintaining the naïve T cell repertoire in aging and therefore prolong adequate 

adaptive immunity function in elderly patients. The decrease in the number of naive T cells with 

age is associated with the rapid aging of the thymus and thymic production of new naïve T cells. 

Moreover, we thoroughly studied the dynamics of the T cell receptor diversity and found out that 

TCR repertoire diversity decline is reduced along with the decline in naïve T cell fraction [52, 53]. 

Both CD4+ and CD8+ T cells decrease in numbers and TCR diversity in age; we studied more 

details of TCR repertoires age-related changes in the naïve subsets, specifically in Chapter I of the 

current thesis. To study the peripheral selection in human naïve T cells, we sorted RTE and mature 

naïve T cells from healthy donors (Chapter I). We assumed that systemic changes in repertoires 

would show the strength and extent of peripheral selection and age-related changes. 

The research teams from Dr. Chudakov and Dr. Britanova’s laboratories have been 

studying the age-related changes in the T lymphocytes compartment of both human and murine 

adaptive immunity in the previous years. The total number of T cells is stable throughout a human 

life after the neonatal period and only slightly decreases with age. But the prominent decrease in 

the diversity of TCR repertoires is linear and significant, as shown earlier by Dr. Britanova [52, 

53]. It is associated with the proliferation of memory T cells and the loss of naive T cells due to 

the continuous thymic involution after puberty [42, 44, 48, 53, 54]. Previously, we described the 

high diversity of T cell receptors in the umbilical cord blood samples and described neonatal 

immune repertoires' characteristic features [53]. 
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In the aforementioned study of TCR repertoires in human aging [53], we used peripheral 

blood samples from healthy donors and umbilical cord blood (UCB). The peripheral blood samples 

are the most available for the human immunology research, whether the research on immunity in 

organs in tissues requires more complex project planning and samples collection. We cannot infer 

the rules and patterns of development, selection, or aging in the immune cell subsets occurring in 

peripheral organs from the limited number of blood samples. From studies made primarily on UCB, 

other authors and we assumed that newborns have practically no memory T cells, and the T cell 

repertoire is composed of naive T cells [53, 55, 56]. However, in our next collaboration with Prof. 

Fritz Köning lab in LUMC, Leiden, the Netherlands, we examined TCR repertoires obtained for T 

cells from human embryonic intestinal tissue samples. Surprisingly, we found that different 

populations of memory T cells are generated in a TCR-dependent mechanism quite early in the 

embryo (see Chapter II), including inflammatory helper T cells and regulatory memory T cells. 

This phenomenon is difficult to interpret. Memory Treg cells’ appearance and the clonal nature of 

Treg memory may suggest the early mechanisms to develop immune tolerance to the commensal 

bacteria that will colonize the gut after birth. 

We continued to study not only the blood circulating T cells but also those present in 

peripheral tissues when we had an opportunity in further research. Two different collaborative 

projects allowed us to study resident gamma/delta T cells in peripheral organs: in the liver (Chapter 

V) and in breast cancer (Chapter VI).

2. Helper T cell functional subsets diversity

The question of the T cell receptor role in the selection process during the initial T cell 

priming is more evident than the question of TCR-dependent naïve T cell survival. The TCR- 
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pMHC interaction is the primary signal for an activated T cell proliferation. However, activation 

requires the second signal from costimulatory molecules within the same immune synapse and the 

third signal in the form of cytokines to instruct further T cell differentiation [15, 57]. 

It is believed, that signal 3 determines the functional state, which would be obtained by a 

helper T cell after activation. Depending on interleukin composition in the microenvironment, the 

primed Th0 cell will become either Th1, Th2, or Th17 cell [57-63]. New subsets were added to 

the list in recent years, such as Th22 and Th9, which are associated with chronic inflammatory 

conditions [65, 66]. On the other hand, before priming, naive T cells are considered multipotent 

and able to develop into any of the numerous CD4 T cell phenotypes from the Th0 state. However, 

thymic regulatory T cells (tTregs) are already differentiated in the thymus and mostly preserve a 

stable phenotype; the same thymic-born predisposition was shown for other minor T cell subsets 

such as invariant NKT cells (iNKT) [67-70]. Thymic Tregs are selected based on the high TCR 

affinity to self-antigen and receive strong survival signaling [68, 72]. 

We suggested that a single helper T cell could be already predisposed to one of the 

functional programs before priming in the lymph node, as with thymic Treg cells. Predisposition 

could result from a combination of transcriptional programs, epigenetic state of a single cell and 

characteristics of T cell receptor, as well as levels of expression of receptors to differentiation 

signal, survival signal cytokines, and other factors. Such predisposition could be established in a 

cell at the different developmental stages: 

1. At the T cell progenitor exit from the bone marrow stage; 

2. After receiving instructions in the thymus, for example, from antigen-experienced thymus- 

infiltrating peripheral memory T/B-cells; 

3. After extrathymic peripheral selection before encountering a foreign antigen.  
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To explore the influence of TCR structure on T cell lineage choice, we designed the deep 

TCR profiling study from major and minor Th subsets in Chapter III. We aimed to extract TCR 

characteristics specific to functional lineages at the effector cell stage and test if the same 

characteristics are seen in naïve T cell sorted subsets. Such systemic TCR factors of functional 

subset choice may help further research an individual’s predisposition to inflammatory or 

autoimmune disorders. Furthermore, in Chapter III, we studied the shared clonotypes in the effector 

CD4+ helper T cell subsets. Shared TCR clonotypes could be regarded of barcodes of T cell 

transitions from one state to another. However, a common T cell clone may generate progeny with 

different phenotypes. Thus, the shared TCR sequence between functional subsets can be 

interpreted with plasticity or common origin explanations. In Chapter III, we showed that the 

shared sequences are not distributed evenly between pairs of subsets: there are large and common 

clonal overlaps and there are also subsets with zero overlap in TCR sequences. We believe Chapter 

III to be the first detailed picture of distinct repertoire features, plasticity, and publicity of TCR 

repertoires among helper CD4 T cell subsets in human adaptive immunity. 

3. Gamma/delta T cells and TCR repertoires

3.1. γδT cell biology and unique features. 

The second part of this thesis is dedicated to the research on the structure of gamma/delta 

T cell receptor (γδTCR) repertoires. Gamma/delta T cells have diverse functions between innate 

and adaptive immunity. This subset is a good example of prominent differences between murine 

and human immunity in circulation and in the peripheral tissues. Gamma/delta T cells carry an 

alternative assembly of a T cell receptor which consists of gamma and delta TCR chains. This 

immune cell subset was considered an innate-like population, but it appeared to have adaptive-like 

lineage development as well in more recent literature [29]. 
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Most of the mature peripheral and circulating γδ T cells are CD3highCD4-CD8- thus, γδTCR 

recognition is not restricted by MHC molecules [73]. This allows γδT-lymphocytes to recognize 

soluble antigens, as well as non-peptide antigens: phosphoantigens, lipoproteins, lipid, and 

glycolipid antigens. In human peripheral blood, gamma/delta cells represent a small population of 

lymphocytes: they make up no more than 15% of T cells in healthy people, usually about 4-11% 

[74, 75]. Depending on age, gender, and concomitant chronic diseases, the number of gamma/delta 

T cells in peripheral blood can vary. The absolute number of circulating gamma/delta T cells 

decreases with age. The decrease occurs due to the disappearance of Vδ2-T cells (carrying TCR 

with variable segment 2 (TRDV2+) on the delta chain), while Vδ1+ T cells retain their numbers in 

centenarians [76]. 

Some γδ T cells are functionally and phenotypically similar to cytotoxic T cells or NK cells 

with cytoplasmic granules, a high level of granzymes production, and high cytotoxic potential in 

vitro. Cytotoxicity could either be activated via several mechanisms. 70% of human peripheral 

blood γδ T lymphocytes carry the NK cell receptors: NKG2/CD94 dimer on their membrane; 10% 

express molecules of the KIR family [77, 78]. Activating NKR, antigen-specific γδTCR 

stimulation, superantigen-like mode of TCR activation could lead to the gamma/delta T cell 

cytotoxicity [79, 80]. The prominent cytotoxic properties of γδ T cells have attracted the 

researchers’ attention for use in adoptive anticancer cell therapy in recent years. It should be noted 

that the Prof. Kuball academic collective has advanced this particular applied field significantly [81-

83]. 

γδ T cells display curious non-classical properties, such as phagocytosis or high expression 

of TLR receptors and other PRRs compared to conventional T cells [reviewed in 84]. Usually, 

lymphocytes do not phagocytose, but γδ T cells are capable of phagocytosis and subsequent 
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antigen presentation to conventional T cells. Although typically CD16-mediated phagocytosis 

does not lead to antigen presentation, γδ T cells are able to effectively present antigens in MHCII 

molecules, which is unique among T cells [reviewed in 84]. This phenomenon is a non-redundant 

function of γδ T cells and can fit as an element in the plethora of not fully studied phenomena of 

T cell - T cell interactions, along with the killer T cell licensing, quorum sensing decisions among 

T cells, Treg-helper T cell interactions, and more [85,86]. 

3.2. γδT T cell subsets in inflammation. 

Other properties bring gamma/delta T cells closer to helper T cells: these lymphocytes are 

capable of producing a range of proinflammatory and regulatory cytokines and growth factors. 

Just as helper T cells are divided into functional subpopulations based on the cytokine production 

profiles and the general direction of the immune response, there are functional subsets among γδ 

T cells. Mainly two functional subsets are described: γδT17 and IFNγ-producing Th1-like γδ T 

cells. γδ T cell-produced cytokines contribute to dendritic cell maturation and to remodeling of 

stromal cells of lymphoid organs [87-90]. In barrier and mucosal tissues, resident γδ T cells affect 

the level of production of the IgE antibodies [91-93]. 

In a number of inflammatory diseases and mouse models of infections, γδ T lymphocytes 

have been shown to be an essential source of proinflammatory cytokines. Pathological 

inflammatory effects of γδ T-promoted inflammation were described in a mouse model of 

autoimmune encephalomyelitis [94-96]. However, it should be noted that at the later stages of the 

autoimmune model of encephalitis, γδ T cells rather play a protective role, despite the high 

production of the inflammatory agent IL-17, while mice lacking γδT17 subset die faster of 

encephalitis [97,98]. 

On the other hand, protective role of γδ T-promoted inflammation is described in 
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mycobacterial infections. γδ T cells are considered the primary line of defense and the activators 

of neutrophils via IL-17 production [99]. The same mechanism is activated in BCG vaccination: 

γδ T cells show the most significant reaction to vaccination among all human peripheral blood 

lymphocyte subsets, with an expansion peak of occurring on day 7 after vaccination, compared 

with 30 days for alpha/beta T cells [100, 101]. 

In the experimental infection of macaques with Calmette-Guérin bacilli, it appeared that 

γδ T cells react in an oligoclonal way. Reactive γδ T cell clones were public among macaques’ 

samples and contained the Vγ9 gene segment in the gamma chain. The Vγ9+ γδ T cells are 

abundant in primates, but there is no analogous subset in mice. Therefore, the model of tuberculosis 

infection or BCG vaccination in monkeys appeared much more relevant than rodent models, taking 

into account the contribution of γδ T cells to specific immune responses [102]. 

3.3. γδ T cell subsets. VDelta1+ and VDelta2+ subsets. 

Among gamma/delta T cells in peripheral blood, special attention is paid to the major 

subset Vγ9+Vδ2+ cells. These are cells with a T cell receptor containing variable gene segments 

9 and 2 in rearranged gamma and delta chain genes, respectively (IMGT TCR gene nomenclature). 

This subset is predominantly found in human peripheral blood in the state of effector cell 

phenotype and is assigned to the group of innate-like lymphoid cells. Only Vδ2+ but not Vδ1+ 

cells express NK cell receptors and KIRs on their surface [103, 104]. In general, four subsets of 

Vγ9+Vδ2+ cells can be distinguished by markers of immune memory CD27 and CD28: long-lived 

central memory cells TCM (CD27+CD28+), TCM27-(CD27–CD28+), effector TEM cells 

(CD27+CD28–), and, finally, a subpopulation of TEMRA (CD27−CD28−), for which the leading role 

in the (perforin/granzyme B-mediated) cytotoxicity is assumed. A number of published data 

sources assign the most tremendous cytotoxic potential to this TEMRA Vγ9+Vδ2+ among all γδ T 
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cells. The use of a monoclonal antibody for activation of this γδ T cell subset is currently in a 

clinical trial for immunotherapy. 

In collaboration with the group led by Prof. Willcox from the University of Birmingham, 

we decided to study how the immune memory of γδ T cells is formed. Is this process similar to the 

clonal selection of conventional   T cells (see Fig.5)? Do γδ T cells enter the memory T cell 

pool when activated through NK cell receptors or when γδTCR is triggered with antigen 

interaction? We succeeded in describing the clonal expansion and memory generation in Vδ1+ 

subset of γδ T cells in a high-impact publication [29]. Here we suggested that the Vδ1+ subset 

should be considered an adaptive immune cell subset [reviewed in 105]. We continued our 

collaborative research with the next question of adaptive and innate-like characteristics in Vδ2+ 

subset of γδ T cells which is presented in the Chapter IV of this thesis and already discussed in 

major field reviews [106, 107]. 
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Figure 5. Adaptive and innate-like subsets of gamma/delta T cells. A)Major features of innate subset 

Vγ9+Vδ2+ and adaptive subsets Vγ9-Vδ2+ and Vδ1+ studied phenotypically and by the TCR repertoire analysis 

in [29] and Chapter IV. Adaptive γδ T cell subsets develop from naïve T cells to distinct memory T cells with 

some phenotypical resemblance to conventional cytotoxic T cells. Adapted from [105] and [106]. B) 

Phenotypical and biological changes in the adaptive γδ T cell populations along ligand engagement and 

selection from naïve into memory T cell subset. These apply to both Vδ1+ (more generally Vδ2–) T cells and 

Vγ9–Vδ2+ T cells. Note the upregulated cytotoxic and cytokine production potential, and enhanced homing to 

peripheral tissues. Perf - perforin; GzmA - granzyme A; GzmB - granzyme B. Adapted from [107].  
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3.4. Resident memory T cells’ TCR repertoires 

 

As mentioned above, chapters V and VI focus primarily on resident memory T cells (TRM) 

and their T cell receptor repertoires. Where do resident tissue cells first come from? These are the 

descendants of effector cells that have lost their ability to recirculate and are present in the tissue 

in a steady state for months or years (fig. 6). 

Some tissues allow the effector memory T cells to enter freely, and T cells are present there 

in large quantities. Such T cell-rich tissues are the intestinal mucosa, peritoneal cavity, lung- 

associated mucosal tissue, etc. Other organs allow a very limited influx of effector T cells and only 

during the local or systemic inflammatory reaction. The tissues of the second type include those 

separated from the immune system with a barrier, for example, the brain and spinal cord, as well 

as many others: peripheral ganglia, mucous membranes of the genital organs, lungs, epidermis, 

eyes [108, 110]. The difference between the two types of tissues is in the expression of additional 

homing molecules, which facilitate the entrance for effector T cells, for example, adhesion 

molecules for penetration into the epithelium MadCAM-1 [109]. Once established in the tissue, 

TRM helper cells perform immune surveillance of the tissue and regulate its homeostasis. 

TRM patrol the tissue, form contacts with tissue-resident macrophages and influence the 

local microenvironment through pro- and anti-inflammatory cytokines and growth factors, thereby 

participating in tissue defense and homeostasis, and renewal [110]. Understanding how resident T 

cells work is essential to fight infections that do not enter the bloodstream immediately but enter 

the body through barrier tissues - that is, for the vast majority of infections. The rational design of 

vaccines to protect against this group of infections can and should be aimed precisely at enhancing 

the first stage of protection with the help of resident immune cells. In an ideal situation, adequate 

activation of resident antigen-specific cells eliminates the pathogen in the barrier tissue without 
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triggering the systemic inflammation. Such localization of immune response is beneficial for safety 

from adverse immune reactions and should be a goal in the next generation of mucosal immunity-

oriented vaccines [110-112]. 

The repertoire of T cell receptors of cells resident in various mucosal membranes is 

considered partially degenerate and public, that is, identical for many people in the population [10, 

11, 114]. However, the accumulated data on TCR repertoires of TRM cells is still very limited; 

therefore, the notion of publicity of tissue-specific TCR repertoires should be taken with caution 

[115-117]. There is a need for deeper profiling of human tissue samples to describe the actual 

tissue-resident T cell repertoire.  

 
Figure 6. Tissue-resident T cells display a specific TCR repertoire private to an individual. The example 

of resident gamma/delta T cells in human liver samples shows us the unique potential of this subset to 

generate unusually large clonal expansions without any public clonotypes involved. Intrahepatic TCR 

repertoire show little overlap with peripheral blood clonotypes. Figure from Chapter V graphical abstract.   

 

In Chapter V, we describe the first profiling of gamma/delta T cells from human liver 

samples (fig. 6) and perform the comparative analysis of the tissue- and blood-derived TCR 

clonotypes, indicating a specific novel liver-resident T cell subset. In Chapter VI, we compare the 

normal blood-derived γδ TCR repertoire to the γδ TCR obtained from the biopsies of breast cancer 

patients to assess the private and public components in the tissue-specific immunity and in cancer 

surveillance in particular. Determining the patterns of T-lymphocyte homing in certain tissues can 

provide an advantage in cellular immunotherapy of tumor diseases. In theory, cytotoxic T cells of 
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the desired specificity for the tumor antigen-activated in vitro should kill the patient’s tumor cells. 

However, in practice, such immunotherapy is complicated by the fact that tumor cells are capable 

of suppressing immune responses, and killer T cells approaching the tumor become anergic. Often, 

anergic T-lymphocytes, primarily from the TRM pool of this tissue, accumulate in the mass of a 

growing tumor and around it [118-121]. Of the many active tumor-specific T cells injected into a 

patient, few will reach the target, and even they may be practically useless in the 

immunosuppressive tumor microenvironment. 

Of course, the data on TCR structure or even TCR specificity is not enough to effectively 

manipulate or even understand the T cell effector reactions in the tissues. It is necessary to study 

in detail the factors influencing the tissue-specific T cell subsets and clonal specificities in order 

to understand the mechanisms of activation of local tissue immunity and induction of TRM 

tolerance. We need to study the mechanisms of how the local tissue-specific niches for TRM cells 

are organized and how they are filled up primarily in the early postnatal development of immunity. 

This initial resident immunity settlement occurs before the child meets a large number of pathogens 

and, accordingly, before forming a significant pool of effector memory T cells (precursors for the 

TRM cells). There is also an adjacent question of primary tolerance induction in the barrier tissues 

and the balance between tolerogenic and protective immunity in tissues. 

To answer these questions, we need to go beyond the scope of this thesis. There is a need 

for simultaneous identification of paired TCR sequence and a T cell's functional phenotype, e.g., 

TCR-seq and RNA-seq paired datasets. Further development of these technologies will speed up 

and simplify the development of effective and tissue-specific T cell adoptive immunotherapy. 
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Aim of study: 

 
The aim of my Ph.D. thesis project was to study the T cell receptor repertoire landscapes across 

human helper T cell subsets, explore the distinct patterns of TCR-driven selection and the 

generation of functional memory and early naive T cell subsets, in both conventional and non-

classical immune cells. 

 

Specific set of goals was set in the course of Ph.D. thesis research: 

 

1. Describe the TCR landscape in the healthy donors’ cohort and explore the peripheral 

selection in the naive T cells; 

 

2. Study the earliest memory T cell development in tissue-resident fetal immunity 

(Chapter II); 

 

3. Investigate the role of TCR structure in the functional effector helper T cell subsets, 

along with transitions between functional subsets (Chapter III); 

 

4. Explore the naive and memory states in the gamma/delta T cell subset 

development (Chapter IV) 

 

5. Discover the biology of gamma/delta T cell selection and memory formation in tissue 

resident subset (Chapter V); 

 

6. Explore the role of gamma/delta T cells with specific TCR structure in the cancer 

immunosurveillance (Chapter VI). 
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Chapter I 

The changing landscape of naive T cell receptor 
repertoire with human aging  
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Introduction 

 Chapter I studies the selection and survival of T cell clones of naive T cell pool across 

functional subsets and donor age groups. We asked how T cells are selected in the periphery after 

they exited thymus: which clones survive, proliferate, and persist for long years and which clones 

are eliminated quickly after thymus emigration? We performed a comparative analysis of TCR 

repertoires of recent thymic emigrants and mature naive cells in the CD4 subset. Moreover, we 

followed naive CD4 and CD8 TCR repertoires changes between young and older donors. We 

showed in this chapter that the peripheral selection is difficult to catch, as recent thymic emigrants 

(RTE) and more mature naive T cells display similar TCR repertoires. At the same time, RTEs are 

more prone to aging. Aging patterns in TCR repertoires include shortened and less diverse CDR3 

regions of TCRs decreased predicted affinity of interaction, and changes in physicochemical 

characteristics. Public repertoire fraction increased was observed in CD4 but not the CD8 TCR 

repertoire with aging.  

 

Contribution 

This study utilizes two datasets of TCR repertoires from young and old donors; each 

contains naive and memory CD4 T cells. The first dataset was produced in our laboratory, whether 

the second was previously published, and data was made publicly available.  

For the first dataset acquisition, I designed the set of molecular markers and a panel of 

antibodies for flow cytometry-based sorting of T cell subsets of interest. I organized the sample 

collection from a specific donor cohort and prepared samples for flow cytometry. I performed the 

DNA libraries preparation for sequencing, performed primary data processing, and participated in 

data analysis, writing, and discussion of this article. Dr. Evgeny Egorov, an equally contributing 

author, performed flow cytometry sorting, participated in the data analysis and wrote the 

manuscript with my and other authors' help.   
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Human aging is associated with a profound loss of thymus productivity, yet naïve T lym-
phocytes still maintain their numbers by division in the periphery for many years. The 
extent of such proliferation may depend on the cytokine environment, including IL-7 and 
T-cell receptor (TCR) “tonic” signaling mediated by self pMHCs recognition. Additionally, 
intrinsic properties of distinct subpopulations of naïve T cells could influence the overall 
dynamics of aging-related changes within the naïve T cell compartment. Here, we inves-
tigated the differences in the architecture of TCR beta repertoires for naïve CD4, naïve 
CD8, naïve CD4+CD25−CD31+ (enriched with recent thymic emigrants, RTE), and mature 
naïve CD4+CD25−CD31− peripheral blood subsets between young and middle-age/old 
healthy individuals. In addition to observing the accumulation of clonal expansions (as 
was shown previously), we reveal several notable changes in the characteristics of T cell 
repertoire. We observed significant decrease of CDR3 length, NDN insert, and number 
of non-template added N nucleotides within TCR beta CDR3 with aging, together with a 
prominent change of physicochemical properties of the central part of CDR3 loop. These 
changes were similar across CD4, CD8, RTE-enriched, and mature CD4 subsets of 
naïve T cells, with minimal or no difference observed between the latter two subsets for 
individuals of the same age group. We also observed an increase in “publicity” (fraction 
of shared clonotypes) of CD4, but not CD8 naïve T cell repertoires. We propose several 
explanations for these phenomena built upon previous studies of naïve T-cell homeo-
stasis, and call for further studies of the mechanisms causing the observed changes 
and of consequences of these changes in respect of the possible holes formed in the 
landscape of naïve T cell TCR repertoire.

Keywords: aging, T cell receptor, naive T cells, immunosequencing, rep-seq, cDr3 repertoire

inTrODUcTiOn

A diverse set of naïve T cell functions (1) and their antigenic receptors—T-cell receptors (TCRs)  
(2, 3)—protects us from a multitude of infectious and cancer hazards encountered throughout our 
lifespan. Furthermore, it essentially provides selection of the appropriate amplitude, type, localiza-
tion, and duration of immune response. Human aging is associated with profound changes in T cell 
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immunity (2–5), compromising our ability to withstand novel 
pathogens and manage chronic infections. It also dampens the 
effect of vaccination (6–8) and can lead to higher cancer suscep-
tibility (9–12). These changes may further result in an imbalanced 
immune response that can develop into non-specific inflamma-
tion, provoking neurodegenerative and cardiovascular disorders, 
and to the loss of tolerance, leading to autoimmunity (3, 13–15). 
For the latter, a reduction of regulatory T  cell (Treg) diversity  
(16, 17) could be a one of the causative factors.

With aging, accumulating clonal expansions of memory 
T  cells caused by previously encountered antigens gradually 
begin to dominate in the available T-cell pool. This leads to a 
homeostasis characterized by a decreased number of naïve T cells, 
essentially shrinking the precious reservoir of diverse functions 
and antigenic specificities (2, 18–23). At the same time, thymus 
function progressively declines after puberty (24, 25), and drops 
sharply to a very low level after 40 years of age (4, 26). Along with 
diminished production of T cell progenitors by the bone marrow 
(27), this leads to a drop in generation of the so-called recent 
thymic emigrants (RTE)—the not fully mature (28, 29) form of 
naïve T cells, and thus in the replenishment of the mature naïve 
T cell pool (5, 26, 30).

The existing naïve T cells may still support their abundance and 
diversity for a prolonged period. In humans, both mature naïve 
T cells and—to a lesser extent—RTE-enriched CD45RA+CD31+ 
subset of CD4 T  cells (30)—keep ability to proliferate on the 
periphery (31, 32). However, the number of allowed divisions is 
not unlimited. Prominent shortening of telomeres is observed 
in both CD31+ and CD31− subsets (30) which eventually leads 
to a gradual, later avalanche, exhaustion of proliferation capac-
ity and depletion of the naïve T cell pool (20, 33). Additionally, 
prolonged peripheral proliferation could also be associated with 
the functional deficiency of naïve T cells that fail to differentiate 
toward memory phenotype upon a specific antigenic challenge 
(3), although a recent cytokine profile study suggests that naïve 
T cells derived from elderly individuals retain their functionality 
and naiveté (26).

How uniform is the naïve T cell proliferation on the periphery 
remains questionable. Qi et al. demonstrated that both CD4 and 
CD8 naïve T cells gated as CCR7+CD45RAhighCD28+ gain clonal 
expansions by the age of 70–85 years (34). This observation sug-
gests that some of the naïve T cell clones are dividing more promi-
nently than others. Furthermore, the most rapidly dividing ones 
could exhaust and extinguish more rapidly, while those dividing 
with a moderate rate could form the observed clonal expansions.

Importantly, the peripheral T  cell proliferation may be 
dependent on the so-called “tonic signaling”—recognition of 
MHC complexes loaded with self antigens while surveying the 
peripheral lymphoid organs. Such contacts are transient and do 
not lead to classic T cell activation, but generate sub-threshold 
signals required for naïve T cell survival and proliferation (35–38).

The desirable (i.e., required to efficiently recognize foreign 
antigens within MHC) and allowed (i.e., not leading to self- 
recognition and autoimmunity) TCR affinity to self peptide–MHC 
complexes is set in the course of positive and negative thymic 
selection, respectively. The threshold range of such selection is 
not that narrow, thus naïve T cells that leave the thymus—initially 

as RTE—have a relatively wide range of self-reactivity. The 
produced pool of naïve T  cells is, therefore, subjected to vary-
ing degrees of tonic TCR signaling (38). Therefore, peripheral 
proliferation of naïve T cells could be potentially biased toward 
preferential exhaustion of naïve T cell clones carrying TCRs with 
the highest affinity to MHC. Furthermore, naïve T cells bearing 
high affinity TCRs could also serve as a preferential source of 
antigen-responding clones (37) thus being the first one to transit 
from the naïve T cell pool.

Another factor that could contribute to the dynamics of naïve 
TCR repertoire landscape is the fate of the specific population of 
T cells produced in fetal period. We have earlier demonstrated 
that this subset may survive for decades and contribute to adult 
TCR repertoire (39). Their TCRs are characterized by a low 
number of nucleotides that are randomly added by TdT enzyme 
in the course of VDJ recombination (40, 41). Furthermore, these 
cells originate from a distinct population of hematopoietic stem 
cells and are characterized with generally higher proliferation 
potential (42). However, their fate among other naïve T cells in 
the elder age remains unexplored.

Altogether, there are number of factors that could shape the 
landscape of naïve T  cell TCR repertoire with aging. To shed 
light on the nature of ongoing changes, we have focused on 
the comparative analysis of intrinsic characteristics of the TCR 
repertoires for the bulk naïve CD8+, bulk naïve CD4+, naïve RTE-
enriched CD31+CD4+, and naïve non-RTE CD4+ T cells derived 
from the peripheral blood of young versus elderly healthy donors, 
demonstrating that

 1) Characteristics of TCR beta CDR3 repertoires change in both 
CD4 and CD8, both RTE-enriched and mature naïve CD4 
T cell subsets with age.

 2) Within the same age group, no significant difference is 
observed in characteristics of TCR repertoire between RTE-
enriched and mature naïve CD4 T cell subsets.

 3) TRBV and TRBJ gene segment usage also changes promi-
nently and similarly both within RTE-enriched and mature 
naïve CD4 T cell subsets of different individuals.

 4) Relative “publicity” (i.e., sharing between individuals) of TCR 
repertoires grows both within RTE-enriched and mature 
naïve CD4 T cell subsets with age.

The observed changes suggest functional differences of young 
versus middle-age/old naïve T cell TCR repertoires with respect 
of potential range and characteristics of recognized antigens.

MaTerials anD MeThODs

Donors and cell sorting
The study was approved by the local ethics committee and 
conducted in accordance with the Declaration of Helsinki. 
All donors were informed of the final use of their blood and 
signed an informed consent document. The cohort included 18 
healthy individuals aged 25–88  years. Individuals with previ-
ously diagnosed cancer or autoimmune disease were excluded. 
Peripheral blood (10–20  ml) was collected into a number of 
EDTA-treated Vacutainer tubes (BD Biosciences, Franklin Lakes, 
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Table 1 | Values used for CDR3 amino acid properties calculation by VDJtools.

amino acid hydropathy Polarity Volume strength

A 1.8 0 67 0
C 2.5 0 86 1
D −3.5 1 91 0
E −3.5 1 109 0
F 2.8 0 135 1
G −0.4 0 48 0
H −3.2 1 118 0
I 4.5 0 124 1
K −3.9 1 135 0
L 3.8 0 124 1
M 1.9 0 124 1
N −3.5 1 96 0
P −1.6 0 90 0
Q −3.5 1 114 0
R −4.5 1 148 0
S −0.8 1 73 0
T −0.7 1 93 0
V 4.2 0 105 1
W −0.9 0 163 1
Y −1.3 1 141 1
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NJ, USA), PBMCs extracted using Ficoll-Paque (Paneco, Kirov, 
Russia) density gradient centrifugation with SepMate™ tubes 
(STEMCELL Technologies, Vancouver, BC, Canada), and stained 
according to manufacturer’s recommendations. Following anti-
bodies were used: CD3-eFluor450 (eBioscience, clone UCHT1), 
CD45RA-FITC (eBioscience, clone JS-83), CD27-PC5 (Beckman 
Coulter, clone O323), CD4-PE (Beckman Coulter, clone 13B8.2), 
CD25-eFluor450 (eBiosciences, clone BC96), and CD31-PC7 
(eBiosciences, clone WM59). T  cells of interest were sorted 
using FACS Aria III (BD Biosciences, Franklin Lakes, NJ, USA), 
directly in 350 µl of RLT buffer (Qiagen) per 100,000 sorted cells. 
Total RNA was further isolated using RNeasy Micro kit (Qiagen) 
and completely used for TCR library preparation. 5′-RACE 
TCR beta cDNA libraries were prepared according to the previ-
ously described protocol (43, 44). See also: https://github.com/
repseqio/protocols/blob/master/Human%20TCR%20alpha%20
and%20beta%20RNA-based%20RACE%20protocol.md.

Libraries were sequenced with Illumina HiSeq 2000/2500, 
paired-end 150 + 150 nucleotides.

Tcr beta repertoires Profiling and Data 
analysis
T-cell receptor beta CDR3 repertoires were extracted using 
MiXCR software (45), version v2.1.5. Decontamination from 
memory T  cell TCR beta clonotypes and comparative post-
analysis were performed using VDJtools software v1.1.7 (46).

Resulting decontaminated TCR beta CDR3 repertoires are 
available from Figshare:

https://figshare.com/articles/Naive_CD4_CD8_subsets/6548921;
https://figshare.com/articles/naive_RTE_and_non-RTE_ 
CD4_T_cells_subsets/6549059.

The obtained repertoires were further filtered to eliminate 
out-of-frame and stop codon-containing TCR beta CDR3 
variants. Averaged physicochemical properties of amino acid 
residues in the middle portion (5 amino acid residues) of TCR 
beta CDR3 were calculated using VDJtools, the following metrics 
were used: strength (47, 48), hydropathy, polarity, and volume 
(values available from: http://www.imgt.org/IMGTeducation/
Aide-memoire/_UK/aminoacids/IMGTclasses.html). During 
calcu lation, property values were weighted by the frequency of 
corresponding clonotypes, so the results favor more frequent 
clonotypes and do not depend on the sequencing/sampling depth 
(49). See Table 1 for the values used for each amino acid property. 
See Tables 2 and 3 for the counts of sorted T cells, the number of 
CDR3 containing sequencing reads, and the number of unique 
TCR beta CDR3 clonotypes in each sample.

statistical analysis
For comparison of repertoire properties, one-sided t-test with 
unequal variances (Welch’s test) was used. Normality of the 
distribution of sample means was confirmed by performing 
Shapiro–Wilk tests, and the decision to reject the null hypothesis 
was made after adjusting for multiple hypothesis testing as in 
Benjamini–Hochberg. False discovery rate in normality testing 
was controlled at a level of 0.05 by setting p-adjusted upper bound 

at 0.05. Z-score normalization was performed by subtracting the 
mean value for each TRBV gene segment values and dividing by 
the SD. Only highly represented TRBV gene segments TRBV9, 
TRBV7−9, TRBV7−2, TRBV6−5, TRBV29−1, TRBV20−1, 
and TRBV12−3/12-4, each associated with at least 2% of CDR3 
clonotypes in each sample, were taken into analysis.

resUlTs

Tcr repertoires of both cD4 and cD8 
naïve T cells change Properties With 
aging
To analyze how the properties of naïve TCR repertoire change 
with age, we first sorted CD3+CD4+CD27highCD45RAhigh and 
CD3+CD4−CD27highCD45RAhigh T cell subsets gated as shown on 
Figure 1 from peripheral blood samples of 4 young (25–35 years 
old) and 7 middle-age/old (51–88  years old) healthy donors 
(Table  2). TCR beta profiling was performed as described in 
Ref. (43), extraction of CDR3 repertoires was performed using 
MiXCR (45). To exclude possible contaminations from memory 
T cell pool that could occur during cell sorting, we also performed 
TCR beta repertoires profiling for memory T cells sorted from the 
same donors (Figure 1). Naïve TCR beta repertoires were further 
decontaminated from the clonotypes present in memory subsets 
using VDJtools “Decontaminate” module with default 
parameters (20:1 parent-to-child clonotype frequency ratio for 
contamination filtering). This procedure eliminated from 0.005 
to 0.5% of reads and from 0.01 to 0.7% of clonotypes, these num-
bers did not depend on the donor age group. Despite the low 
proportion of eliminated reads and clonotypes, such procedure 
is desirable for accuracy of the whole analysis and general control 
for cell contamination during sorting.

We complemented our data with multiplex PCR RNA-based 
TCR profiling data from Ref. (34) for 4 young (20–35 years) and 
5 old (70–85 years) healthy donors naïve T cells gated as CD4+ 
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Table 2 | CD4 and CD8 naïve and memory cell sorting.

Donor age group subset replica number of sorted cells number of cDr3 reads number of cDr3  
clonotypes

Donor 1 25 Young CD4 1 500,000 528,824 38,614
2 500,000 475,392 240,80

CD8 1 500,000 564,227 26,988
2 500,000 648,821 19,338

Donor 2 26 CD4 1 135,000 1,069,588 45,098

CD8 1 251,000 633,854 28,967

Donor 3 35 CD4 1 200,500 380,253 43,526
2 231,000 223,661 23,038

CD8 1 350,500 533,091 47,626

Donor 4 32 CD4 1 560,000 17,494,455 165,184
2 488,000 12,525,047 113,333
3 395,000 6,077,772 54,546
4 100,000 4,353,149 24,582

CD8 1 510,000 9,219,066 101,096
2 316,000 10,594,890 61,022

Donor 5 51 Old CD4 1 495,000 13,765,788 183,873
2 425,000 5,146,822 64,134
3 437,000 3,832,144 84,458
4 255,000 4,773,131 90,459

CD8 1 509,000 7,369,930 125,339
2 200,000 2,689,594 64,907
3 343,000 517,265 20,870
4 120,000 1,945,472 32,259

Donor 6 88 CD4 1 500,000 779,559 65,515

CD8 1 60,000 142,639 9,991

Donor 7 51 CD4 1 100,000 28,129 5,033
2 100,000 37,556 5,455
3 100,000 41,380 6,762

CD8 1 105,000 51,463 7,434

Donor 8 82 CD4 1 100,000 46,472 8,318
2 90,000 38,109 6,694

CD8 1 12,000 6,013 846

Donor 9 55 CD4 1 100,000 82,691 7,768
2 100,000 27,215 4,740

CD8 1 100,000 51,742 5,290
2 100,000 84,532 7,666

Donor 10 77 CD4 1 254,000 677,587 24,652

CD4 2 227,000 963,394 20,087

CD8 1 50,000 942,430 15,033

CD8 2 105,000 553,867 19,180

Donor 11 53 CD4 1 153,000 401,550 11,668

53 CD8 1 101,000 242,248 6,857

Donors, replicas, sorted cell counts, and number of extracted T-cell receptor beta CDR3 clonotypes are shown.
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CCR7+CD45RAhighCD28+ and CD8+CCR7+CD45RAhighCD28+. 
Repertoire extraction was performed using the same MiXCR 
version starting from raw data (dbGaP, www.ncbi.nlm.nih.gov/
gap, accession no. phs000787.v1.p1). Similarly, we used memory 
subsets from the same donors in order to decontaminate naïve 
T cell repertoires from possible contaminations during cell sort-
ing using VDJtools.

Analysis of the normalized Shannon–Wiener diversity index 
for the joint data confirmed the conclusion by Qi and coauthors 

that both CD4 and CD8 naïve T cells accumulate clonal expan-
sion with aging (Figure  2A). The accuracy of the results for 
young individuals generally confirmed the validity of combining 
the data from both experiments, in spite of the fact that different 
gating was used for the naïve T cell sorting in the two studies.

Multiplex PCR employed in Qi et al. (34) may cause quan-
titative biases due to the differing efficiency of primers used 
to amplify different TRBV segments (50, 51). However, such 
source of bias does not influence the relative frequency of 
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FigUre 1 | CD4 and CD8 naïve T cell gating strategy. Naïve CD4 T cells were gated as CD3+CD4+CD27highCD45RAhigh. Naïve CD8 T cells were gated as 
CD3+CD4−CD27highCD45RAhigh. 50,000 events were shown.

Table 3 | Recent thymic emigrants (RTEs)-enriched and mature naïve CD4 T cell sorting.

Donor age group subset replica number of sorted cells number of cDr3 reads number of cDr3  
clonotypes

Donor 12 29 Young RTE 1 50,000 251,199 27,208
non-RTE 1 50,000 939,999 33,389

Donor 13 28 RTE 1 100,000 282,998 27,895
non-RTE 1 100,000 620,320 34,092

Donor 14 31 RTE 1 50,000 144,571 30,139
non-RTE 1 50,000 622,585 29,253

Donor 15 30 RTE 1 69,000 309,070 33,233
non-RTE 1 100,000 2,844,397 63,900

Donor 7 51 Old RTE 1 100,000 14,572 5,306
non-RTE 1 105,000 17,926 4,030

Donor 8 82 RTE 1 38,000 16,033 2,835
non-RTE 1 100,000 29,970 6,244

Donor 9 55 RTE 1 89,000 19,622 3,664
non-RTE 1 189,000 20,891 5,290

Donors, replicas, sorted cell counts, and number of extracted T-cell receptor beta CDR3 clonotypes are shown.
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clonotypes within a particular TRBV segment. Therefore, in 
order to properly join our 5′RACE and multiplex PCR data 
from Qi et  al., we performed further analysis separately for each  
of the TRBV gene segments that were abundantly represented 
in the data.

Notably, this approach has two additional benefits. First, 
different TRBV genes carry distinct CDR1 and CDR2 regions 
that participate in TCR–pMHC interaction, and, therefore, 
could differently influence the averaged properties of CDR3 
that we analyze below. Separate analysis of TRBV segments 
allows to neutralize this bias. Second, distinct TRBV genes 
correspond to distinct T  cell subpopulations allowing for 
independent evaluation of their properties, that provides 
better statistics for limited donor cohorts. All analyses were 

performed “weighted”—per CDR3-covering sequencing read, 
i.e., accounting for the relative frequency of each clonotype, 
with Z-score normalization used to combine information from 
different TRBV segments.

The results of comparative analysis of TRB CDR3 repertoire 
properties with VDJtools software are shown on Figure  3. 
Notably, dispersion of all parameters grows prominently with 
age, which already reflects the non-uniform proliferation of naïve 
T cells with age.

CDR3 length, size of NDN insert, and number of randomly 
added N nucleotides significantly decrease with age both for 
CD4 and CD8 naïve T cells (Figure 3A). Average characteristics 
of amino acid residues in the middle of CDR3 also change promi-
nently for CD4 naïve T cells (Figure 3B).
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FigUre 2 | Both CD4 and CD8 naïve T cell clonality increases with human age. Normalized Shannon–Wiener diversity index for T-cell receptor beta CDR3 
repertoires is shown. (a) CD4 and CD8 naïve T cells. Joint data from Qi and coauthors and current work. Welch Two Sample t-test. (b) Recent thymic emigrant 
(RTE)-enriched and non-RTE naïve CD4 T cells.
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both rTe and Mature naïve cD4 T cells 
change Their Properties With aging
To some extent, both CD45RA+CD31− mature naïve CD4+ T cells 
and RTE-enriched CD45RA+CD31+ subsets may support their 
counts by peripheral division: “CD45RA+CD31+CD4+ subset 
also undergoes some in vivo proliferation without immediate loss of 
CD31, resulting in an accumulation of CD45RA+CD31+ prolif-
erative offspring ” (30). Nevertheless, counts of CD45RA+CD31+ 
naïve CD4+ T cell notably decrease with time (5, 30). The CD31− 
subset is believed to proliferate and support their counts more 
efficiently than CD31+, although the extent of telomere shorten-
ing with aging is prominent and comparable for both subsets (30).

Therefore, one could suggest that characteristics of mature 
naïve CD4+CD31− T cells could change more prominently than 
those of RTE-enriched CD4+CD31+ T cell pool. The properties of 
total naïve CD4+ T cells could change with aging because of the 
intrinsic differences between the properties of RTE-enriched and 
mature naïve CD4 T cell TCR repertoires, and decrease of CD31+ 
cell proportion of all naïve CD4 T cells (5).

To verify the latter hypothesis, we compared TCR beta repertoire 
characteristics for the sorted CD4+CD45RAhighCD27highCD31+ 
and CD4+CD45RAhighCD27highCD31− T  cells of 4 young  
(29–31  years) and 3 elder (aged 51, 55, and 82  years) healthy 
donors (Table  3). Importantly, to exclude the potential influ-
ence of naïve Tregs which characteristics essentially differ from 
conventional CD4 T cells, here we gated out the CD25+ cells from 
all subsets (Figure 4). It should be noted that this strict gating 
could also cutoff the CD25dull subset of naïve CD4 T cells that was 
recently reported to accumulate with aging (52), however, these 
cells were nearly absent (represented less than 2% of naïve CD4 
T cells) in our donors.

Analysis of obtained TCR beta CDR3 repertoires revealed 
that characteristics of CD4+CD45RAhighCD27highCD25−CD31+  

and CD4+CD45RAhighCD27highCD25−CD31−CD4 T  cell TCR 
repertoires are nearly identical within the same age group, but 
both prominently differ between the younger and elder donors 
(Figures 5A,B). It should be noted that, since the average CDR3 
length decreases with age, larger portions of TRBV and TRBJ 
segments could be covered by our analysis of the middle 5 amino 
acid residues of CDR3, which could in turn influence the result 
amino acid property averages. However, this influence was not 
prominent since different TRBV segments behaved similarly in 
our analysis.

Furthermore, young and old naïve CD4 T cell repertoires were 
characterized by distinct frequencies of TRBV (Figure 6A), TRBJ 
(Figure 6B), and paired TRBV–TRBJ (Figure 6C) gene segment 
usage, without any notable differences observed between the 
RTE-enriched CD31+ and mature naïve CD4 T cell subsets.

Similarly to naïve CD4 and CD8 subsets, RTE-enriched and 
mature naïve CD4 subsets showed a tendency toward increased 
clonality in the elder age (Figure 2B).

We concluded that observed changes in the characteristics of 
naïve CD4 T  cell TCR beta CDR3 repertoire with aging affect 
both RTE-enriched and mature subsets, and do not result from 
the changes in CD31+/CD31− subsets ratio.

Publicity of naïve cD4 T cell repertoire 
grows With aging
Shorter CDR3 length and lower number of randomly added N 
nucleotides are commonly associated with higher publicity of 
TCR repertoires (53, 54). To analyze how the relative publicity of 
naïve CD4 TCR beta repertoires changes with aging, we extracted 
top-3,000 clonotypes from each dataset, with random sampling of 
clonotypes having the identical low frequency—a normalization 
step which is highly desirable to minimize biases in comparison 
of immune repertoires overlaps. As it could be expected based on 
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FigUre 3 | Properties of naïve T cell T-cell receptor (TCR) beta CDR3 repertoires and aging. Weighted (accounting for clonotype size) analysis of TCR beta 
repertoires properties for CD4 and CD8 naïve T cells derived from peripheral blood samples of young and old healthy donors. (a) Average CDR3 length, size of NDN 
insert, and count of randomly added N nucleotides. (b) Amino acid composition within 5 amino acid residues in the middle of CDR3. Our data and Qi et al. data, 
n = 8 young and 12 old individuals totally. CDR3 repertoires for the seven largest TRBV segments were analyzed separately, with Z-score normalization to account 
for TRBV-specific differences.
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CDR3 characteristics (Figures 5A and 7A), analysis of relative 
overlaps between TCR beta CDR3 repertoires revealed that rela-
tive publicity of total CD4 naïve [our data only, excluding the data 
from Ref. (34)], RTE-enriched CD31+ and mature naïve CD31− 
CD4 T cell subsets grows with aging (Figure 7B). A moderate 
overlap was observed between the young and middle-age/old 

CD4 naïve, RTE-enriched CD31+ and mature naïve CD31− CD4 
T cell subsets. No clear age-related changes in relative publicity 
were observed for CD8 naïve T cells (our data only).

We used CDR3 sequence similarity graph to analyze whether 
naïve TCR repertoires form separate networks in young versus 
old donors. To build the graph, we selected 3,000 most abundant 
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clonotypes from each donor and pooled them together to form 
the set of nodes. We connected two clonotypes with an edge if 
they had the same VJ-combination and CDR3 differed by a single 
amino acid substitution. Next, we counted the number of edges 
connecting clonotypes from donors of different age groups (young 
versus old) and obtained empirical distributions for these counts 
by running 1,000 random permutations of age group labels.

We found, that in CD8 naive repertoires, the number of edges 
between clonotypes from young and old donors is larger in data 
than in simulation in 424 donor age group permutations out of 
1,000, so there is no evidence for separate CDR3 networks for 
young and old donors for this subset. In CD4 naive repertoires, 
however, there was a weak tendency: only in 95 simulations out 
of 1,000 (empirical P-value of 0.095) we found a lower number 
of edges between donors of different age, than the one observed 
in real data. This suggests that repertoires of naive CD4 T cells 
include distinct communities of homologous TCR variants in 
young and old individuals. However, this effect was only margin-
ally significant and requires further investigation.

DiscUssiOn

With aging, decreasing thymic output can not efficiently sustain 
naïve T cell counts, so the homeostatic proliferation becomes the 
main mechanism to replenish this cell pool in humans. Such pro-
liferation is inevitably associated with certain biases that shape 
the landscape of naïve T cell TCR repertoire and thus affect the 
spectrum of the antigens they could recognize.

We have utilized immune repertoire sequencing to study the 
repertoires of naïve T cells in young and aged donors and revealed 
notable changes in human TCR repertoires of both CD4 and CD8 
peripheral blood naïve T cells with aging:

 (1) We confirm the observation of Ref. (34) that relative clonal-
ity reflecting the extent of clonal expansion increases both 
within CD4 and CD8 naïve T cell subsets with age (Figure 2).

 (2) We demonstrate that average CDR3 length, NDN insert 
length, and number of randomly added N nucleotides sig-
nificantly decrease with aging in all subsets of naïve T cells, 
including CD4, CD8, CD4 RTE-enriched CD25−, and CD4 
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mature naïve CD25− subsets (Figures  3A, 5A and 7A). 
Interestingly, due to spatial restrictions in TCR–pMHC inter-
action, the length of CDR3 is inversely related to the length 
of recognized peptide antigen, which affects the spectrum of 
recognized pMHCs (Shugay et  al., manuscript under con-
sideration). The decrease of CDR3 length with aging could, 
therefore, reflect the averaged properties of pMHCs that are 
preferentially recognized by naïve T cells in the periphery, 
and cause better tonic signaling, leading to earlier exhaustion 

of proliferation capacity of the cells carrying corresponding 
TCR variants.

 (3) As could be expected based on previous works (53, 54), the 
abovementioned changes favored higher publicity in CD4 
naïve T cells (Figure 7B). At the same time, we have not 
observed clear differences in TCR beta CDR3 repertoire 
publicity for CD8 compartment. These observations differ 
from the data from Qi et al. (34) suggesting the decrease 
of CD8 naïve T cell publicity with aging. Further studies 
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on larger cohorts with thoroughly controlled purity of 
cell sorting, and proper normalization of the datasets for 
comparing publicity of repertoires (49) should clarify this 
point.

 (4) Averaged amino acid characteristics in the middle of CDR3 
change prominently in CD4, CD8, CD4 RTE-enriched, and 
CD4 mature naïve subsets (Figures  3B and 5B). In par-
ticular, significant decrease is observed for the “strength” 
metrics, which represents the count of strongly interacting 
amino acid residues (47, 48). The “strongly interacting” 
include F, L, I, M, and V that may form hydrophobic con-
tacts, as well as aromatic residues W and Y that are capable 
of different types of interactions including offset stacked 
or edge-to-face interactions, thiol–aromatic interactions, 
and others (55), and may consist of electrostatic, van der 
Waals, and hydrophobic forces. Correspondingly, similar 
changes are observed for the “hydropathy” metrics which 
counts the number of hydrophobic residues in the middle 
of CDR3.

The “strength” metric efficiently differentiates functional T cell 
subpopulations, such as Treg and non-Treg CD4 subsets [see Ref. 
(49, 56) and our data to be published elsewhere]. This metric can 
be interpreted as an averaged estimation of TCR repertoire affin-
ity to peptide–MHC complexes and in particular to the antigenic 
peptide, since the middle portion of CDR3 is often in contact with 
the presented antigen (Figure 8).
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by a post hoc Tukey test shows significantly higher number of contacts for 
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residues, but no difference between 5 and 3 central residues (P = 0.42). The 
analysis was performed for T-cell receptor (TCR) beta chain using 110 human 
TCR:pMHC complexes from Protein Data Bank.

The decrease of relative abundance of strongly interacting 
amino acid residues within TCR beta CDR3 repertoire of naïve 
T cells with aging may, therefore, reflect more rapid depletion of 
naïve T cell clones with higher affinity to self pMHC. This could 
result from more efficient tonic signaling and generally faster 
proliferation, exhaustion of proliferation capacity, and extinction 
of such naïve T cells (38).

Notably, similar changes were observed within RTE-enriched 
CD31+ and mature naïve CD31− CD4 naïve T cells (Figures 5–7). 
Decrease of the “strength” metric was even more prominent for 
the RTE-enriched subset (Figure 5B), suggesting that the CD31+ 
naïve CD4 T cell clones bearing TCR variants with high affinity 
to self pMHC are prominently switching to the CD31− phenotype 
due to more efficient TCR signaling.

Complementary explanation for the changes observed in 
the naïve T  cell TCR repertoire characteristics with aging is 
that the high affinity variants are washed away from the naïve 
T cell pool in the course of ongoing immune responses. Both 
CD4+ and CD8+ T cells with strong reaction to self and high 
tonic signaling dominate in responses to foreign antigens  
(37, 57, 58). Positive selection in thymus thus favors produc-
tion of more efficiently responding T cells that should be also 
more rapidly depleted from the naïve T cell pool. If this is the 
case, the age-related changes are associated with generation 
of prominent functional holes in the landscape of naïve T cell 
receptor repertoire.

An additional factor that could contribute to the observed 
changes in naïve T cell TCR repertoires is the easier conversion 
of clones with high affinity to self pMHC to the “memory-
like” phenotype, as shown in mice models (59, 60), although 
such observations have not yet found clear confirmation in 
humans (3).

Altogether, the observed changes could be interpreted as 
elimination of generally more “sticky”—having higher affinity to 
self and non-self peptide–MHC complexes—TCR variants from 
the naïve T cell pool with aging.

However, there is also an alternative explanation which 
deserves consideration. Shorter CDR3s, lower numbers of 
randomly added N nucleotides, and higher publicity are char-
acteristic features of the early wave(s) of naïve T cells generated 
during fetal period (23, 40, 61–63). Such early wave(s) originate 
from distinct population(s) of hematopoietic stem cells that may 
have distinct long-term program including higher proliferation 
potential (39, 42).

Considering the drop in thymic activity that happens in 
the middle age (4, 26), one could hypothesize that the counts 
of conventional naïve T cell decrease after exhaustion of their 
limited proliferation capacity, while the early-wave naïve T cells 
of fetal origin with prolonged proliferation capacity persist. 
Such organization of T  cell adaptive immunity in the elderly 
could be beneficial from the point of more predictable innate-
like behavior of the T  cells carrying a relatively restricted, 
more germline-encoded TCR repertoire. To some extent, our 
network analysis of naïve CD4 T cell TCR repertoires supports 
this concept.

Summing up, our study sheds light on the intrinsic changes 
in the naïve T cell TCR repertoire structure with aging, and calls 
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Introduction 

Chapter I and earlier publications of our research group studied TCR repertoires in naive 

Т cells of young adult donors and older donors [1]. Chapter II follows the research of naive T cells 

in earlier developmental stages: in fetal immunity. Fetal and neonatal T cells are considered naive 

as the normally fetal immune system does not encounter foreign antigens before birth. 

Unexpectedly, in this collaborative study of T cell subsets from fetal intestines, we found that 

immune memory develops in fetal tissue. This study showed for the first time that CD4+ T cells 

might acquire an immune memory phenotype and display features of resident memory T cells in 

the gut.  

Moreover, we described the T cell expansions both in the helper T cell subset and in the 

regulatory T cell subset with distinct characteristics of TCRs in naive and memory subsets.  

The novel finding of early immune memory opened up a field for research into the immune 

memory activation mechanisms in both helper and regulatory T cells. We continue to explore the 

patterns and mechanisms of memory formation in CD4 + subsets in more detail in Chapter III. 

 

Contribution 

Nature Immunology publication “Memory CD4+ T cells are generated in the human fetal 

intestine” used multiple approaches to create a detailed description of phenotypes and probable 

functionalities of the T cells in fetal intestines. The discovery of memory-like subsets of T cells in 

fetal samples required confirmation with the TCR structure assessment via TCR sequencing and 

phenotypical characterization after in vitro activation of naive-like and memory-like T cell 

subsets.  

I performed the data analysis of TCR sequencing of sorted T cell subsets, therefore, 

contributing to the computational analysis part of the publication. TCR sequencing allowed to 

characterize the clonal expansions and to confirm the memory status of T cell subsets in the fetal 

intestine. I contributed to the integration of data from different assays, interpretation, and 

discussion. I participated in the Methods, Results, and Discussion sections of the manuscript. My 

colleagues Egorov E. and Izraelson M. performed TCR libraries preparation from sorted T cells 

and, therefore, contributed to the manuscript’s experimental part.  

 
  55



Articles
https://doi.org/10.1038/s41590-018-0294-9

1Department of Immunohematology and Blood Transfusion, Leiden University Medical Center, Leiden, the Netherlands. 2Leiden Computational Biology 
Center, Leiden University Medical Center, Leiden, the Netherlands. 3Department of Pattern Recognition and Bioinformatics Group, Delft University of 
Technology, Delft, the Netherlands. 4Shemyakin–Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Moscow, Russia. 5Centre 
for Data-Intensive Biomedicine and Biotechnology, Skolkovo Institute of Science and Technology, Moscow, Russia. 6Division of Infection and Immunity, 
Cardiff University School of Medicine, Cardiff, UK. 7Department of Anatomy and Embryology, Leiden University Medical Center, Leiden, the Netherlands. 
8Computer Graphics and Visualization Group, Delft University of Technology, Delft, the Netherlands. 9Department of Radiology, Leiden University Medical 
Center, Leiden, the Netherlands. 10Department of Pathology, Leiden University Medical Center, Leiden, the Netherlands. 11Central European Institute of 
Technology, Masaryk University, Brno, Czech Republic. 12Department of Molecular Technologies, Pirogov Russian National Research Medical University, 
Moscow, Russia. 13MiLaboratory LLC, Skolkovo Innovation Centre, Moscow, Russia. 14Privolzhsky Research Medical University, Nizhny Novgorod, Russia. 
15Systems Immunity Research Institute, Cardiff University School of Medicine, Cardiff, UK. *e-mail: F.Koning@lumc.nl

Adaptive immunity is founded on the selection and expan-
sion of antigen-specific T cells from a clonally diverse pool 
of naive precursors1. Naive T cells recirculate among lymph 

nodes to survey the array of peptide epitopes bound to major his-
tocompatibility complex (MHC) proteins on the surface of anti-
gen-presenting cells (APCs), and functional recognition of a given 
peptide–MHC molecule is governed by various danger signals and 
specific engagement via the clonotypically expressed TCR. This 
triggers a program of differentiation and proliferation that results 
in the generation of effector T cells, which home to the site of the 
primary infection and contribute to pathogen clearance, and mem-
ory T cells, which remain in the circulation and mediate anamnes-
tic responses to secondary infection. In the last decade, it has also 
become clear that tissue-resident T cells are commonly present at 
barrier sites, including the intestine2.

Fundamental knowledge of adaptive immunity during early life 
remains sparse. The infantile intestine is known to harbor clonally 
expanded T cells3, which have also been identified in the human 
fetal intestine, but rarely in fetal mesenteric lymph nodes, fetal thy-
mus or fetal spleen, suggesting compartmentalization4. In addition, 
a rare population of CD4+ T cells displaying a memory and proin-
flammatory phenotype has been identified in umbilical cord blood5. 
Although the dogma of a sterile womb has been challenged by 
reports of bacteria colonization in the placenta6,7, amniotic fluid8,9  

and meconium10, others have questioned these results11. Here we 
have combined functional studies with mass cytometry, RNA 
sequencing (RNA-seq) and high-throughput TCR sequencing to 
perform an in-depth analysis of the fetal intestinal CD4+ T cell 
compartment. Our results provide evidence for memory formation 
in the human fetal intestine, consistent with in utero exposure to 
foreign antigens.

Results
Human fetal intestinal CD4+ T cells are phenotypically diverse. 
To explore the CD4+ T cell compartment in the human fetal intes-
tine, we applied a mass cytometry panel comprising 35 antibodies 
(Supplementary Table 1) that was designed to capture the hetero-
geneity of the immune system to seven lamina propria samples 
aged 14–21 gestational weeks12. After data acquisition, we selected 
CD45+ immune cells (Supplementary Fig. 1a) and mined the data-
set via hierarchical stochastic neighbor embedding (HSNE)13. At 
the overview level, HSNE landmarks depicted the general compo-
sition of the immune system, with clear separation of the CD4+ 
T cell lineage (Supplementary Fig. 1b). We identified 110,332 
CD4+ T cells, with an average of 15,761 events per fetal intestine, 
comprising 47.9 ±  9.6% of all immune cells. We then subjected 
HSNE-defined CD4+ T cells (Supplementary Fig. 1b) to t-distrib-
uted stochastic neighbor embedding (t-SNE)14 in Cytosplore15 to 

Memory CD4+ T cells are generated in the human 
fetal intestine
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The fetus is thought to be protected from exposure to foreign antigens, yet CD45RO+ T cells reside in the fetal intestine. Here 
we combined functional assays with mass cytometry, single-cell RNA sequencing and high-throughput T cell antigen recep-
tor (TCR) sequencing to characterize the CD4+ T cell compartment in the human fetal intestine. We identified 22 CD4+ T cell 
clusters, including naive-like, regulatory-like and memory-like subpopulations, which were confirmed and further characterized 
at the transcriptional level. Memory-like CD4+ T cells had high expression of Ki-67, indicative of cell division, and CD5, a sur-
rogate marker of TCR avidity, and produced the cytokines IFN-γ and IL-2. Pathway analysis revealed a differentiation trajectory 
associated with cellular activation and proinflammatory effector functions, and TCR repertoire analysis indicated clonal expan-
sions, distinct repertoire characteristics and interconnections between subpopulations of memory-like CD4+ T cells. Imaging 
mass cytometry indicated that memory-like CD4+ T cells colocalized with antigen-presenting cells. Collectively, these results 
provide evidence for the generation of memory-like CD4+ T cells in the human fetal intestine that is consistent with exposure 
to foreign antigens.
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project their marker expression profiles onto a two-dimensional 
graph (Fig. 1a and Supplementary Fig. 1c). CD4+ T cells were 
characterized as CD45+CD3+CD4+CD7+ (Fig. 1a). Moreover, all 
CD4+ T cells were positive for the tissue-resident marker CD38 
and approximately 50% of cells expressed CD161. Of the CD4+ T 
cell population, 24.1% coexpressed CD27, CD28, CD45RA and 

CCR7, indicative of a naive T cell (TN) phenotype, whereas 64.5% 
expressed CD45RO, indicative of a memory T cell (TM) phenotype 
(Fig. 1a,b). While all CD45RO+ TM cells were CD28+, differential 
expression of CD25, CD27, CD103, CD117, CD127, CCR6 and 
CCR7 was observed on these cells (Fig. 1a,b), reflecting substantial 
phenotypic diversity.
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We next applied Gaussian mean-shift clustering to the mass 
cytometry data using the t-SNE coordinates of the embedded CD4+ 
T cells (Fig. 1a). On the basis of cell density features (Fig. 1c), this 
identified 22 distinct CD4+ T cell clusters (Fig. 1d), each defined by 
a unique marker expression profile. Hierarchical clustering of the 
heat map revealed eight major groups (CD161+CCR6–CD117– TM 
cells, CD161+CCR6+CD117+ TM cells, double negative (DN) TM cells,  
Treg cells, CD161–CCR7+ TM cells, CD161– TN cells, CD161lo TN/TM 
cells and CD161–CCR7– TM cells) (Fig. 1e). High expression of CD25 
and a lack of CD127 distinguished two regulatory T cell (Treg) clusters, 
with either a CD45RA+ TN or a CD45RO+ TM phenotype (Fig. 1a,b,e). 
The CD161+CD4+ T cells branched into a CCR6–CD117–CD45RO+ 
TM and a CCR6+CD117+CD45RO+ TM cluster (Fig. 1e). Moreover, 
CD45RA+ TN and CD45RO+ TM cells were detected in both the 
CD161– and the CD161lo subpopulations. Additional diversity was 
observed for the expression of several activation markers, including 
CRTH2, HLA-DR, KLRG-1 and PD-1, the latter especially within 
the CD45RO+ TM cell clusters (Supplementary Fig. 1c). Of note, a 
small population of CD4–CD8a–TCRγ δ – (DN) TM cells clustered 
among CD4+ T cells in both the HSNE and t-SNE plots. Biaxial plots 
confirmed coexpression of CD45RA and CCR7 on TN cells (Fig. 1f), 
whereas the CD161lo/–CD45RO+ TM subpopulation contained both 
CCR7+ central memory T (TCM) cells and CCR7– effector memory 
T (TEM) cells (Fig. 1f). All other CD45RO+ TM subpopulations 
harbored primarily TEM cells. Quantification of cellular frequen-
cies for the CD4+ T cell clusters per fetal intestine revealed highly 
similar compositions with all CD45RO+ TM clusters detectable in all 
samples (Fig. 1g). In contrast, parallel analyses of CD4+ T cells iso-
lated from three fetal livers and three fetal spleens, from one shared 
and two additional fetuses aged 16–21 gestational weeks, revealed 
a predominance of CD45RA+ TN cells (Supplementary Fig. 2a,b).  
These results delineated a phenotypically diverse array of human 
fetal intestinal CD4+ T cells, most of which displayed features asso-
ciated with antigen exposure.

Fetal CD4+ T cells display a memory gene expression profile.  
We next performed single-cell RNA-seq on flow-sorted fetal intesti-
nal CD4+ cells from a lamina propria sample that was also included 
in the mass cytometry analysis. This yielded data for 1,804 CD4+ 
T cells, identifying cell-specific variable expression of 2,174 genes 
(see Methods), which were further analyzed using the Seurat com-
putational pipeline16. Unsupervised clustering revealed nine tran-
scriptionally distinct subpopulations, seven of which corresponded 
to CD3+ T cell subsets, while two displayed a gene expression 
profile matching CD86+HLA-DR+ APCs. The corresponding gene 
expression profiles of the seven T cell subsets were projected onto 
a single graph using t-SNE (Fig. 2a), and the top 20 upregulated 
genes were displayed in a heat map (Fig. 2b). Five of the seven 
RNA-seq-identified CD4+ T cell subpopulations corresponded to 
the mass cytometry-defined CD4+ T cell major groups: CCR7+ TN 
with CD45RA+ TN, KLRB1lo/–SELL– TM with CD161lo/–CD45RO+ 
TM, KLRB1+CCR6–SELL– TM with CD161+CCR6–CD45RO+ TM, 
KLRB1+CCR6+SELL– TM with CD161+CCR6+CD45RO+ TM and 
FOXP3+ Treg cells with CD25+CD127lo Treg cells. The mass cytom-
etry-defined CD161– and CD161lo subpopulations (Fig. 1e) could 
not be discriminated in the RNA-seq dataset. One additional RNA-
seq-identified subpopulation corresponded to proliferating cells, 
on the basis of the expression of genes associated with cell division 
(CCNB2, CDK1 and MKI67) (Fig. 2a,b).

As CD45RA and CD45RO were not detectable, we used other 
markers to distinguish TM from TN clusters. To compare gene or 
marker expression among cell clusters, we used violin plots, display-
ing the mode average as the thickest section (Fig. 2c–e). Consistent 
with the mass cytometry data, RNA-seq-defined TN cells were 
KLRB1–CCR7+SELL+/– (Fig. 2c,d), the latter confirmed by flow 
cytometry (Fig. 2e and Supplementary Fig. 3a). In the absence of 

TM-associated markers, SELL– TM cell populations were identified on 
the basis of differential expression of KLRB1 and CCR6 (Fig. 2c,d).  
Consistent with the mass cytometry data, expression of KIT 
(CD117) was restricted primarily to KLRB1+CCR6+SELL– TM cells 
(Supplementary Fig. 3b). Moreover, the gene expression profile of 
the IL2RA+IL7RloFOXP3+ Treg cell population (Fig. 2c) corresponded 
to the mass cytometry-defined CD25+CD127lo Treg cells (Fig. 2d).  
In addition, several RNA transcripts, including LAG3, TIGIT, 
CTLA4 and TNFRSF18 (or glucocorticoid-induced TNFR-related) 
ascertained the identity of FOXP3+ Treg cells (Fig. 2b). Finally, the 
RNA-seq data revealed an undefined TM cluster that was not iden-
tified by mass cytometry, but expressed genes similar to those 
detected in the KLRB1+CCR6+SELL– TM subpopulation, such as 
CD69, CCL5 and JAML. Cell population frequencies identified by 
mass cytometry and RNA-seq were comparable with the exception 
of mass cytometry-defined CD25+CD127lo Treg cells and RNA-seq-
defined FOXP3+ Treg cells (Supplementary Fig. 3c).

Compared with the CCR7+ TN population, KLRB1lo/–SELL– TM, 
KLRB1+CCR6–SELL– TM, KLRB1+CCR6+SELL– TM and undefined 
TM subpopulations had high expression of the tissue-resident and 
activation-associated gene CD69, the differentiation-promoting 
gene ANXA1 (Annexin A1), the chemokine-like factor CKLF, the 
cytokine IL32, the proliferation-associated gene JUN (C-Jun) and 
the adhesion molecule JAML (Fig. 3a). CD40LG (CD154), TNFSF14 
and TGFB1 were specifically upregulated by KLRB1+CCR6–SELL– 
TM, KLRB1+CCR6+SELL– TM and undefined TM clusters, while CCL5 
and MAP3K8 kinase were upregulated by KLRB1+CCR6–SELL– TM 
and undefined TM subpopulations. Moreover, IL4I1 was specifically 
expressed by KLRB1+CCR6+SELL– TM and undefined TM cells. In 
addition, all fetal SELL– TM subpopulations had high expression of 
the tissue-resident genes ITGAE (CD103) and/or CD38 (Fig. 3a).

In agreement with the RNA-seq data, flow cytometry indicated 
that the activation markers CXCR3, CCR4, CD69 and CD226 were 
highly expressed on CCR7– TEM cells (Fig. 3b). All CD4+ T cells 
expressed CD95, with the highest expression on CD161+ TEM cells 
(Fig. 3b). Expression of CD31, a marker associated with recent thy-
mic emigrants17, was highest on CD45RA+ TN cells (Fig. 3b). Thus, 
RNA-seq confirmed the existence of distinct subpopulations of 
CD4+ T cells and indicated that many genes associated with inflam-
mation and tissue residency were upregulated by fetal CD4+ TM 
cells, consistent with antigen-driven functionality and maturation.

Computational analysis reveals a differentiation pathway of 
CD4+ T cells. We next visualized the evolution of the t-SNE com-
putation of the mass cytometry and RNA-seq data to reveal the 
ordering of single cells along putative differentiation trajectories12,15. 
At the onset of the mass cytometry data computation, where cells 
are grouped on the basis of major shared features, CD25+CD127lo 
Treg cells clustered separately from the other cells, whereas the other 
cell clusters were ordered in a linear fashion with the CD45RA+ 
TN cells next to the CD161lo/–CD45RO+ TM cells, followed by the 
CD161+CCR6–CD45RO+ TM cells and the CD161+CCR6+CD45RO+ 
TM cells, consecutively (Fig. 4a). A similar phenotypic ordering 
was observed in parallel analyses of the RNA-seq data, although 
the KLRB1+CCR6+SELL– TM subpopulation aligned differently, 
but remained connected with the KLRB1+CCR6–SELL– TM cluster  
(Fig. 4b). Individual marker expression patterns at the middle 
of the t-SNE computation validated the ordering of the clusters 
and the comparability of the mass cytometry and RNA-seq data 
(Supplementary Fig. 4a,b). Similar patterns were identified using 
Diffusion map18, VorteX19 and principal component analysis 
(PCA)20 (Supplementary Fig. 4c–f). Therefore, this analysis reveals 
a putative differentiation pathway leading to TM formation.

To extend our analysis of the gene expression profiles underly-
ing this putative differentiation trajectory, we used the pseudotime 
algorithm in the Monocle toolkit21,22, which calculates the ordering 
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of individual cells on the basis of single-cell expression profiles. On 
the basis of this analysis, CCR7+ TN cells were separated from SELL– 
TM cells (Fig. 4c). When we clustered genes according to expression 
patterns along the pseudotime trajectory, cell-to-cell transitioning 

could be explained by the kinetics of 1,376 variable genes, which 
formed three large modules (Fig. 4d). The first module contained 
540 genes associated with CCR7+ TN cells, including SELL, CCR7, 
CD27 and CD28 (Fig. 4d). The second module contained 453 genes, 
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Fig. 2 | Single-cell RNA sequencing of fetal intestinal CD4+ T cells. a, t-SNE embedding of fetal intestinal CD4+ T cells (n =  1,804) showing seven 
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many of which were associated with an ongoing transcriptional 
program, such as RPL21, RPS2 and RPLP1. The highest activity 
of this transcriptional gene expression profile coincided with the  

transition of cells with a CCR7+ TN phenotype into cells with a SELL– 
TM phenotype (Fig. 4c,d). The third module contained 383 genes 
(Fig. 4d), 106 of which were associated with cellular activation and 
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regulation of the immune system (Supplementary Fig. 5a), while 
133 encoded proteins known to interact physically with each other 
(Supplementary Fig. 5b). In addition, 23 genes in module 3 could 
be assigned to cytokine or chemokine receptor pathways, including 
CCL20 and its receptor CCR6, the interferon receptor IFNGR1, TNF 
family members and IL-1 and IL-17 receptors (Supplementary Fig. 5b).  
Several signaling cascades were also represented in module 3, 
including the MAPK, TNF, IL-17 and TCR signaling pathways (FYN, 

LCP2, SOS1, MAP3K8 kinase, FASL and TNF) (Fig. 4d). The helper 
TH17-associated gene RORC was expressed in module 3 (Fig. 4d).  
In addition, the dynamic expression profiles of FYN, FASL and TNF 
clustered tightly with KLRB1 (CD161) (Fig. 4d) at the point in the 
pseudotime trajectory where CCR7+ TN cells were aligned next to 
SELL– TM cells (Fig. 4d). Finally, we quantified the smoothness of 
cell-to-cell transitioning on the basis of gene expression changes 
along the trajectory, which showed that the pseudotime trajectory 
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was most uncertain at the beginning and toward the end, but quite 
robust in the middle, where CCR7+ TN cells were aligned next to 
SELL– TM cells (Fig. 4d). In total, these results identified temporal 
patterns of gene expression along the single-cell trajectory that are 
compatible with the transition of cells displaying a TN phenotype 
into cells with a TM phenotype.

TCR analysis reveals clonal expansion of fetal CD4+ T cells. 
Surface expression of CD5 correlates with TCR avidity23–26. Because 
CD5 gene expression was upregulated in TM cells compared with TN 
cells, we quantified CD5 expression on all identified fetal intestinal 
CD4+ T cell subsets using flow cytometry. We observed that all the 
CD4+ T cell subsets expressed CD5 (Fig. 5a), but that the median 
fluorescence intensity was higher in CD161− TM, CD161+CD117– 
TM and CD161+CD117+ TM cells and lower in CD25+CD127lo 
Treg cells and CD45RA+ TN cells (Fig. 5a–c), suggesting that cells  
with a TM phenotype express TCR with a higher avidity compared 
with TN cells.

Next, we evaluated the TCR clonotypic architecture of flow-sorted 
fetal intestinal CD45RA+ TN, CD45RO+ TM and CD25+CD127lo Treg 
subpopulations. Analysis of the TCRβ  rearrangements in a single 
fetal intestine indicated limited overlap among the distinct subpop-
ulations, most of which were highly polyclonal (data not shown). 
Distinct clonotypes were expanded among CD45RO+ TM cells com-
pared with CD45RA+ TN cells (Supplementary Fig. 6a). We then 
used a quantitative high-throughput approach for deep sequencing 
of TCRα  and TCRβ  rearrangements in all identified fetal intesti-
nal CD4+ T cell subsets isolated from two additional fetal intestines 
(Supplementary Table 2). Post-analysis of the repertoires obtained 
was conducted using VDJtools27. As expected, all TM subpopula-
tions showed greater clonality compared with the TN subpopulation  
(Fig. 5d,e). The averaged characteristics of CDR3 length, added N 
nucleotides and physicochemical characteristics of the five amino 
acid residues located in the middle of the CDR3 loop, which are most 
likely to contact the peptide–MHC complex28, also differed among 
all subpopulations (Fig. 5f). The latter analysis included the aver-
aged statistical potential of the CDR3 loop with respect to epitope 
interactions, comprising the estimated ‘energy’ of the interaction 
with a random epitope29, the ‘strength’ of the interaction (deriva-
tive of ‘energy’, VDJtools27), hydrophobicity (Kidera factor 4)30,31 and 
‘volume’ (values from http://www.imgt.org/IMGTeducation/Aide-
memoire/_UK/aminoacids/IMGTclasses.html). These analyses pro-
vided no evidence for clonal expansion of CD4+ T cells as a function 
of intrinsically high TCR avidities for self-derived peptide–MHC 
complexes (Fig. 5d–f), suggesting indirectly that antigen-specific 
interactions triggered clonal selection of CD4+ T cells from the TN 
cell pool. Analysis of V–J segment use (Jensen–Shannon divergence; 
Supplementary Fig. 6b) and overlaps among repertoires in terms of 
the weighted proportion of shared TCRβ  clonotypes revealed tightly 
clustered technical replicates and clearly distinguished all subpopu-
lations of CD4+ T cells (Fig. 5g). At the same time, the CD161– TM, 
CD161+CD117– TM and CD161+CD117+ TM cells clustered similarly 
in each fetus, with minimum overlap with the CD45RA+ TN and 
CD25+CD127lo Treg cells (Fig. 5g). Analysis of the clonal overlap of 
amino acid CDR3 repertoires between the same populations in the 
two fetal intestines revealed that the CD161– TM, CD161+CD117– 
TM and CD161+CD117+ TM populations displayed much stronger 
overlap than the CD45RA+ TN and CD25+CD127lo Treg CD4+ T cells 
(Supplementary Fig. 6c), which could be explained by TCR selec-
tion due to exposure to similar foreign antigens. Finally, although 
the majority of the TCR repertoire was specific for each population, 
up to 20% of the T cell clones were shared between the CD45RA+ TN 
and the three CD45RO+ TM cell populations (Supplementary Fig. 6d),  
suggesting a potential clonal relationship between CD45RA+ TN 
and CD45RO+ TM cells. These results indicate that avidity-based, 
clonotype-specific expansion of the TN pool was associated with  

TM formation and confirmed the close relationship between CD161– 
TM, CD161+CD117– TM and CD161+CD117+ TM cells.

Fetal CD4+ TM cells secrete proinflammatory cytokines. To deter-
mine the functional profiles of fetal intestinal CD4+ T cells, we 
flow-sorted CD3+CD4+ T cells and measured expression of TNF, 
IL-2, IFN-γ , IL-4, granzyme B and IL-17A in CD45RA+ TN cells  
and CD117– and CD117+ TM cells after cross-linking CD3 and 
CD28. The activation marker CD154 (CD40L) was upregulated on 
all cells analyzed (Fig. 6a,b), indicating efficient stimulation. All 
three subpopulations secreted large amounts of TNF (Fig. 6a,b), 
but CD117– TM cells and CD117+ TM cells displayed the highest 
median fluorescence intensities (Supplementary Fig. 7a). Moreover, 
IL-2, IFN-γ , IL-4 and granzyme B were more commonly expressed 
in CD117− TM and CD117+ TM cells relative to CD45RA+ TN cells 
(Fig. 6a,b). The majority of cytokine-producing CD4+ T cells did 
not express Ki-67 (Supplementary Fig. 7b). Importantly, higher 
frequencies of IL-2+IFN-γ + cells were detected in the CD117– TM 
and CD117+ TM cells compared with the CD45RA+ TN popula-
tion (Supplementary Fig. 7c), suggesting greater polyfunctionality. 
Although the TH17-associated RORC gene was expressed by 1.3% 
of KLRB1+CCR6+SELL– TM cells (Fig. 4d), IL-17A production was 
undetectable in all TM cells. Thus, fetal intestinal CD117– TM and 
CD117+ TM cells deployed multiple effector functions reminiscent 
of classical CD4+ TM cells in response to TCR-mediated signal trans-
duction and costimulation via CD28.

Fetal CD4+ T cells are colocalized with antigen-presenting cells. 
The single-cell RNA-seq analysis revealed a MKI67+ cluster of pro-
liferating cells, together with high expression of the TM cell-asso-
ciated markers KLRB1 (CD161) and CD69 and low expression of 
the TN cell-associated markers CCR7 and SELL (CD62L) (Fig. 7a). 
Flow cytometry of fetal intestinal CD4+ T cells indicated the pres-
ence of Ki-67+ cells, predominantly within the CD45RO+ compart-
ment (Fig. 7b). To assess the spatial distribution of CD4+ T cells in 
situ, we employed a panel of 15 antibodies (Supplementary Table 3) 
combined with a DNA stain to perform imaging mass cytometry 
on tissue sections of four human fetal intestinal samples. Stains for 
collagen I and smooth muscle actin were used to visualize the extra-
cellular matrix of the basement membrane, and the epithelium and 
lamina propria were distinguished as vimentin–E-cadherin+ and 
vimentin+E-cadherin–, respectively (Fig. 7c,d). Most CD4+ T cells 
localized to the lamina propria (Fig. 7c,d). Differential expression of 
CD45RA further allowed discrimination of CD45RA+ TN (Fig. 7c,d) 
from CD45RA– TM cells in the lamina propria (Fig. 7c,d). In addition, 
all CD4+ T cells expressed CD38, whereas only some CD4+ T cells  
expressed CD69 (Fig. 7d). Using a second panel comprising ten 
antibodies (Supplementary Table 3), we found that CD4+ T cells  
frequently colocalized with CD163+HLA-DR+ APCs (Fig. 7e). 
Moreover, the single-cell RNA-seq analysis of fetal intestinal cells 
revealed two clusters of cells displaying high expression of gene tran-
scripts encoding HLA-DR, CD74 (HLA-class II invariant chain), 
inhibitory molecule PD-L1 (CD274), CD80 and CD86, typically 
found in APCs. Moreover, these APCs expressed gene transcripts 
encoding CD40, consistent with an activated phenotype (Fig. 7f), 
whereas stimulated fetal intestinal CD4+ T cells expressed CD40L 
(CD154) (Fig. 6b). In addition, 25.8% of APCs had high expression 
of CCR7, potentially enabling migration to the mesenteric lymph 
nodes (Fig. 7f). Collectively, these results indicated the existence of 
CD4+ TM cells in the fetal intestine, many of which colocalized in the 
lamina propria with activated CD163+HLA-DR+ APCs.

Discussion
Here we used mass cytometry and single-cell RNA-seq to charac-
terize CD4+ T cells in the human fetal intestine. Mass cytometry 
revealed three major populations of fetal intestinal CD4+ T cells 
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(TN, TM and Treg cells), that could be further distinguished into 
eight distinct cells clusters that displayed additional heterogeneity.  
These cell clusters were present in seven human fetal intestines, 
suggesting a physiologically robust immune composition. Single-
cell RNA-seq revealed the presence of seven CD4+ T cell subpopu-
lations, five of which displayed phenotypic overlap with the mass 
cytometry-defined CD4+ T cell subpopulations. We used compu-
tational tools to construct putative CD4+ T cell differentiation tra-
jectories. Using adapted t-SNE32, we obtained remarkably similar 
trajectories for the mass cytometry and RNA-seq data. We identi-
fied three distinct gene expression modules along the differentiation 
trajectory that corresponded to an increase in gene translation and 

subsequent activation of immune-related genes. In addition, high-
throughput TCR sequencing indicated clonal expansions within the 
CD4+ TM cell pool, consistent with the evidence for cell proliferation 
within the CD45RO+ TM pool that was obtained at both the mes-
senger RNA and protein level. Moreover, CD4+ TM cells secreted 
higher amounts of proinflammatory cytokines on TCR triggering 
compared with CD4+ TN cells. Finally, fetal intestinal CD4+ TM cells 
displayed a tissue-resident profile and were frequently found to 
colocalize with APCs in the lamina propria. Together, this suggeste 
that clonotype-specific transcriptional programs regulated by anti-
gen encounter underpinned the formation of CD4+ TM cells in the 
fetal intestine.
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T cells in umbilical cord and peripheral blood obtained from 
infants aged 2 months were reported to display a typical CD45RA+ 
TN phenotype3. The observation herein that a large pool of CD45RO+ 
cells with a tissue-resident profile populated the fetal intestine sug-
gests the compartmentalization of the immune system early in life. 
In conjunction with the earlier finding that clonally expanded T 
cells were present in the fetal intestine, but virtually absent in other 
fetal organs4, our results further suggest that memory formation was 
driven by local exposure to foreign antigens. The observation that 
there is a substantial overlap in the amino acid CDR3 repertoires of 
the memory CD4+ T cells compartment in the two fetuses analyzed 
may indicate exposure to similar foreign antigens.

Approximately 50% of all fetal intestinal CD4+ T cells were 
CD161+ and transcriptionally distinct from their CD161– coun-
terparts, consistent with a recent study33. The kinetics of KLRB1 
(CD161) expression was preceded by increased expression of CD5 
and coincided with increased expression of several TCR signaling 
genes, including FYN, FASL and TNF, suggesting a coordinated pro-
gram of transcription. Of note, CD161 was identified as a costimu-
latory molecule in the context of TCR stimulation33.

Although the mass cytometry and RNA-seq data were largely 
compatible, there were exceptions. For example, coexpression 
of CCR6 and KIT among KLRB1+CCR6+SELL– TM cells was not 
reflected in the gene expression profiles. Conversely, expression of 
ITGAE (CD103) mRNA was not reflected by protein expression. 
These anomalies were probably attributable to discordant gene 
transcription and protein expression34 and may also relate to differ-
ences in sensitivity of the techniques used.

The presence of a large population of TN cells in the fetal intes-
tine is in stark contrast to the predominace of TM cells in the adult 
intestine. As the TN cells expressed relatively high amounts of CD31, 
which demarcates recent thymic emigrants, our results indicate 
direct migration of recent thymic emigrants into the intestine35,36. 
We propose that antigen-specific priming of TN cells takes place in 
the mesenteric lymph nodes followed by migration of the resulting 
TM cells to the lamina propria leading to a progressive loss of TN 
cells. Similarly, memory formation is taking place in the CD8+ T cell 
compartment (not shown).

Distinct subpopulations of fetal intestinal Treg cells were distin-
guished by several markers, including high expression of CD25 
and Foxp3, and a lack of CD127. In line with previous results37, 
approximately 50% of these cells expressed CD45RO, while the 
remainder expressed CD45RA. The CD45RA+ Treg cells expressed 
TCRs with longer CDR3β  loops, higher numbers of added N 
nucleotides and distinct physicochemical characteristics, suggest-
ing higher affinities for self-antigens compared with CD45RO+ 
Treg cells38. The presence of oligoclonal T cell expansions in fetuses 
with autoimmune conditions associated with a genetic absence of 
Treg cells indicate a key role for these cells in immune suppression 
in utero39.

In conclusion, our study revealed a putative differentiation tra-
jectory in the fetal intestinal CD4+ T cell compartment, consistent 
with the formation of TM cells in utero, presumably as a consequence 
of exposure to foreign antigens. These could include non-inherited 
maternal HLA molecules40 and pathogen-derived ligands, which 
could be derived from amniotic fluid8,9. We propose that immune 
priming in the fetal intestine prepares the infant for the massive 
influx of bacteria that occurs immediately after birth, with anam-
nestic responses in situ facilitated by the colocalization of CD4+ TM 
cells with APCs.
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Methods
Sample processing and cell isolation. Fetal tissues were obtained from elective 
abortions with informed consent. The gestational age ranged from 14 to 22 weeks. 
Intestines were separated from mesentery, cut into small pieces, embedded in 
optimal cutting temperature compound and snap-frozen in isopentane. The 
remaining intestines were used for single-cell isolation as described previously12. 
Briefly, fetal intestines were cleared of meconium, cut into fine pieces, treated with 
1 mM dithiothreitol (Fluka) for 2 ×  10 min (replacing buffer) at room temperature, 
and then incubated with 1 mM ethylenediaminetetraacetic acid (Merck) for 2 ×  1 h 
(replacing buffer) at 37 °C under rotation to separate the epithelium from the 
lamina propria. To obtain single-cell suspensions from the lamina propria, the 
intestines were rinsed with Hank’s balanced salt solution (ThermoFisher Scientific), 
incubated with 10 U ml−1 collagenase IV (Worthington) and 200 µ g ml−1 DNAse  
I grade II (Roche Diagnostics) overnight at 37 °C, and filtered through a 70 µ m 
nylon mesh. Isolated cells were then further purified with a Percoll gradient  
(GE Healthcare). Fetal liver and spleen tissues were cut into small pieces and 
filtered through a 70 µ m nylon cell strainer and the immune cells were isolated  
with Ficoll-Paque density gradient (provided by the pharmacy of Leiden  
University Medical Center). All the isolated cells were stored in liquid nitrogen. 
Study approval was granted by the Medical Ethics Commission of Leiden 
University Medical Centre (protocol P08.087). All experiments were conducted  
in accordance with local ethical guidelines and the principles of the Declaration  
of Helsinki.

Cell suspension mass cytometry. Antibodies used for cell suspension mass 
cytometry are listed in Supplementary Table 1. Purified antibodies lacking carrier 
protein were conjugated with metal reporters by using a MaxPar X8 Antibody 
Labeling Kit (Fluidigm). Procedures for antibody staining and data acquisition 
were described previously41. Briefly, cells from fetal intestines were incubated with 
5 µ M Cell-ID Intercalator-103Rh (Fluidigm) for 15 min at room temperature and 
then stained with a cocktail of metal-conjugated antibodies for 45 min at room 
temperature. After washing, cells were incubated with 125 nM Cell-ID Intercalator-
Ir (Fluidigm) in MaxPar Fix and Perm Buffer (Fluidigm) overnight at 4 °C. Data 
were acquired using a CyTOF 2 mass cytometer (Fluidigm) and normalized  
using EQ Four Element Calibration Beads with the reference EQ Passport 
P13H2302 (Fluidigm).

Imaging mass cytometry. Antibodies used for imaging mass cytometry are 
listed in Supplementary Table 3. Purified antibodies lacking carrier protein 
were conjugated with metal reporters by using a MaxPar X8 Antibody Labeling 
Kit (Fluidigm). Snap-frozen human fetal intestinal biopsies were sectioned at a 
thickness of 5 μ m and fixed by incubating with 1% paraformaldehyde for 5 min 
at room temperature followed by 100% methanol for 5 min at –20 °C. After 
fixation, tissue sections were washed in Dulbecco’s phosphate-buffered saline 
(ThermoFisher Scientific) containing 0.5% bovine serum albumin and 0.05% 
Tween, rehydrated in additive-free Dulbecco’s phosphate-buffered saline, washed 
again and blocked with Superblock Solution (ThermoFisher Scientific). Tissue 
sections were then stained with a cocktail of metal-conjugated antibodies overnight 
at 4 °C, washed and incubated with 125 nM Cell-ID Intercalator-Ir for 30 min at 
room temperature. After a further wash, tissue sections were dipped in Milli-Q 
water (Merck Millipore) for 1 min and dried for 20 min at room temperature. Data 
were acquired using a Hyperion imaging mass cytometer (Fluidigm) at a resolution 
of 1 µ m, with settings aligned to company guidelines. The ablation frequency was 
200 Hz, and the energy was 6 dB. Regions of interest were acquired at a size of 
1 ×  1 mm2. All data were stored as MCD files and txt files.

Single-cell RNA sequencing. Single, live, CD8a–TCRγ δ –CD4+ cells from the 
intestines of fetus no. 6 were sorted using a FACSAria III flow cytometer (BD 
Biosciences). Post-sort purity was 96.5%. Single-cell RNA sequencing was 
performed as described previously42. Briefly, cells combined with oil, reagents and 
beads were loaded on a Chromium Single Cell Controller (10x Genomics). Lysis 
and barcoded reverse transcription of polyadenylated mRNA from single cells were 
performed inside each gel bead emulsion. Next-generation sequencing libraries 
were prepared in a single bulk reaction, and transcripts were sequenced using a 
HiSeq4000 System (Illumina).

Integrated data analysis. For cell suspension mass cytometry, data from single, 
live, CD45+ cells, gated individually using Cytobank as shown in Supplementary 
Fig. 1a, were sample-tagged and hyperbolic-arcsinh-transformed with a cofactor 
of 5 using Cytosplore+HSNE software13. The major immune lineages shown in 
Supplementary Fig. 1b were then identified at the overview level by performing 
a three-level HSNE analysis carried out with default parameters (perplexity: 30; 
iterations: 1,000). All t-SNE plots and Gaussian mean-shift clustering-derived cell 
clusters were generated in Cytosplore15. Hierarchical clustering of the phenotype 
heat map was created with Euclidean correction and average linkage clustering in 
Cytosplore+HSNE. Violin plots for cytometry data were generated in R. Diffusion 
map plots for mass cytometry data were generated using the ‘density’ package in 
R. Single-cell force-directed layouts for mass cytometry data were generated using 
VorteX software19. For imaging mass cytometry, all images were generated using 

MCD Viewer software v1.0.560 (Fluidigm). For single-cell RNA-seq, single-cell 
transcriptome sequencing data were processed using the single-cell RNA-seq 
package Seurat in R16. The Seurat object was generated by following the criteria 
that each gene was expressed by at least three cells and that at least 200 genes were 
expressed per cell. Data were further filtered on the basis of the parameters: (1) 
unique gene count per cell > 200 and < 2,000; and (2) mitochondrial percentage 
of all genes < 0.05. After log-normalization, a PCA-reduction analysis (pcs.
compute =  20) was performed on the basis of the 2,174 variable genes across single 
cells. Next, graph-based clustering detection and a t-SNE algorithm were applied 
to the top 13 PCA dimensions. The resolution for cluster detection was 0.8. Heat 
maps, PCA plots, diffusion map plots and violin plots of the RNA-seq data were 
generated using the Seurat package. The t-SNE plots for RNA-seq data shown in 
Fig. 4b were generated in Cytosplore+HSNE. Only genes with local standardization 
(> 0.5) across all cells were taken into account. Bar graphs and dot plots (showing 
mean and s.d.) were generated in Prism (GraphPad). The pseudotime analysis 
shown in Fig. 4c,d was performed using the Monocle 2 toolkit in R as described 
previously22, excluding unrelated Treg cells. Briefly, the single-cell trajectory was 
inferred using the dpFeature unsupervised procedure to identify variable genes, 
and the dimensions were reduced using t-SNE on the top high-loading principal 
components. The top 1,000 significant genes were selected as the ordering genes 
and reduced with the DDRTree method for the single-cell graph shown in Fig. 4c. 
Variable genes were selected at a significant false discovery rate of < 10%, clustered 
by pseudotemporal expression patterns, and visualized in a heat map in Fig. 4d. 
We performed gene list enrichment analysis using ToppGene43, gene interaction 
network analysis using the BioGrid interaction database44 and gene pathway 
analysis using the Kyoto Encyclopedia of Genes and Genomes45.

Flow cytometry. For surface staining, cells were incubated with fluorochrome-
conjugated antibodies and human Fc block (BioLegend) for 30–45 min at 4 °C. 
For intracellular cytokine/CD154 staining, cells were stimulated with CD3/CD28-
specific (2.5 µ g ml−1 each, BioLegend) or control antibodies (5 µ g ml−1, BioLegend) 
for 4 h at 37 °C. Brefeldin A (10 µ g ml−1, Sigma) was added for the final 3 h. Cells 
were then fixed/permeabilized using Fixation Buffer and Intracellular Staining 
Perm Wash Buffer (BioLegend). For intracellular Foxp3/Ki-67 staining, cells were 
prepared using a Foxp3 Staining Buffer Set (eBioscience). Electronic compensation 
was performed using individually stained CompBeads (BD Biosciences). Cells were 
acquired using an LSR II cytometer (BD Biosciences) or sorted using a FACSAria 
III flow cytometer (BD Biosciences) as shown in Supplementary Fig. 3a. Data were 
analyzed with FlowJo software v10 (Tree Star Inc.). The antibodies used in this 
study are listed in Supplementary Table 4.

TCR repertoire analysis. CD4+ T cell subsets were sorted according to the gating 
strategy shown in Supplementary Fig. 3a. For conventional sequencing, a total 
of 5,000 cells per subset was sorted directly into RNAlater (Applied Biosystems) 
using a FACSAria III flow cytometer (BD Biosciences). All expressed TCRβ  
rearrangements were amplified using a template-switch anchored RT–PCR, 
sequenced and analyzed as described previously46. Gene use was determined 
according to the ImMunoGeneTics nomenclature47.

For high-throughput sequencing, an average of 6,700 ±  2,000 cells per subset 
was sorted directly into RLT buffer (Qiagen) using a FACSAria III flow cytometer 
(BD Biosciences). Four volumes of TRIzol (Invitrogen) were then added to the 
RLT cell lysate. RNA was extracted according to the TRIzol Reagent User Guide. 
Unique molecular identifier-labeled 5′  RACE TCRα  and TCRβ  complementary 
DNA libraries were prepared using a Human TCR Profiling Kit (MiLaboratory 
LLC). All extracted RNA was used for cDNA synthesis, and all synthesized cDNA 
was used for PCR amplification. Libraries were prepared in parallel using the same 
number of PCR cycles and sequenced in parallel using a 150 +  150 base pair MiSeq 
System (Illumina). This approach generated a total of 11,310,000 TCRα  and TCRβ  
sequencing reads (250,000 ±  150,000 reads per library), from which 625,000 unique 
molecular identifier-labeled TCR cDNA molecules (13,500 ±  7,000 molecules per 
library) were extracted using MIGEC48 and MiXCR49 software with a threshold 
of at least two sequencing reads per unique molecular identifier. Each library 
contained an average of 3,500 ±  1,300 functional (in-frame, without stop codons) 
CDR3 nucleotide sequences. Averaged TCR repertoire characteristics weighted by 
clonotype size were analyzed using VDJtools software27. Gene use was determined 
according to the ImMunoGeneTics nomenclature47.

Statistics. Results are shown as mean ± s.e.m. The statistics tests used were two-
tailed Wilcoxon matched-pairs signed-ranks test and Kruskal–Wallis test with 
Dunn’s test for multiple group comparisons, as appropriate (after normality test). 
P ≤  0.05 was considered to be statistically significant. All statistics were analyzed 
using GraphPad Prism7 software.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Mass cytometry data are available via Flow Repository (https://flowrepository.org/
id/FR-FCM-ZYRD). Single-cell RNA-seq data are available via Gene Expression 
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Omnibus accession code GSE122846. The remaining data that support the 
findings of this study are available from the corresponding author upon  
reasonable request.
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Supplementary Figure 1 
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Mass cytometric analysis of fetal intestinal immune cells. 

(a) Biaxial plots from one fetal intestine showing the gating strategy for single, live, CD45+ cells analyzed by mass 
cytometry (n = 7). (b) First-level HSNE embedding of CD45+ immune cells (n = 224,286) derived from fetal intestines (n = 
7). Each dot represents a landmark. The size of each landmark is proportional to the number of cells that the landmark 
represents. Colors indicate ArcSinh5-transformed expression values. (c) t-SNE embedding showing all CD4+ T cells (n = 
110,332) derived from fetal intestines (n = 7). Colors indicate the ArcSinh5-transformed expression values. 
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Supplementary Figure 2 

Mass cytometric analysis of the fetal CD4+ T cell compartment across tissues. 

(a) t-SNE embedding of all CD4+ T cells (n = 9.7 x 104) derived from fetal intestines (n = 6.6 x 104 cells from 7 samples), 
fetal livers (n = 1,530 cells from 3 samples), and fetal spleens (n = 3.0 x 104 cells from 3 samples). Colors indicate tissue 
origin. Downsampling was performed for samples with more than 10,000 CD4 + T cells. (b) Bar graphs showing the 
quantification of Treg cells and TN cells, TCM cells, and TEM cells among fetal CD4+ T cells across tissues. TN cells: 
CD45RA+CCR7+; TCM cells: CD45RA-CCR7+; TEM cells: CD45RA-CCR7-.  Fetal liver and spleen, n = 3 independent samples; 
fetal intestine, n = 7 independent samples. Error bars indicate mean ± SEM. **p <0.01, Kruskal-Wallis test with Dunn’s 
test for multiple comparisons.  
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Supplementary Figure 3 

Identification of CD4+ T cell clusters in fetal intestines. 

(a) Representative biaxial plots showing the gating strategy for TN, CD161- TM, CD161+CD117- TM, CD161+CD117+ TM and 
Treg cell clusters derived from one fetal intestine analyzed by flow cytometry for expression of CD3, CD4, CD8a, CD25, 
CD45RA, CD45RO, CD117, CD127, CD161 and TCRγδ (n = 10). (b) Expression (log-normalized) of KIT as determined by 
single-cell RNA-seq analysis, presented as violin plots. Colors indicate different cell clusters. (c) Bar plot depicting cell 
frequencies for clusters identified by mass cytometry and RNA-seq. 
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Supplementary Figure 4 

Single-cell trajectories of fetal intestinal CD4+ T cells. 

(a-b) t-SNE embeddings of all fetal intestinal CD4+ T cells analyzed in (a) the mass cytometry dataset (n = 10,436 cells, 35 

proteins) and (b) the RNA-seq dataset (n = 1,743 cells, 300 variable genes) at the middle of the t-SNE computation. 

Colors indicate marker expression. (c) Diffusion map and (d) VorteX analysis of all fetal intestinal CD4+ T cells analyzed in 

mass cytometry dataset (n = 10,436 cells, 35 proteins). Colors indicate different cell clusters. (e) Diffusion map and (f) 

PCA analysis of all fetal intestinal CD4+ T cells analyzed in the RNA-seq dataset (n = 1,743 cells, 2,174 variable genes). 

Colors indicate different cell clusters. 
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Supplementary Figure 5 

Immune-related genes in the pseudo-time-dependent gene module. 

(a) Table listing 106 immune-related genes kinetically enriched in the pseudotime-dependent third gene module (Fig. 
4d). (b) Interaction network of the pseudotime-dependent third gene module using Esyn. Orange lines indicate 
literature-described physical interactions of the gene-encoded proteins. Orange nodes indicate genes enriched in 
immunological processes. 
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Supplementary Figure 6 

TCR sequencing of distinct CD4+ T cell populations. 

(a) Dot plot showing the percentage of reads per unique TCRβ sequence in each cluster. Number of unique TCRβ 
sequences per cluster: TN cells, 59; CD161- TM  cells, 54; CD161+CD117-  TM  cells, 37; CD161+CD117+ TM  cells, 51; Naive Treg 
cells, 29; Memory Treg cells, 50. (b) Hierarchical clustering of CD4+ T subpopulations based on individual V-J 
rearrangements in theTCRα (TRA) and TCRβ (TRB) datasets. Colors indicate different fetal intestines. (c) Dot plot showing 
weighted clonal overlaps for TCRβ amino acid sequences among clusters from two different fetal intestines analyzed 
using the F2 similarity metric in VDJtools. (d) Chord diagram showing clonal overlaps among different cell clusters. 
Numbers in the yellow circle indicate the total numbers and frequencies (parentheses) of private TCRβ clonotypes 
among TN cells. Numbers outside the plot border indicate the total numbers and frequencies (parentheses) of unique 
TCRβ clonotypes shared among TN cells and other CD4+ T cell subpopulations. (a) Conventional sequencing, (b-d) high-
throughput sequencing. 
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Supplementary Figure 7 

Cytokine production by fetal intestinal CD4+ T cells. 

(a-c) Purified fetal intestinal CD4+ T cells were treated with a control antibody or stimulated with anti-CD3 and anti-CD28 
for 4 h. Intracellular expression of TNF, IFN-γ, IL-2, IL-4 and Ki-67 was determined for each subpopulation by flow 
cytometry. (a) Dot plot showing the median fluorescence intensity (MFI) of TNF for each cell cluster relative to 
corresponding CD117+ TM subpopulation in each fetal intestine (n = 4) after stimulation with anti-CD3 and anti-CD28. 
Data represent two independent experiments. (b) Representative biaxial plots showing coexpression of cytokines vs. Ki-
67 for the indicated cell clusters after stimulation with anti-CD3 and anti-CD28. (c) Pie charts depicting coexpression 
profiles of IFN-γ and IL-2 for the indicated cell clusters from fetal intestines (n = 2) after stimulation with anti-CD3 and 
anti-CD28. Data represent two independent experiments. 
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Table S1  CyTOF antibody panel 

Antigen Tag Clone Supplier Cat. 
Final  
dilution 

1 CD127 
165

Ho AO19D5 Flui 3165008B 1/800 

2 CCR6 
141

Pr G034E3 Flui 3141003A 1/200 

3 CD8a 
146

Nd RPA-T8 Flui 3146001B 1/200 

4 CD11c 
162

Dy Bu15 Flui 3162005B 1/200 

5 CD38 
172

Yb HIT2 Flui 3172007B 1/200 

6 CD45 
89

Y HI30 Flui 3089003B 1/100 

7 CD117 
143

Nd 104D2 Flui 3143001B 1/100 

8 CD4 
145

Nd RPA-T4 Flui 3145001B 1/100 

9 CD16 
148

Nd 3G8 Flui 3148004B 1/100 

10 CD25 
149

Sm 2A3 Flui 3149010B 1/100 

11 CD123 
151

Eu 6H6 Flui 3151001B 1/100 

12 CD7 
153

Eu CD7-6B7 Flui 3153014B 1/100 

13 CD163 
154

Sm GHI/61 Flui 3154007B 1/100 

14 CCR7 
159

Tb G043H7 Flui 3159003A 1/100 

15 CD14 
160

Gd M5E2 Flui 3160001B 1/100 

16 CD161 
164

Dy HP-3G10 Flui 3164009B 1/100 

17 CD27 
167

Er O323 Flui 3167002B 1/100 

18 CD45RA 
169

Tm HI100 Flui 3169008B 1/100 

19 CD3 
170

Er UCHT1 Flui 3170001B 1/100 

20 PD-1 
175

Lu EH 12.2H7 Flui 3175008B 1/100 

21 CD56 
176

Yb NCAM16.2 Flui 3176008B 1/100 

22 CD11b 
144

Nd ICRF44 Flui 3144001B 1/100 

23 TCRγδ 
152

Sm 11F2 Flui 3152008B 1/50 

24 HLA-DR 
168

Er L243 BioL 307651 1/200 

25 CD20 
163

Dy 2H7 BioL 302343 1/200 

26 CD34 
142

Nd HIB19 BioL 343531 1/100 

27 IgM 
150

Nd MHM88 BioL 314527 1/100 

28 CD103 
155

Gd Ber-ACT8 BioL 350202 1/100 

29 CRTH2 
156

Gd BM16 BioL 350102 1/100 

30 CD28 
171

Yb CD28.2 BioL 302902 1/100 

31 CD45RO 
173

Yb UCHL1 BioL 304239 1/100 

32 CD122 
158

Gd TU27 BioL 339002 1/50 

33 KLRG-1 
161

Dy REA261 MACS 120-014-229 1/50 

34 CD8b 
166

Er SIDI8BEE ebio 14-5273 1/50 

35 NKp46 
174

Yb 9E2 BioL 331902 1/40 

Fluidigm (Flui), eBioscience (eBio) and Biolegend (BioL). 
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sample_id fetus subset chain replicate cells sorted Total_reads cDNA_molecules_UMI Reads_per_UMI_threshold cDNA_molecules_UMI_after_filtering Clonotypes

Intestine 1_CD117T_TRA_1 Intestine 1 CD161+CD117+ Tm TRA 1 7140 175103 45659 2 11859 3724

Intestine 2_CD117T_TRA_1 Intestine 2 CD161+CD117+ Tm TRA 1 7507 556612 98407 2 18135 3970

Intestine 2_CD117T_TRA_2 Intestine 2 CD161+CD117+ Tm TRA 2 3124 281838 50527 2 7599 2026

Intestine 1_memoryCD161neg_TRA_2 Intestine 1 CD161- Tm TRA 2 7888 333917 66317 2 14426 4915

Intestine 1_memoryCD161neg_TRA_1 Intestine 1 CD161- Tm TRA 1 7731 254378 54054 2 13125 4713

Intestine 2_memoryCD161neg_TRA_2 Intestine 2 CD161- Tm TRA 2 7714 554393 115584 2 16868 4541

Intestine 2_memoryCD161neg_TRA_1 Intestine 2 CD161- Tm TRA 1 7617 197813 44832 2 6826 3073

Intestine 1_memoryCD161pos_TRA_2 Intestine 1 CD161+CD117- Tm TRA 2 7600 528867 103916 2 13493 4093

Intestine 1_memoryCD161pos_TRA_1 Intestine 1 CD161+CD117- Tm TRA 1 7556 219828 49602 2 10631 3671

Intestine 2_memoryCD161pos_TRA_2 Intestine 2 CD161+CD117- Tm TRA 2 7481 741432 175332 2 21492 3714

Intestine 2_memoryCD161pos_TRA_1 Intestine 2 CD161+CD117- Tm TRA 1 7581 360210 91069 2 17586 3600

Intestine 1_memoryTreg_TRA_2 Intestine 1 Memory Tregs TRA 2 2343 111156 23571 2 3957 1442

Intestine 1_memoryTreg_TRA_1 Intestine 1 Memory Tregs TRA 1 7536 119133 40023 2 8774 2757

Intestine 2_memoryTreg_TRA_1 Intestine 2 Memory Tregs TRA 1 7217 353446 93680 2 15382 2599

Intestine 1_NaiveCD161neg_TRA_1 Intestine 1 Tn TRA 1 7697 246744 57601 2 9071 4182

Intestine 1_NaiveCD161neg_TRA_2 Intestine 1 Tn TRA 2 7654 153032 42957 2 9550 4278

Intestine 2_NaiveCD161neg_TRA_2 Intestine 2 Tn TRA 2 7672 298840 69436 2 11419 4289

Intestine 2_NaiveCD161neg_TRA_1 Intestine 2 Tn TRA 1 7542 418501 82985 2 8439 3216

Intestine 1_nTreg_TRA_1 Intestine 1 Naïve Tregs TRA 1 7140 66778 22677 2 5103 2916

Intestine 2_nTreg_TRA_1 Intestine 2 Naïve Tregs TRA 1 716 31684 8182 2 1267 531

Intestine 1_CD117T_TRB_1 Intestine 1 CD161+CD117+ Tm TRB 1 7140 219407 53164 2 18482 4555

Intestine 2_CD117T_TRB_1 Intestine 2 CD161+CD117+ Tm TRB 1 7507 350183 83370 2 25446 4521

Intestine 2_CD117T_TRB_2 Intestine 2 CD161+CD117+ Tm TRB 2 3124 147361 37373 2 10450 2241

Intestine 1_memoryCD161neg_TRB_2 Intestine 1 CD161- Tm TRB 2 7888 209909 60182 2 20581 5313

Intestine 1_memoryCD161neg_TRB_1 Intestine 1 CD161- Tm TRB 1 7731 294147 74522 2 21375 5517

Intestine 2_memoryCD161neg_TRB_2 Intestine 2 CD161- Tm TRB 2 7714 208020 66757 2 24319 5202

Intestine 2_memoryCD161neg_TRB_1 Intestine 2 CD161- Tm TRB 1 7617 117422 37026 2 13320 4200

Intestine 1_memoryCD161pos_TRB_2 Intestine 1 CD161+CD117- Tm TRB 2 7600 260491 64692 2 19719 4885

Intestine 1_memoryCD161pos_TRB_1 Intestine 1 CD161+CD117- Tm TRB 1 7556 161120 46178 2 16619 4452

Intestine 2_memoryCD161pos_TRB_2 Intestine 2 CD161+CD117- Tm TRB 2 7481 479970 129609 2 33397 4352

Intestine 2_memoryCD161pos_TRB_1 Intestine 2 CD161+CD117- Tm TRB 1 7581 274782 79895 2 26100 4292

Intestine 1_memoryTreg_TRB_2 Intestine 1 Memory Tregs TRB 2 2343 69426 16249 2 5620 1444

Intestine 1_memoryTreg_TRB_1 Intestine 1 Memory Tregs TRB 1 7536 141814 38439 2 13827 3133

Intestine 2_memoryTreg_TRB_1 Intestine 2 Memory Tregs TRB 1 7217 237380 72338 2 22032 2870

Intestine 1_NaiveCD161neg_TRB_1 Intestine 1 Tn TRB 1 7697 391216 77080 2 16174 5306

Intestine 1_NaiveCD161neg_TRB_2 Intestine 1 Tn TRB 2 7654 128811 42777 2 15246 5040

Intestine 2_NaiveCD161neg_TRB_2 Intestine 2 Tn TRB 2 7672 139563 53435 2 15449 4928

Intestine 2_NaiveCD161neg_TRB_1 Intestine 2 Tn TRB 1 7542 226971 59369 2 15403 4017

Intestine 1_nTreg_TRB_1 Intestine 1 Naïve Tregs TRB 1 7140 70846 30168 2 9278 3812

Intestine 2_nTreg_TRB_1 Intestine 2 Naïve Tregs TRB 1 716 19528 7090 2 2010 585

Basic_StatisticsMetadata

Table S2  Information of TCR repertoire analysis with NGS 
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Table S3 Imaging-mass cytometry antibody panel 

Antigen Tag Clone Supplier Cat. 
Final  
dilution 

Panel 

1 CD45 
89

Y HI30 Flui 3089003B 1/50 1 and 2 

2 CD3 
170

Er UCHT1 Flui 3170001B 1/100 1 and 2 

3 CD7 
153

Eu CD7-6B7 Flui 3153014B 1/100 1 and 2 

4 CD4 
145

Nd RPA-T4 Flui 3145001B 1/50 1 and 2 

5 CD38 
172

Yb HIT2 Flui 3172007B 1/50 1 and 2 

6 CD8a 
146

Nd RPA-T8 Flui 3146001B 1/50 1 and 2 

7 CD45RA 
169

Tm HI100 Flui 3169008B 1/100 1 and 2 

8 Ki-67 
166

Er D3B5 CST CST9129BF 1/200 1 

9 CD161 
164

Dy HP-3G10 Flui 3164009B 1/50 1 and 2 

10 CD69 
144

Nd FN50 Flui 3149010B 1/50 1 

11 CD163 154
Sm GHI/61 Flui 3154007B 1/100 1 and 2 

12 HLA-DR 168
Er L243 BioL 307651 1/300 2 

13 Collagen I 
147

Sm polyclonal Millipore AB758 1/100 1 

14 Vimentin 
175

Lu D21H3 CST CST5741BF 1/200 1 

15 SMA 
148

Nd 1A4 CST CST5685BF 1/200 1 

16 E-Cadherin
150

Nd 2.40E+11 CST CST3195BF 1/50 1 

Fluidigm (Flui), Cell Signaling Technology (CST) and  Biolegend (BioL) 
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Table S4 Flow cytometry antibody panel 

Antigen clone Flourchrome Supplier 

1 CD3 SK7 Amcyan BD 

2 CD4 RPA-T4 BV421 BioL 

3 CD5 L17F12 PE BD 

4 CD8a RPA-T8 BV650 BD 

5 TCRγδ 11F2 BV650 BD 

6 CD25 M-A251 PE-cy7 BD 

7 CD31 WM59 PE BD 

8 CD45RO UCHL1 PerCP/Cy5.5 BioL 

9 CD45RA HI100 PE/Dazzle BioL 

10 CD62L SK11 PE BD 

11 CD69 FN50 PE BD 

12 CD127 A019D5 PE BioL 

13 CD127 A019D5 FITC BioL 

14 CD127 A019D5 PE-cy7 BioL 

15 CD117 YB5.B8 APC BD 

16 CD154 24-31 BV605 BioL 

17 CD161 DX12 BV605 BD 

18 CXCR3 1C6 PE BD 

19 CCR4 1G1 PE BD 

20 DNAM-1 DX11 PE BD 

21 TNF MAb11 PE-cy7 ebio 

22 IFN-γ 4S.B3 PE BioL 

23 IFN-γ 4S.B3 BV421 BioL 

24 IL-4 MP4-25D2 FITC BD 

25 IL-17A BL168 BV421 BioL 

26 IL-2 MQ1-17H12 BV650 BioL 

27 Ki-67 20Raj1 FITC eBio 

28 Ki-67 20Raj1 PE eBio 

29 Granzyme B GB11 PE eBio 

30 Foxp3 PCH101 PE eBio 

eBioscience (eBio), and Biolegend (BioL). 
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Introduction 

Chapter III represents the central part of my Ph.D. thesis research. In earlier studies in our 

laboratory, we have noticed that T cell receptor structure differs in regulatory T cells (Tregs) from 

other CD4+ T cells in mice. However, it was not studied in human Treg cells. We approached the 

question on a systems level and asked 1)which functional CD4+ T cell subsets, including Tregs, 

display distinct characteristics of TCR repertoires and 2)which stage of CD4+ T cell development 

is already TCR-selected? We used deep TCR profiling of T cell subsets from 5 healthy donors and 

analyzed eight effector CD4 T cell subsets: Th1, Th2, Th2a, Th17, Th17-1, Th22, Treg, and Tfh. 

This analysis revealed unexpectedly prominent, multivariate subset-specific differences that are 

highly reproducible across unrelated donors. A similar analysis performed for the sorted naive 

CD4 T cell subsets showed that specific TCR features of Tregs (short and strongly interacting 

CDR3 region) are rooted in the selection which takes place in the human thymus. 

Furthermore, in this study, we described the shared clonotypes distribution between 

human effector CD4 subsets for the first time. We demonstrate high clonal overlap within Th17 

and Th22 functional subsets and prominent clonal exchange of both Th17 and Th22 with Th2.  

Finally, we investigate relative publicity of effector CD4 subset repertoires across donors. We 

reveal high publicity of Treg and Tfh and high privacy of Th22 and Th2a repertoires, which 

corresponds to the number of added N-nucleotides for these subsets, suggesting their earlier 

fetal and evolutionary origin. Altogether, we provide the first detailed picture of distinct 

repertoire features, clonal overlap, and publicity of helper CD4 T cell subsets. 

Contribution 

The idea of the project was conceived in discussions with Dr. Kristin Ladell, Prof. David 

Price, and Prof. Dmitry Chudakov. I participated in the experimental study design and 

prepared the antibody panel design for flow cytometry-based sorting of cell subsets. I performed 

the TCR libraries preparation with the help of colleagues Dr. Irina Shagina and Dr. Alexey 

Davydov.  

I performed the data analysis and wrote the original manuscript draft. Dr. Kristin Ladell, 

an equally contributing author, collected the donor samples, performed the FACS sorting and 

additional in vitro phenotyping experiments for functional T cell subsets.  
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Abstract The organizational integrity of the adaptive immune system is determined by

functionally discrete subsets of CD4+ T cells, but it has remained unclear to what extent lineage

choice is influenced by clonotypically expressed T-cell receptors (TCRs). To address this issue, we

used a high-throughput approach to profile the ab TCR repertoires of human naive and effector/

memory CD4+ T-cell subsets, irrespective of antigen specificity. Highly conserved physicochemical

and recombinatorial features were encoded on a subset-specific basis in the effector/memory

compartment. Clonal tracking further identified forbidden and permitted transition pathways,

mapping effector/memory subsets related by interconversion or ontogeny. Public sequences were

largely confined to particular effector/memory subsets, including regulatory T cells (Tregs), which

also displayed hardwired repertoire features in the naive compartment. Accordingly, these

cumulative repertoire portraits establish a link between clonotype fate decisions in the complex

world of CD4+ T cells and the intrinsic properties of somatically rearranged TCRs.

Introduction
Adaptive immunity relies on populations of lymphocytes that express somatically rearranged antigen

receptors, including CD4+ T cells, which differentiate from the naive pool into functionally and phe-

notypically distinct effector/memory subsets that determine how the immune system responds to

specific challenges. In the classic dichotomy, mycobacterial and viral infections typically elicit T

helper 1 (Th1) cells, which produce interferon (IFN)-g under the control of T-bet, whereas parasitic

infections typically elicit Th2 cells, which produce interleukin (IL)-4, IL-5, and IL-13 under the control

of GATA3 and STAT6 (Mosmann and Coffman, 1989). Many other subsets have been described in

the intervening years (DuPage and Bluestone, 2016; Sallusto, 2016). The importance of subset
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choice as a proximal determinant of response efficacy is apparent from various immune dysregula-

tion syndromes. For example, individuals with Th1 deficiency are predisposed to recurrent bacterial

and mycobacterial infections, and individuals with Th17 deficiency are predisposed to chronic muco-

candidiasis (McDonald, 2012; Cook and Tangye, 2009; Hernández-Santos et al., 2013). In con-

trast, systemic autoimmunity is more common in individuals with Th17 overactivity and/or regulatory

T-cell (Treg) deficiency (Osnes et al., 2013; Costa et al., 2017; Bonelli et al., 2008; Miyara et al.,

2005), and allergy is more common in individuals with a similar imbalance between Th2 cells and

Tregs (Bacher and Scheffold, 2018; McGee and Agrawal, 2006; Finotto, 2008). Pathogenic and

protective roles have also been described for Th9 and Th22 cells in the context of inflammatory skin

diseases and various autoimmune conditions, including type I diabetes (Ryba-Stanisławowska et al.,

2016) and multiple sclerosis (Rolla et al., 2014). Similarly, adverse and beneficial outcomes have

been associated with the functional attributes of tumor-specific CD4+ T cells, consistently linking

Th1-like activity with enhanced survival across a range of cancers (Protti et al., 2014). A strictly regu-

lated effector/memory CD4+ T-cell profile is therefore essential for immune function and

homeostasis.

Subset choice is dictated by the context of antigen presentation (Zhu et al., 2010; Groom et al.,

2012; Vroman et al., 2015; Baumjohann and Ansel, 2015; Waickman et al., 2017; Barberis et al.,

2018; Eisenbarth, 2019) and potentially by the mode of antigen engagement (Barberis et al.,

2018; Adams et al., 2011; Wang and Reinherz, 2012; Hoffmann et al., 2015; Sibener et al.,

2018; Constant and Bottomly, 1997; Corse et al., 2011). If the latter supposition is correct, then

generic molecular signatures may be present among subset-specific repertoires of expressed T-cell

receptors (TCRs). To explore this possibility, we systematically deconvoluted the physicochemical

and recombinatorial properties of TCRa and TCRb chains encoded by transcripts isolated from rigor-

ously defined naive and effector/memory subsets of CD4+ T cells. These characteristics provide a

broad overview of antigen recognition preferences within a given repertoire and help delineate

relatedness among distinct subsets based on patterns of clonotype selection.

Each effector/memory subset was characterized by distinct features that were recapitulated

across genetically unrelated donors, indicating a predisposition to certain fate decisions at the level

of the somatically rearranged TCR. In line with this notion, similar characteristics were observed in

some of the corresponding naive repertoires, most notably those derived from Tregs. Repertoire

overlaps further identified effector/memory subsets that were related by common ontogenetic and/

or permissible transition pathways. Collectively, these findings map the clonal ancestry and organiza-

tional complexity of the human CD4+ T-cell compartment and demonstrate that subset fate is influ-

enced by the structural topography of clonotypically expressed TCRs.

Results

Experimental logic and study design
We set out to investigate the naive origins and effector/memory relationships of classically defined

CD4+ T-cell subsets in humans. An overview of the experimental workflow designed to capture these

complexities is presented in Figure 1.

Effector/memory CD4+ T-cell subsets express physicochemically distinct
TCRs
To investigate the TCR repertoires of functionally and phenotypically distinct effector/memory CD4+

T cells, we used polychromatic flow cytometry to identify and sort the commonly recognized Tfh,

Th1, Th1-17, Th17, Th22, Th2a, Th2, and Treg subsets from the peripheral blood of healthy donors

(n = 5). The gating strategy is described in Figure 1—figure supplement 1 and Table 1. Subset fre-

quencies are listed in Table 2. The corresponding TCRa and TCRb repertoires were obtained from

purified mRNA using a high-throughput approach with template switch-based incorporation of

unique molecular identifiers (UMIs) as described previously (Egorov et al., 2015).

Statistical analyses of the curated TCRa and TCRb datasets allowed us to describe the somatically

rearranged third complementarity-determining region (CDR3) loops in terms of amino acid represen-

tation among distinct subsets of effector/memory CD4+ T cells. As in previous studies

(Bolotin et al., 2017; Izraelson et al., 2018; Egorov et al., 2018; De Simone et al., 2019;
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Logunova et al., 2020), we focused on amino acid residues located in the middle of the CDR3 loop,

which typically dominate contacts with the peptide component of any cognate pMHC

(Egorov et al., 2018), and quantified several key physicochemical properties, including hydropho-

bicity (Kidera et al., 1985) and the predicted energy of TCR interactions averaged across diverse

pMHCs (Miyazawa and Jernigan, 1996; Kosmrlj et al., 2008; Kosmrlj et al., 2010). This latter

parameter provides a generic measure of interaction strength and depends mainly on the prevalence

of aromatic and hydrophobic amino acid residues (Chakrabarti and Bhattacharyya, 2007).
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Figure 1. Experimental overview. Top: schematic representation of the general questions addressed in this study.

Bottom: schematic representation of the experimental pipeline. Naive and effector/memory CD4+ T-cell subsets

were flow-sorted from peripheral blood samples obtained from healthy donors. Repertoire characteristics were

extracted from normalized datasets obtained from each subset via high-throughput sequence analysis of all

expressed TCRs.

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Gating strategy for the identification of effector/memory CD4+ T-cell subsets.

Table 1. Gating strategy for the identification of effector/memory CD4+ T-cell subsets.

Gates 1 and 2 Gate 3 Gate 4 Gate 5 Gate 6 Gate 7 Gate 8 Subset

Live single
CD3+

CD14�

CD19� lymphocytes

CD4+ Exclude
CCR7+

CD45RA+

CD25high

CD127low
Treg

CD25low

CD127+
CXCR5+ Tfh

CCR10+ Th22

CXCR5�

CCR10�
CXCR3+

CCR6�
CCR4� Th1

CXCR3�

CCR6+
CCR4+ Th17

CXCR3+

CCR6+
CCR4� Th1-17

CXCR3�

CCR6�
CCR4+

CRTh2�
Th2

CCR4+

CRTh2+
Th2a

See also Figure 1—figure supplement 1.
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Hydrophobicity and the propensity to form strong interactions are common but not necessarily

determinative features of highly cross-reactive TCRs (Kosmrlj et al., 2008; Kosmrlj et al., 2010;

Stadinski et al., 2016).

Although some distinct features, including high scores for hydrophobicity (low Kidera factor 4)

and interaction strength in the Treg CDR3b repertoires, were expected from previous studies in

mice (Bolotin et al., 2017; Izraelson et al., 2018; Logunova et al., 2020; Feng et al., 2015), more

unanticipated characteristics were identified among other subsets of effector/memory CD4+ T cells

(Figure 2). In particular, the Tfh CDR3b repertoires exhibited the lowest averaged scores for hydro-

phobicity (high Kidera factor 4; Figure 2C), interaction strength (Figure 2D), and volume (Figure 2F,

reflects the number of bulky amino acid residues, namely W, R, K, Y, and F [Shugay et al., 2015]),

and the highest averaged score for surface (Figure 2E, provides an in silico predictive measure of

amino acid residues that remain unchanged in terms of accessibility and position in the liganded ver-

sus unliganded state [Martin and Lavery, 2012]). These exceptional features suggest that selection

into the Tfh subset is driven by highly antigen-specific and minimally cross-reactive TCRs. It is tempt-

ing to speculate that such defined molecular patterns, which are mirrored in mature antibody reper-

toires (Grimsholm et al., 2020), act to minimize the risk of autoimmunity, given that Tfh cells play a

critical role in the development of B-cell responses.

In addition to Tregs, relatively high numbers of strongly interacting amino acid residues were

observed in the Th22, Th2a, and Th2 CDR3b repertoires, which also scored highly in the volume

analyses. Of particular note, Th22 cells expressed TCRs with the highest averaged number of ran-

dom nucleotide (N) additions and the longest averaged CDR3b length, suggesting a distinct but as

yet unknown selection process. Consistent physicochemical differences were also apparent between

subsets considered as two distinct groups. In general, amino acid characteristics in the Th1/Th1-17/

Th17 group resembled those of Tfh cells, whereas amino acid characteristics in the Th22/Th2a/Th2

group resembled those of Tregs (Figure 2A–F). Similar patterns were detected in the corresponding

CDR3a repertoires (Figure 2—figure supplement 1). This overall dichotomy at the population level

was clearly visualized using principal component analysis of the cumulative CDR3a and CDR3b rep-

ertoires (Figure 2G).

Collectively, these data show that subset fate is associated with the physicochemical properties

of amino acids in the middle of the CDR3a and CDR3b loops, which typically dominate TCR contacts

with the peptide moiety in cognate pMHCs.

Repertoire diversity varies substantially among effector/memory
CD4+ T-cell subsets
In further analyses, we compared repertoire clonality and diversity across the same phenotypically

defined subsets of effector/memory CD4+ T cells. Each cloneset was normalized to the lower bound

of 16,000 randomly sampled UMI-labeled TCRa or TCRb cDNA molecules (Izraelson et al., 2018).

Consistent differences in the corresponding metrics were observed among the various subsets

(Figure 3).

Prominent clonal expansions, reflected by low normalized Shannon-Wiener indices, were appar-

ent in the Th22 and Th2a subsets, indicating focused antigen-specific proliferation. In contrast, the

Tfh subset was highly diverse, incorporating approximately 14,500 distinct sequence variants per

Table 2. Frequencies of sorted effector/memory CD4+ T-cell subsets.

Donor Tfh Th1 Th1-17 Th17 Th22 Th2a Th2 Treg

D1 5.44 1.91 1.44 3.06 2.60 1.04 4.86 3.99

D2 5.82 3.29 3.50 3.14 6.64 1.53 9.24 6.92

D3 2.05 0.19 0.31 1.31 0.81 0.26 1.93 1.84

D4 6.70 2.33 2.11 4.22 2.02 0.57 7.19 3.95

D5 4.39 1.16 1.17 3.32 2.12 0.82 3.96 3.99

Mean 4.88 1.78 1.71 3.01 2.84 0.84 5.44 4.14

SD 1.79 1.17 1.19 1.06 2.23 0.48 2.84 1.81

Shown as % of live CD3+CD4+CD14�CD19� non-naive cells. Details in Figure 1—figure supplement 1.
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16,000 cDNA molecules. Similar levels of diversity have been observed in umbilical cord blood sam-

ples, which almost exclusively contain naive T cells (https://www.biorxiv.org/content/early/2018/09/

05/259374). The absence of large clonal expansions among circulating Tfh cells concurs with the

findings of a recent study, which also reported greater clonality among donor-matched samples of

tonsil-resident Tfh cells (Brenna et al., 2020). Relatively high levels of diversity were also observed

in the Th1, Th17, and Th2 subsets.

Collectively, these results expose substantial variations in clonality and diversity among effector/

memory subsets of CD4+ T cells, likely reflecting distinct selection processes driven by cognate inter-

actions with distinct arrays of pMHCs.
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Figure 2. Averaged physicochemical characteristics of CDR3b repertoires from effector/memory CD4+ T-cell subsets. (A–F) Averaged physicochemical

characteristics were measured for the five amino acids in the middle of the CDR3b sequences obtained from each effector/memory CD4+ T-cell subset

(n = 8) from each healthy donor (n = 5). Calculations were weighted by clonotype frequency. Unweighted analyses yielded similar results (data not

shown). (A) Non-germline nucleotide (N) additions. (B) CDR3b length (nucleotides). (C) Kidera factor 4 (arbitrary scale). (D) Interaction strength (arbitrary

scale). (E) Surface (arbitrary scale). (F) Volume (arbitrary scale). (G) Principal component analysis of the cumulative CDR3a and CDR3b repertoires from

each subset of effector/memory CD4+ T cells (n = 28 parameters computed in VDJtools). Top contributing factors to PC1: CDR3b volume, mjenergy,

core, beta, length, number of added nucleotides, strength, and alpha. Top contributing factors to PC2: CDR3a disorder, CDR3a Kidera factor 3, CDR3b

disorder, CDR3a Kidera factor 1, CDR3a strength, CDR3b Kidera factors 2, 3, 4, and 10, and CDR3b charge. (H) Relative publicity measured for each

effector/memory CD4+ T-cell subset as the number of identical or near-identical (maximum n = 1 mismatch) amino acid residue-defined CDR3b variants

shared between the top 20,000 most frequent clonotypes in the corresponding repertoires from each pair of donors. Dashed lines indicate means.

*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 (one-way ANOVA followed by the two-sample Welch t-test with Bonferroni correction for each group

versus the mean).

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Averaged physicochemical characteristics of CDR3a repertoires from effector/memory CD4+ T-cell subsets.
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Clonal transitions identify related subsets of effector/memory CD4+ T
cells
Effector/memory CD4+ T cells can switch from one functional subset to another, both in vitro, driven

by cytokines, and in vivo, driven by changes in the microenvironment. For example, Th2 cells have

been shown to adopt a Th1-like phenotype in mice after infection with lymphocytic choriomeningitis

virus, which induces type I and type II IFNs (Hegazy et al., 2010). Conversely, Th1 and Th17 cells

effectively transitioned into the Th2 subset after transfer into helminth-infected mice, whereas effec-

tor Tregs maintained a stable phenotype in the same model (Panzer et al., 2012). Previous studies

have also shown that human effector Tregs are relatively stable, with rare transitions to the Th1 phe-

notype occurring only under extreme conditions (Zhou et al., 2009a; Krebs and Steinmetz, 2016;

McClymont et al., 2011). However, experiments conducted in vitro or ex vivo are not sufficient to
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Figure 3. Clonality and diversity of effector/memory CD4+ T-cell subsets. Observed diversity (top), the Chao1 estimator (middle), and the normalized

Shannon-Wiener index (bottom) were calculated for each TCRa (left) and TCRb repertoire (right) obtained from each effector/memory CD4+ T-cell

subset (n = 8) from each healthy donor (n = 5). Dashed lines indicate means. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 (one-way ANOVA

followed by the two-sample Welch t-test with Bonferroni correction for each group versus the mean).
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allow reliable quantitative estimates of plasticity among human effector/memory CD4+ T-cell subsets

in vivo.

To address this issue, we measured relative overlap as the number of nucleotide-defined CDR3b

clonotypes shared between each pair of subsets in each donor. Similar analyses were conducted

using a weighted metric to account for clonotype frequency. The top 20,000 most frequent clono-

types were selected from each TCRb cloneset to normalize the comparisons (Figure 4), and the top

2000 most frequent clonotypes were used to generate the corresponding Cytoscape plots (Figure 5

and Figure 5—figure supplements 1–4). Overall, these analyses revealed prominent clonal

exchange among two groups of subsets, namely Th17/Th22/Th2a/Th2 and Th1/Th1-17.

The complementarity and relative functional proximity of the Th17 and Th22 subsets was

described previously, albeit without direct evidence of clonal transitions in vivo (Eyerich et al.,

ANOVA, p < 2.2e-16
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Figure 4. Clonotype overlap among effector/memory CD4+ T-cell subsets. (A) Relative overlap between

nucleotide-defined CDR3b repertoires obtained from donor-matched pairs of effector/memory CD4+ T-cell

subsets. Clonotypes were matched on the basis of identical TRBV gene segments and identical CDR3b sequences.

Data were normalized to the top 20,000 most frequent clonotypes and weighted by clonotype frequency (F2

metric in VDJtools). The dashed line indicates the mean (n = 5 donors). *p<0.05, **p<0.01, ***p<0.001, and

****p<0.0001 (one-way ANOVA followed by the two-sample Welch t-test with Bonferroni correction for each

group versus the mean). (B) Heatmap representations of the weighted overlap (F2 metric in VDJtools, left) and the

estimated relative overlap of nucleotide-defined CDR3b clonotypes (calculated via the D metric in VDJtools, right)

between donor-matched pairs of effector/memory CD4+ T-cell subsets.
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Figure 5. Clonal relatedness among effector/memory CD4+ T-cell subsets. Cytoscape network analysis schemes represent the number and size

(frequency) of nucleotide-defined clonotype variants shared among the top 2000 most frequent CDR3b clonotypes in each subset. Each bubble

represents one CDR3b clonotype. The size of each bubble is proportional to the frequency of each CDR3b clonotype in the corresponding repertoire.

Shared clonotypes are depicted as connected clouds among the corresponding subsets. The size of each bubble in these clouds is proportional to the

frequency of each CDR3b clonotype averaged across the maternal subsets. Representative plots were selected for illustrative purposes from donors D1,

D3, and D5. (A) Th1/Th1-17/Th17. (B) Th17/Th22/Th2a/Th2. (C) Tregs versus other subsets. Only clonotypes shared with Tregs are shown. (D) Tfh cells

versus other subsets. Only clonotypes shared with Tfh cells are shown.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Clonal relatedness among the Th17, Th22, Th2a, and Th2 subsets of effector/memory CD4+ T-cells.

Figure supplement 2. Clonal relatedness among the Th1, Th1-17, and Th17 subsets of effector/memory CD4+ T-cells.

Figure supplement 3. Clonal relatedness among Tregs and other subsets of effector/memory CD4+ T-cells.

Figure supplement 4. Clonal relatedness among Tfh cells other subsets of effector/memory CD4+ T-cells.
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2009; Akdis et al., 2012). However, the close relationships between the Th17 and Th2 subsets and

between the Th22 and Th2a/Th2 subsets were unforeseen. Of note, several subsets, including Th17

and Th2 cells, shared large clonal expansions with the Th22 subset (Figure 5B and Figure 5—figure

supplement 1). This observation appears to conflict with the dogma that Th22 cells are stable

(Eyerich et al., 2009; Plank et al., 2017) and suggests that individual clonotypes can seed and/or

transition among distinct subsets within the Th17/Th22/Th2a/Th2 group.

It has been suggested previously that Th1-17 cells represent a more mature form of Th17 cells

(Muranski and Restifo, 2013). In contrast, our findings suggest that Th1-17 cells are more closely

related in terms of clonal proximity to Th1 cells rather than Th17 cells. Repertoire overlap between

the Th1-17 and Th17 subsets was nonetheless variable among donors, ranging from zero to levels

that approximated those observed between the Th1 and Th1-17 subsets (Figures 4 and 5A, and

Figure 5—figure supplement 2).

Collectively, these findings suggest that plasticity is common between certain subsets, such as

Th17/Th22 and Th17/Th2, but rare between other subsets, such as Th17/Treg and Th1/Th17

(Maggi et al., 2012). In addition, the Tfh and Treg subsets were largely discrete at the clonal level

(Figures 4 and 5, and Figure 5—figure supplements 3 and 4). This latter observation contrasts with

previous reports of Treg plasticity (Zhou et al., 2009a) but does not exclude the possibility of tran-

sient conversions from the committed Treg phenotype (Yang et al., 2008; Voo et al., 2009).

Publicity is a notable feature of Tfh cells and Tregs
To extend these analyses, we estimated the extent to which amino acid residue-defined CDR3b clo-

notypes in each subset were shared among donors, essentially providing a measure of publicity. The

top 20,000 most frequent clonotypes were selected from each TCRb cloneset to normalize the

comparisons.

Publicity was observed most commonly among Tfh cells and Tregs, the latter in agreement with

previous reports (Pacholczyk and Kern, 2008; Lei et al., 2015). In contrast, relatively few CDR3b

clonotypes in the Th22 and Th2a subsets were shared among donors (Figure 2H). These publicity

metrics aligned to some extent with subset-specific differences in CDR3b length and the number of

N additions (Figure 2A,B). One possible explanation for the enrichment of public clonotypes in the

Tfh and Treg repertoires lies in the nature of the corresponding antigen-driven selection events. In

the case of Tfh cells, common foreign antigens presented in a degenerate manner by MHCs may be

recognized predominantly by germline-encoded components of the corresponding TCRs, and in the

case of Tregs, common self-derived antigens presented and recognized similarly in the thymus may

drive the preferential recruitment of different clonotypes bearing germline-like TCRs.

The relative paucity of N additions in these subsets could reflect low levels of terminal deoxynu-

cleotidyl transferase (TdT) activity, especially among Tregs, some of which arise early in life

(Tulic et al., 2012; Coutinho et al., 2005; Thiault et al., 2015; Darrigues et al., 2018). A similar

phenomenon may likewise explain interindividual differences in publicity, given that all subset-spe-

cific effector/memory CD4+ T-cell repertoires in one donor were characterized by low numbers of N

additions and relatively short CDR3b loops (Figure 2A,B).

Tregs display similar repertoire features in the naive and effector/
memory pools
In general, naive CD4+ T cells are thought to be capable of differentiating into any effector/memory

subset from the Th0 state, depending on the composite strength of TCR interactions with cognate

pMHCs, costimulatory signals, and the cytokine microenvironment (Sad and Mosmann, 1994). How-

ever, this paradigm of multipotency has been challenged by the demonstration in several reports

that at least some naive CD4+ T cells are predisposed to a specific functional program or even com-

mitted to a predetermined fate. This phenomenon was first described for thymic Tregs (tTregs),

which maintain a largely stable phenotype in the periphery (Silva et al., 2016; Hoffmann et al.,

2006). At the early immature double-negative stage, thymocytes are already predisposed to the

Treg lineage via epigenetic modifications and increased expression of FoxP3 (Ohkura et al., 2012;

Arvey et al., 2015). Other inputs are then required to confirm this commitment, including signals

delivered by the IL-2 receptor and intermittent stimulation via high-affinity TCRs (Levine et al.,

2014). A similar process of agonist-driven selection has been described for thymic Th17 cells in mice
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(Marks et al., 2009). Accordingly, subset fate may be imprinted at the progenitor stage

(Feng et al., 2015), during thymic development (Li and Rudensky, 2016), after thymic emigration

and before determinative antigen encounter (Fink, 2013), and/or during the key priming event that

signals expansion and maturation (Figure 1).

On the basis of these considerations, we reasoned that certain subset-specific repertoire features,

at least in the case of Tregs, could be conserved between the corresponding naive and effector/

memory pools. To investigate this prediction, we profiled the TCRa and TCRb repertoires of naive

CD4+ T cells flow-sorted as recent thymic emigrants (RTEs) (Kilpatrick et al., 2008), mature naive T

cells, or naive Tregs from the peripheral blood of healthy donors (total, n = 12; twin pairs, n = 5).

The naive Treg CDR3b repertoires were enriched for bulky, hydrophobic, and strongly interacting

amino acid residues compared with the corresponding RTE and mature naive T-cell repertoires

(Figure 6A and Figure 6—figure supplement 1). These observations are consistent with potent

agonist-driven selection in the thymus (Feng et al., 2015; Jordan et al., 2001). In addition, naive

Tregs expressed TCRs with shorter CDR3a and CDR3b loops. Similar features were observed in the

effector/memory Treg compartment (Figure 2).

To confirm and extend these findings, we conducted similar analyses of naive CD4+ T-cell subsets

flow-sorted as Th1-like cells (non-Treg CCR4�CXCR3+), Th2-like cells (non-Treg CCR4+CXCR3�), and

Tregs (CD25highCD127low) from healthy donors (n = 4) matching those shown in Figure 2. The corre-

sponding non-Treg CCR4�CXCR3� and non-Treg CCR4+CXCR3+ populations were analyzed in par-

allel for comparative purposes.

The naive Treg CDR3b repertoires were again enriched for bulky, hydrophobic, and strongly inter-

acting amino acid residues compared with the other naive subset-specific CDR3b repertoires
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Figure 6. Averaged physicochemical characteristics of CDR3b repertoires from naive CD4+ T-cell subsets. (A) Repertoire analysis of RTEs

(CD25�CD31+), mature naive T cells (mNaive; CD25�CD31�), and naive Tregs (nTreg; CD25high) from healthy donors (n = 12). Matched letters in the key

indicate twin pairs. (B) Repertoire analysis of naive Th1-like cells (non-Treg CCR4�CXCR3+), naive Th2-like cells (non-Treg CCR4+CXCR3�), naive Tregs

(CD25highCD127low), and the corresponding non-Treg CCR4�CXCR3� and non-Treg CCR4+CXCR3+ populations from healthy donors (n = 4) matching

those shown in Figure 2. Averaged physicochemical characteristics were measured for the five amino acids in the middle of the CDR3b sequences

obtained from each naive CD4+ T-cell subset. Calculations were weighted by clonotype frequency. Parameter details as in Figure 2. Dashed lines

indicate means. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 (one-way ANOVA followed by the two-sample Welch t-test with Bonferroni

correction for each group versus the mean).

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Averaged physicochemical characteristics of CDR3a repertoires from naive CD4+ T-cell subsets.

Figure supplement 2. Gating strategy for the identification of naive CD4+ T-cell subsets.
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(Figure 6B). In addition, both naive CXCR3+ subsets were characterized by increased numbers of

strongly interacting amino acid residues compared with the corresponding naive CXCR3� subsets. A

similar dichotomy has been reported for naive CD8+ T cells (De Simone et al., 2019). However, the

naive Th1-like and naive Th2-like CDR3b repertoires were generally physicochemically distinct from

the corresponding effector/memory CDR3b repertoires, in contrast to Tregs (Figure 2).

Collectively, these results indicate that distinct repertoire features are hardwired in the Treg line-

age during thymic selection, whereas other subset-specific repertoires are generally shaped later in

ontogeny, most likely driven by naive CD4+ T-cell interactions with cognate pMHCs.

Discussion
In this study, we used polychromatic flow cytometry and an unbiased high-throughput sequencing

approach to probe the ontogeny and relatedness of commonly recognized effector/memory

CD4+ T-cell subsets via in-depth analyses of clonotypically expressed TCRs. We found that each sub-

set-specific repertoire was characterized by distinct physicochemical and recombinatorial features

that were highly reproducible across multiple donors. Importantly, these differences were multivari-

ate, such that each subset displayed an array of repertoire characteristics, which in aggregate delin-

eated the spectrum of preferred TCRs.

The CDR3a and CDR3b repertoires of effector/memory Tregs contained the highest numbers of

hydrophobic and strongly interacting amino acid residues. These features were recapitulated in the

corresponding naive Treg repertoires, suggesting that lineage fate was predetermined by selection

events in the thymus (Feng et al., 2015; Jordan et al., 2001). Similar physicochemical characteristics

have been associated previously with highly cross-reactive TCRs (Kosmrlj et al., 2008;

Kosmrlj et al., 2010; Stadinski et al., 2016). However, naive and effector/memory Tregs also

expressed TCRs with relatively short CDR3a and CDR3b loops, which might limit steric flexibility and

thereby enhance the specificity of antigen-driven selection (Li and Rudensky, 2016; Bacher et al.,

2016; Su et al., 2016; Spence et al., 2018; Akkaya et al., 2019). Such composite properties are

compatible with an inherent predilection for self-derived peptides tempered by a capacity for ligand

discrimination. Of note, the effector/memory Treg subset as identified in this study potentially incor-

porated both thymus-derived and peripherally induced Tregs (Hoffmann et al., 2006). In line with

the possibility of mixed origins, higher numbers of N additions were detected in the naive Treg rep-

ertoires compared with the effector/memory Treg repertoires, potentially indicating the long-term

persistence of early fetal Tregs (Booth et al., 2010).

Substantial heterogeneity is thought to exist in the Treg lineage (Sawant and Vignali, 2014). For

example, peripheral interconversion between Th17 cells and Tregs has been observed in the pres-

ence of IL-6 and TGF-b1 (Murphy and Stockinger, 2010), and a loss of Foxp3 expression along with

regulatory functions has been observed in the context of lymphopenia (Tang et al., 2008;

Lathrop et al., 2008). In a more recent evaluation of this latter phenomenon, however, the ex-

Foxp3+ cells that accumulated under lymphopenic conditions were not bona fide Tregs, but rather

descendants of non-Tregs that transiently expressed Foxp3 (Miyao et al., 2012). Partial transition

from the Treg subset has also been associated with the Tr1 phenotype, distinguished by high pro-

duction levels of IL-10 (Häringer et al., 2009). In contrast, we found little evidence of plasticity

among effector/memory Tregs, suggesting a largely fixed lineage choice, irrespective of potentially

diverse origins.

Our analysis of circulating Tfh (cTfh) cells likely included migratory components of the Th1-like,

Th17-like, Th2-like, and follicular regulatory (Tfr) subpopulations of Tfh cells (Bentebibel et al.,

2013; Morita et al., 2011; Linterman et al., 2011; Chung et al., 2011; Maceiras et al., 2017;

Yang et al., 2019). Unexpectedly in light of this potential heterogeneity, we found that the cTfh

CDR3a and CDR3b repertoires were characterized by extreme features, including the lowest num-

bers of bulky, hydrophobic, and strongly interacting amino acid residues, with low dispersion among

donors and little overlap with other subsets. These characteristics were further associated with short

CDR3a and CDR3b loops. Accordingly, cTfh cells formed a distinct cluster in the principal compo-

nent analysis, closest to the Th1 subset. This configuration suggests a high degree of antigen speci-

ficity with minimal cross-reactivity (Kosmrlj et al., 2008; Kosmrlj et al., 2010; Stadinski et al.,

2016). It is tempting to speculate that such features are required to prevent the induction of autoan-

tibody responses. In support of this hypothesis, remarkably similar features are acquired
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progressively in the B-cell repertoire during the course of affinity maturation, reflecting intense nega-

tive selection of cross-reactive antibody variants (Grimsholm et al., 2020). Our data also suggest

that non-hydrophobic contacts underpin antigen specificity in the context of high-affinity interactions

between Tfh cell-expressed TCRs and cognate pMHCs (Fazilleau et al., 2009a).

In the periphery, cTfh cells survey multiple tissue sites and respond swiftly to previously encoun-

tered antigens, providing a systemic mirror of germinal center reactions after exiting the inceptive

lymph node (Shulman et al., 2013; Vella et al., 2019). We found no evidence of clonal expansions

in the cTfh repertoires of healthy donors, likely reflecting the random nature of recirculation and the

consequent sampling of mixed specificities. This interpretation concurs with the findings of a recent

study, in which clonality was low among cTfh cells and high among tonsillar Tfh cells (Brenna et al.,

2020). Network analysis further revealed that cTfh-expressed TCRs were largely subset-specific and

rarely exhibited clonal transitions. This observation again concurs with previous work (Brenna et al.,

2020). Accordingly, cTfh cells appear to represent a distinct lineage rather than a differentiation

step in the progressive maturation of other subsets, as proposed in some earlier models

(Fazilleau et al., 2009b; Vinuesa et al., 2016).

Th22 cells are typically found in the skin, where they play a key role in wound healing

(Alabbas et al., 2018) and epidermal immunity (Eyerich et al., 2009). Pathogenic activity has also

been ascribed to this subset in the contexts of multiple sclerosis (Rolla et al., 2014), rheumatoid

arthritis (Miyazaki et al., 2018), and chronic skin graft-versus-host disease (Gartlan et al., 2018). On

the basis of in vitro studies, Th22 cells are thought to exhibit plasticity with Th1 and possibly with

Th2 cells (Plank et al., 2017). Our systematic analysis of plasticity in vivo does not support this view.

Instead, we found that Th22 cells shared large expansions of unique clonotypes with the Th17, Th2a,

and Th2 subsets. This pattern was recapitulated across all donors. Cluster feature analysis nonethe-

less suggested the existence of clonotypically discrete populations of bona fide Th22 cells.

Th1 and Th2 cells are widely considered to be the most stably differentiated subsets of effector/

memory CD4+ T cells (Zhou et al., 2009b), both in vitro and in vivo (Murphy and Stockinger, 2010;

Murphy et al., 1996; Messi et al., 2003; Brown et al., 2015). However, some central memory Th1

cells can produce large quantities of IL-4 under Th2-polarizing conditions (Rivino et al., 2004). Con-

versely, murine Th2 cells primed in vivo can acquire the ability to produce IFN-g as well as IL-4

(Hegazy et al., 2010), whereas human Th2 cells seem to be more immutable (Messi et al., 2003). In

functional terms, Th2 cells are clearly defined by the production of IL-4, but in phenotypic terms, the

key lineage-defining markers remain a matter of debate, with most laboratories using either

CCR4+CCR6� or CCR6�CRTh2+ as the critical parameters. To bypass this controversy, we analyzed

CCR4+CCR6�CRTh2� (Th2) cells and CCR4+CCR6�CRTh2+ (Th2a) cells separately. The core reper-

toire of the Th2a subset was unique, implying a specialized function, but interestingly, both the Th2a

and Th2 subsets shared clonal expansions with the Th22 subset. This unexpected finding nonethe-

less aligns with current revisions of the classic paradigm toward a more plastic view of Th1 cells

(Leipe et al., 2020).

In contrast to Th1 and Th2 cells, Th17 cells and Tregs, including naturally occurring and peripher-

ally induced Tregs, are thought to be inherently plastic (Geginat et al., 2014), especially in mice

(Cohen et al., 2011). For example, murine and human Th17 cells differentiated in vivo can be

induced to adopt a Th1-like or Th1-17-like phenotype in vitro (Lee et al., 2009; Annunziato et al.,

2007; Hirota et al., 2011), and human Th17 cells migrating to sites of inflammation can acquire a

Th1-like phenotype, characterized by the expression of CD161 as well as CCR6 (Maggi et al., 2012).

We found that Th17 cells most commonly shared clonal expansions with Th22 cells, which also

shared clonal expansions with Th2a and Th2 cells. Little is known about such transitions, in part

because TGF-b1 promotes the development of Th17 cells and inhibits the development of Th2 cells,

which are consequently separated in most differentiation schemes (Muranski and Restifo, 2013).

Further studies are therefore required to interpret these findings in mechanistic terms. Of note, we

did not analyze Th9 cells, which appear to derive from Th17 cells under inflammatory conditions

(Beriou et al., 2010) and are thought to be relatively unstable (Schlapbach et al., 2014).

The development of Th17 cells and Tregs in the thymus is linked due to shared microenvironmen-

tal factors that favor commitment to both lineages. These cells may also derive from common thymic

progenitors (Yang et al., 2008). In vivo, Th17 cells have been shown to acquire certain regulatory

features, including the ability to produce IL-10 under the influence of IL-12 or IL-27
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(Heinemann et al., 2014). However, we found no evidence of interconversion between Th17 cells

and Tregs, at least within the effector/memory pool of CD4+ T cells.

Th1-17 cells are thought to represent a more mature form of Th17 cells (Muranski and Restifo,

2013). Unexpectedly, we found that Th1-17 cells shared few or no clonotypes with Th17 cells,

whereas clonal overlap was common between Th1 and Th1-17 cells. In line with this dichotomy,

Th17 cells, but not Th1-17 cells, shared large clonal expansions with Th22 cells. The intermediate

nature of Th1-17 cells has been predicted using computational models (Puniya et al., 2018) and

observed directly in vitro (Zielinski et al., 2012). Ex vivo, Th1-17 cells are characterized by the

coproduction IL-17, IL-22, and IFN-g (Duhen and Campbell, 2014). Our data suggest that Th1-17

cells are more closely related to Th1 cells rather than Th17 cells, but nonetheless, the core Th1-17

repertoires were largely unique, suggesting that a majority of these cells occupy a distinct lineage

and do not simply represent a maturation stage in the development of Th1 or Th17 cells.

Effector/memory CD4+ T-cell subsets are classified according to distinct patterns of cytokine pro-

duction, reflecting differential expression of various master transcription factors. However, these

profiles were largely established on the basis of in vitro studies, and consequently, our current

understanding of subset phylogeny is most likely an oversimplification (Zhu et al., 2010). Mixed and

unexplored subsets therefore almost certainly exist in vivo, reflecting nuances in the epigenetic land-

scape (Allan et al., 2012) and the relative activities of master regulators (Kanhere et al., 2012;

Aune et al., 2009). Greater understanding of these complexities could inform efforts to develop

more effective therapies for autoimmune diseases (Ryba-Stanisławowska et al., 2016; Rolla et al.,

2014; Walker and von Herrath, 2016) and cancer (Kreiter et al., 2015; Borst et al., 2018;

Wei et al., 2017), as well as better targeted vaccines (Misiak et al., 2017). In this context, our data

provide an important step on the path to systematic deconvolution of the CD4+ T-cell compartment,

specifically via the demonstration that subset fate is associated with the non-random selection of clo-

notypes expressing physicochemically distinct TCRs.

Materials and methods

Samples
Venous blood samples were collected from healthy adult donors (n = 17) directly into heparinized

syringes or Vacutainer EDTA Tubes (BD Biosciences). Peripheral blood mononuclear cells (PBMCs)

were isolated via density gradient centrifugation over Ficoll-Paque (PanEco) or Histopaque-1077

(Sigma-Aldrich). Ethical approval was granted by the institutional review committees at Cardiff Uni-

versity School of Medicine (16/55) and the Pirogov Russian National Research Medical University

(2017/52). All donors provided written informed consent in accordance with the Declaration of

Helsinki.

Flow cytometric sorting of effector/memory CD4+ T-cell subsets
PBMCs were stained immediately after isolation (n = 5 donors) with LIVE/DEAD Fixable Aqua

(Thermo Fisher Scientific) and the following directly conjugated monoclonal antibodies: anti-CCR6–

PE (clone 11A9), anti-CCR7–PE-Cy7 (clone 3D12), anti-CD14–V500 (clone M5E2), anti-CD19–V500

(clone HIB19), and anti-CRTh2–PE-CF594 (clone BM16) from BD Biosciences; anti-CCR4–BV605

(clone L291H4), anti-CD3–APC-Fire750 (clone SK7), anti-CD25–BV711 (clone MA251), anti-CD45RA–

PE-Cy5 (clone HI100), anti-CD127–BV421 (clone A019D5), and anti-CXCR5–BV785 (clone J252D4)

from BioLegend; anti-CCR10–APC (clone 314305) and anti-CXCR3–FITC (clone 49801.111) from

R&D Systems; and anti-CD4–PE-Cy5.5 (clone S3.5) from Thermo Fisher Scientific. The gating strategy

is described in Figure 1—figure supplement 1 and Table 1. Subsets were flow-sorted at >98%

purity after exclusion of naive CCR7+CD45RA+ events from the Aqua�CD3+CD4+CD14�CD19� gate

as Tfh cells (CXCR5+), Th1 cells (non-Tfh/Th22/Treg CCR4�CCR6�CXCR3+), Th1-17 cells (non-Tfh/

Th22/Treg CCR4�CCR6+CXCR3+), Th17 cells (non-Tfh/Th22/Treg CCR4+CCR6+CXCR3�), Th22 cells

(CCR10+), Th2a cells (non-Tfh/Th22/Treg CCR4+CCR6�CRTh2+CXCR3�), Th2 cells (non-Tfh/Th22/

Treg CCR4+CCR6�CRTh2�CXCR3�), or Tregs (CD25highCD127low) using a modified FACSAria II (BD

Biosciences). All cells (n = 6,000–150,000 per subset) were sorted directly into RLT buffer (Qiagen)

containing 1% 2-mercaptoethanol (Sigma-Aldrich). Subset frequencies are listed in Table 2. Acquisi-

tion and post-sort data were analyzed using FlowJo software version 10.6.1 (Tree Star).
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Flow cytometric sorting of naive CD4+ T-cell subsets
To identify RTEs, mature naive T cells, and naive Tregs in the CD4+ lineage, PBMCs were stained

immediately after isolation (n = 12 donors) with the following directly conjugated monoclonal anti-

bodies: anti-CD4–PE (clone 13B8.2) and anti-CD27–PE-Cy5 (clone O323) from Beckman Coulter; and

anti-CD25–eFluor450 (clone BC96), anti-CD31–PE-Cy7 (clone WM59), and anti-CD45RA–FITC (clone

JS-83) from eBioscience. The gating strategy was described previously (Egorov et al., 2018). Sub-

sets were flow-sorted at >98% purity from the CD4+CD27+CD45RA+ gate as RTEs (CD25�CD31+),

mature naive T cells (CD25�CD31�), or naive Tregs (CD25high) using a FACS Aria III (BD Biosciences).

To identify naive Th1-like cells, naive Th2-like cells, and naive Tregs in the CD4+ lineage, PBMCs

were stained immediately after isolation (n = 4 donors) with LIVE/DEAD Fixable Aqua (Thermo Fisher

Scientific) and the following directly conjugated monoclonal antibodies: anti-CCR7–PE-Cy7 (clone

3D12), anti-CD8–V500 (clone RPA-T8), anti-CD14–V500 (clone M5E2), and anti-CD19–V500 (clone

HIB19) from BD Biosciences; anti-CCR4–BV605 (clone L291H4), anti-CD3–APC-Fire750 (clone SK7),

anti-CD25–BV711 (clone MA251), anti-CD45RA–PE-Cy5 (clone HI100), anti-CD95–PE (clone DX2),

and anti-CD127–BV421 (clone A019D5) from BioLegend; anti-CXCR3–FITC (clone 49801.111) from

R&D Systems; and anti-CD4–PE-Cy5.5 (clone S3.5) from Thermo Fisher Scientific. The gating strategy

is described in Figure 6—figure supplement 2. Subsets were flow-sorted at >98% purity from the

Aqua�CD3+CD4+CD8�CD14�CD19�CCR7+CD45RA+CD95� gate as naive Th1-like cells (non-Treg

CCR4�CXCR3+), naive Th2-like cells (non-Treg CCR4+CXCR3�), or naive Tregs (CD25highCD127low),

alongside the corresponding non-Treg CCR4�CXCR3� and non-Treg CCR4+CXCR3+ populations,

using a modified FACS Aria II (BD Biosciences). All cells (n = 260-150,000 per subset) were sorted

directly into RLT buffer (Qiagen) containing 1% 2-mercaptoethanol (Sigma-Aldrich). Subset frequen-

cies are listed in Table 3. Acquisition and post-sort data were analyzed using FlowJo software ver-

sion 10.6.1 (Tree Star).

TCR sequencing and data analysis
TCRa and TCRb cDNA libraries were prepared using a Human TCR Kit (MiLaboratory LLC) with tem-

plate switch-based incorporation of UMIs as described previously (Egorov et al., 2015). Libraries

were sequenced in paired-end mode (150 + 150 bp) on a NextSeq500 (Illumina). Raw sequence data

were analyzed using MIGEC software version 1.2.9 (Shugay et al., 2014). Briefly, UMI sequences

were extracted from demultiplexed data using the Checkout utility, yielding sample barcode

matches in ~90% of cases. Data were then assembled using the erroneous UMI filtering option in the

Assemble utility. For most tasks, the minimum required number of reads per UMI was set at 1. For

analyses of overlap and publicity, which are sensitive to even minor cross-sample contaminations,

the minimum required number of reads per UMI was set at 3 (Egorov et al., 2015). In-frame TCRa

and TCRb repertoires were extracted using MiXCR software version 2.1.1 (Bolotin et al., 2017;

Bolotin et al., 2018; Bolotin et al., 2015). At a threshold of 3 reads per UMI, the number of

obtained UMI-labeled cDNA molecules per repertoire per sample ranged from 5300 to 303,500,

and the number of CDR3 clonotype variants at the nucleotide level per repertoire per sample

ranged from 1200 to 83,200. Normalization, data transformation, in-depth analyses, and statistical

calculations were performed using R scripts and VDJtools software version 1.2.1 (Shugay et al.,

2015). Analyses of averaged CDR3 characteristics were weighted by the abundance of each clono-

type in each sample. Basic characteristics included CDR3 length, the number of N additions, interac-

tion strength, hydrophobicity (Kidera factor 4), volume, and surface, which were selected in previous

Table 3. Frequencies of sorted naive CD4+ T-cell subsets.

Donor
Th1-like
CCR4�CXCR3+

Th2-like
CCR4+CXCR3�

CCR4�

CXCR3�
CCR4+

CXCR3+
Treg CD25high

CD127low

D1 1.75 5.46 44.80 0.23 0.73

D2 0.77 6.77 20.40 0.32 0.57

D3 0.15 5.67 42.60 0.19 1.70

D4 0.16 6.33 33.10 0.05 1.11

Shown as % of live CD3+CD4+CD8�CD14�CD19� naive cells. Details in Figure 6—figure supplement 2.
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analyses of various somatically rearranged lymphocyte receptor datasets (Izraelson et al., 2018;

Egorov et al., 2018; Davydov et al., 2018). The amino acid properties used in these analyses can

be viewed at https://github.com/mikessh/vdjtools/blob/master/src/main/resources/profile/aa_prop-

erty_table.txt. The strength feature reflects the predicted sum of interaction affinities between pairs

of amino acids at the TCR-pMHC interface, Kidera factor 4 reflects the abundance of hydrophobic

amino acids on an inverted scale, and the surface characteristic reflects the relative abundance of

amino acids with no predicted changes in accessibility during TCR engagement with cognate

pMHCs. Amino acid hierarchies by probability of active involvement at the protein-protein interface

or conformational stability relative to the native form in the absence of an interaction were derived

from previous work (Martin and Lavery, 2012), in which extensive cross-docking experiments were

performed across 198 proteins and 300 partners in silico to infer the general roles of amino acids at

protein-protein interfaces. Physicochemical characteristics were calculated and averaged for the five

amino acid residues located in the middle of each CDR3 loop, which are most likely to contact the

peptide epitope in any cognate pMHC (Egorov et al., 2018). Principal component analysis was per-

formed using 28 parameters computed as the average across each CDR3a and CDR3b cloneset:

Kidera factors (n = 10), strength, mjenergy, count (CDR3 length), NDN length, number of N inser-

tions, vdins, djins, core, rim, volume, polarity, disorder, surface, alpha, beta, turn, charge, and

hydropathy (VDJtools software version 1.2.1). No significant variations in V/J segment use were

detected among subsets (data not shown). Network visualization was performed using Cytoscape

(https://cytoscape.org). Repertoire overlap was analyzed using the unweighted D (reflecting the pro-

portion of shared clonotypes between paired repertoires) and weighted F2 (reflecting the propor-

tion of shared T cells between paired repertoires) metrics in VDJtools software version 1.2.1.

Quantification and statistical analysis
Statistical analyses were performed on processed datasets in R. Multiple parameter inferences were

estimated using ANOVA if the data were distributed normally or the Kruskal-Wallis test if any of the

data were not distributed normally. The corresponding p values were calculated using the two-sam-

ple Welch t-test or the Wilcoxon rank sum test. The false discovery rate was controlled using Benja-

mini-Hochberg correction unless stated otherwise. Post-hoc tests were performed using the ggpubr

package (https://CRAN.R-project.org/package=ggpubr).
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Figure 1—figure supplement 1. Gating strategy for the identification of effector/memory CD4+ T-cell subsets. Single lymphocytes were identified in a

forward scatter-area (FCS-A) versus forward scatter-height (FSC-H) plot. Viable CD3+CD14�CD19� cells were gated in the CD4+ lineage, and naive cells

were excluded as CCR7+CD45RA+ events. Effector/memory subsets were then sorted as Tfh cells (CXCR5+), Th1 cells (non-Tfh/Th22/Treg

CCR4�CCR6�CXCR3+), Th1-17 cells (non-Tfh/Th22/Treg CCR4�CCR6+CXCR3+), Th17 cells (non-Tfh/Th22/Treg CCR4+CCR6+CXCR3�), Th22 cells

(CCR10+), Th2a cells (non-Tfh/Th22/Treg CCR4+CCR6�CRTh2+CXCR3�), Th2 cells (non-Tfh/Th22/Treg CCR4+CCR6�CRTh2�CXCR3�), or Tregs

(CD25highCD127low).
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Figure 2—figure supplement 1. Averaged physicochemical characteristics of CDR3a repertoires from effector/memory CD4+ T-cell subsets. (A–F)

Averaged physicochemical characteristics were measured for the five amino acids in the middle of the CDR3a sequences obtained from each effector/

memory CD4+ T-cell subset (n = 8) from each healthy donor (n = 5). Calculations were weighted by clonotype frequency. (A) Non-germline nucleotide

(N) additions. (B) CDR3a length (nucleotides). (C) Kidera factor 4 (arbitrary scale). (D) Interaction strength (arbitrary scale). (E) Surface (arbitrary scale). (F)

Volume (arbitrary scale). *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 (one-way ANOVA followed by the two-sample Welch t-test with Bonferroni

correction for each group versus the mean).
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clonotypes in each subset. Details as in Figure 5.
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each donor represent the number and size (frequency) of nucleotide-defined clonotype variants shared among the top 2000 most frequent CDR3b

clonotypes in each subset. Details as in Figure 5.

Kasatskaya, Ladell, et al. eLife 2020;9:e57063. DOI: https://doi.org/10.7554/eLife.57063 10 of 15

Research article Immunology and Inflammation

114

https://doi.org/10.7554/eLife.57063


D4

D2

Treg

Treg

Treg

D5

Tfh

Tfh

Tfh

Th17

Th17

Th17 Th22

Th22

Th22

Th1-17

Th1-17

Th1-17

Th1

Th1

Th1
Th2a

Th2a

Th2

Th2
Th2

D1

Treg

Tfh

Th17 Th22

Th1-17

Th1

Th2

Th2a

Th2a

Figure 5—figure supplement 3. Clonal relatedness among Tregs and other subsets of effector/memory CD4+ T-cells. Cytoscape plots for each donor

represent the number and size (frequency) of nucleotide-defined clonotype variants shared among the top 2000 most frequent CDR3b clonotypes in

each subset. Only clonotypes shared with Tregs are shown. Details as in Figure 5.
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Figure 6—figure supplement 1. Averaged physicochemical characteristics of CDR3a repertoires from naive CD4+ T-cell subsets. Repertoire metrics

are shown for RTEs (CD25�CD31+), mature naive T cells (mNaive; CD25�CD31�), and naive Tregs (nTreg; CD25high) from healthy donors (n = 7).

Matched letters in the key indicate twin pairs. Averaged physicochemical characteristics were measured for the five amino acids in the middle of the

CDR3a sequences obtained from each naive CD4+ T-cell subset. Calculations were weighted by clonotype frequency. Parameter details as in Figure 2.

Dashed lines indicate means. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 (one-way ANOVA followed by the two-sample Welch t-test with

Bonferroni correction for each group versus the mean).
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Figure 6—figure supplement 2. Gating strategy for the identification of naive CD4+ T-cell subsets. Lymphocytes

were identified in a forward scatter-area (FSC-A) versus side scatter-area (SSC-A) plot, and single cells were

identified in FSC-A versus forward scatter-height (FSC-H) and FSC-A versus side scatter-width (SSC-W) plots. Naive

cells were gated as viable CD3+CD4+CD8�CD14�CD19�CCR7+CD45RA+CD95� events, and subsets were sorted

as naive Th1-like cells (non-Treg CCR4�CXCR3+), naive Th2-like cells (non-Treg CCR4+CXCR3�), or naive Tregs

(CD25highCD127low), alongside the corresponding non-Treg CCR4�CXCR3� and non-Treg CCR4+CXCR3+

populations.
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Table S1. Gating strategy for the identification of effector/memory CD4+ T cell subsets. 

Gates 1 & 2 Gate 3 Gate 4 Gate 5 Gate 6 Gate 7 Gate 8 Subset 

Live single 
CD3+ 

CD14− 
CD19− 

lymphocytes 

CD4+ 

Exclude 
CCR7+ 

CD45RA+ 
 

CD25high 
CD127low    Treg 

CD25low 

CD127+ 

CXCR5+   Tfh 

CCR10+   Th22 

CXCR5− 
CCR10− 

CXCR3+ 
CCR6− CCR4− Th1 

CXCR3− 
CCR6+ CCR4+ Th17 

CXCR3+ 
CCR6+ CCR4− Th1-17 

CXCR3− 
CCR6− 

CCR4+ 

CRTh2− Th2 

CCR4+ 
CRTh2+ Th2a 

 

See also Figure 1-figure supplement 1. 

 

 

Table S2. Frequencies of sorted effector/memory CD4+ T cell subsets. 

 Donor Tfh Th1 Th1-17 Th17 Th22 Th2a Th2 Treg 

D1 5.44 1.91 1.44 3.06 2.60 1.04 4.86 3.99 

D2 5.82 3.29 3.50 3.14 6.64 1.53 9.24 6.92 

D3 2.05 0.19 0.31 1.31 0.81 0.26 1.93 1.84 

D4 6.70 2.33 2.11 4.22 2.02 0.57 7.19 3.95 

D5 4.39 1.16 1.17 3.32 2.12 0.82 3.96 3.99 

Mean 4.88 1.78 1.71 3.01 2.84 0.84 5.44 4.14 

SD 1.79 1.17 1.19 1.06 2.23 0.48 2.84 1.81 
 
  

Shown as % of live CD3+CD4+CD14−CD19− non-naive cells. Details in Figure 1-figure 
supplement 1. 
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Table S3. Frequencies of sorted naive CD4+ T cell subsets. 

Donor Th1-like 
CCR4−CXCR3+ 

Th2-like 
CCR4+CXCR3−  

CCR4− 

CXCR3−  
CCR4+ 

CXCR3+  
Treg CD25high 

CD127low 

D1 1.75 5.46 44.80 0.23 0.73 

D2 0.77 6.77 20.40 0.32 0.57 

D3 0.15 5.67 42.60 0.19 1.70 

D4 0.16 6.33 33.10 0.05 1.11 

 
 

Shown as % of live CD3+CD4+CD8−CD14−CD19− naive cells. Details in Figure 6-figure 
supplement 2. 
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SUPPLEMENTARY FIGURE LEGENDS 

Figure 1-figure supplement 1. Gating strategy for the identification of effector/memory CD4+ T cell 

subsets. Single lymphocytes were identified in a forward scatter-area (FCS-A) versus forward scatter-height 

(FSC-H) plot. Viable CD3+CD14−CD19− cells were gated in the CD4+ lineage, and naive cells were 

excluded as CCR7+CD45RA+ events. Effector/memory subsets were then sorted as Tfh cells (CXCR5+), 

Th1 cells (non-Tfh/Th22/Treg CCR4−CCR6−CXCR3+), Th1-17 cells (non-Tfh/Th22/Treg 

CCR4−CCR6+CXCR3+), Th17 cells (non-Tfh/Th22/Treg CCR4+CCR6+CXCR3−), Th22 cells (CCR10+), 

Th2a cells (non-Tfh/Th22/Treg CCR4+CCR6−CRTh2+CXCR3−), Th2 cells (non-Tfh/Th22/Treg 

CCR4+CCR6−CRTh2−CXCR3−), or Tregs (CD25highCD127low). 

 

Figure 2-figure supplement 1. Averaged physicochemical characteristics of CDR3α repertoires from 

effector/memory CD4+ T cell subsets. (A–F) Averaged physicochemical characteristics were measured for 

the five amino acids in the middle of the CDR3α sequences obtained from each effector/memory CD4+ T 

cell subset (n = 8) from each healthy donor (n = 5). Calculations were weighted by clonotype frequency. 

(A) Non-germline nucleotide (N) additions. (B) CDR3α length (nucleotides). (C) Kidera factor 4 (arbitrary 

scale). (D) Interaction strength (arbitrary scale). (E) Surface (arbitrary scale). (F) Volume (arbitrary scale). 

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (one-way ANOVA followed by the two-sample 

Welch t-test with Bonferroni correction for each group versus the mean). 

 

Figure 5-figure supplement 1. Individual donor plasticity among the Th17, Th22, Th2a, and Th2 subsets 

of effector/memory CD4+ T cells. Cytoscape plots for each donor represent the number and size (frequency) 

of nucleotide-defined clonotype variants shared among the top 2,000 most frequent CDR3β clonotypes in 

each subset. Details as in Figure 5. 

 

Figure 5-figure supplement 2. Individual donor plasticity among the Th1, Th1-17, and Th17 subsets of 

effector/memory CD4+ T cells. Cytoscape plots for each donor represent the number and size (frequency) 

of nucleotide-defined clonotype variants shared among the top 2,000 most frequent CDR3β clonotypes in 

each subset. Details as in Figure 5. 

 

Figure 5-figure supplement 3. Individual donor plasticity among Tregs and other subsets of 

effector/memory CD4+ T cells. Cytoscape plots for each donor represent the number and size (frequency) 

of nucleotide-defined clonotype variants shared among the top 2,000 most frequent CDR3β clonotypes in 

each subset. Only clonotypes shared with Tregs are shown.  
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Figure 5-figure supplement 4. Individual donor plasticity among Tfh cells other subsets of 

effector/memory CD4+ T cells. Cytoscape plots for each donor represent the number and size (frequency) 

of nucleotide-defined clonotype variants shared among the top 2,000 most frequent CDR3β clonotypes in 

each subset. Only clonotypes shared with Tfh cells are shown. Details as in Figure 5. 

 

Figure 6-figure supplement 1. Averaged physicochemical characteristics of CDR3α repertoires from 

naive CD4+ T cell subsets. Repertoire metrics are shown for RTEs (CD25−CD31+), mature naive T cells 

(mNaive; CD25−CD31−), and naive Tregs (nTreg; CD25high) from healthy donors (n = 7). Matched letters 

in the key indicate twin pairs. Averaged physicochemical characteristics were measured for the five amino 

acids in the middle of the CDR3α sequences obtained from each naive CD4+ T cell subset. Calculations 

were weighted by clonotype frequency. Parameter details as in Figure 2. Dashed lines indicate means. *p 

< 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (one-way ANOVA followed by the two-sample 

Welch t-test with Bonferroni correction for each group versus the mean). 

 

Figure 6-figure supplement 2. Gating strategy for the identification of naive CD4+ T cell subsets. 

Lymphocytes were identified in a forward scatter-area (FSC-A) versus side scatter-area (SSC-A) plot, and 

single cells were identified in FSC-A versus forward scatter-height (FSC-H) and FSC-A versus side scatter-

width (SSC-W) plots. Naive cells were gated as viable 

CD3+CD4+CD8−CD14−CD19−CCR7+CD45RA+CD95− events, and subsets were sorted as naive Th1-like 

cells (non-Treg CCR4−CXCR3+), naive Th2-like cells (non-Treg CCR4+CXCR3−), or naive Tregs 

(CD25highCD127low), alongside the corresponding non-Treg CCR4−CXCR3− and non-Treg CCR4+CXCR3+ 

populations. 
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Chapter IV 

The human Vδ2+ T-cell compartment comprises 
distinct innate-like Vγ9+ and adaptive Vγ9- subsets  
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Introduction 

In this and the following chapters, we are dissecting the structure of gamma/delta TCR 

repertoires from unconventional T cells. Previously in the same collaboration with the University 

of Birmingham, we analyzed the repertoires of VDelta1+ gamma/delta T-cells of human peripheral 

blood. We succeeded in showing that the VDelta1+ subset undergoes the same TCR-driven 

selection and expansion of memory clones as conventional T cells. In this study, we focused on 

the Vδ2+ T-cell compartment, which is the major gamma/delta T cell population in healthy donors’ 

peripheral blood. Gamma chains of T cell receptors revealed the difference between two smaller 

subsets. The TCR chains comprised of Vgamma9 display a degenerate public repertoire whether 

Vgamma9-VDelta2+ gamma-TCR repertoire is less public and holds a substantial diversity of 

unique clonotypes.  Combined with the naive phenotype of Vgamma9-VDelta2+ T cells, such 

TCR repertoire features contribute to the pattern of adaptive immune cell development. Therefore, 

by means of TCR sequencing, we described novel innate-like and adaptive-like subsets in 

unconventional human gamma/delta T cells. 

 

Contribution 

In this collaborative project, the experimental part was performed by our colleagues from 

the University of Birmingham. TCR sequencing was outsourced and performed with kits from 

iRepertoire (Illumina, USA). The raw sequencing data was transferred and processed in the 

Moscow laboratory. I performed the data processing, and TCR repertoire analysis, prepared the 

graphics, and contributed to manuscript preparation and discussion. During this project, I created 

the optimized pipeline for TCR gamma and TCR delta sequencing data preprocessing and analysis 

with Milaboratory software. The pipeline was later used in both laboratories in collaboration.   
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Vδ2+ T cells form the predominant human γδ T-cell population in peripheral blood and

mediate T-cell receptor (TCR)-dependent anti-microbial and anti-tumour immunity. Here we

show that the Vδ2+ compartment comprises both innate-like and adaptive subsets. Vγ9+

Vδ2+ T cells display semi-invariant TCR repertoires, featuring public Vγ9 TCR sequences

equivalent in cord and adult blood. By contrast, we also identify a separate, Vγ9− Vδ2+ T-cell

subset that typically has a CD27hiCCR7+CD28+IL-7Rα+ naive-like phenotype and a diverse

TCR repertoire, however in response to viral infection, undergoes clonal expansion and

differentiation to a CD27loCD45RA+CX3CR1+granzymeA/B+ effector phenotype. Consistent

with a function in solid tissue immunosurveillance, we detect human intrahepatic Vγ9− Vδ2+

T cells featuring dominant clonal expansions and an effector phenotype. These findings

redefine human γδ T-cell subsets by delineating the Vδ2+ T-cell compartment into innate-like

(Vγ9+) and adaptive (Vγ9−) subsets, which have distinct functions in microbial

immunosurveillance.
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γδ T cells have coevolved alongside B cells and αβ T cells in
the vertebrate immune system for almost 450 million years1.
They provide anti-microbial2 and anti-tumour immunity3,

but whether they occupy an innate-like or adaptive immunolo-
gical niche has remained unclear. Notably, αβ T cells incorporate
a group of unconventional T cells, including mucosal-associated
invariant T (MAIT) cells and invariant natural killer T (iNKT)
cells that recognise antigens in the context of single MHC-like
proteins (MR1 and CD1d), and display a semi-invariant T-cell
receptor (TCR) repertoire, suggestive of an innate-like biology
whereby TCR sensitivity is retained but the γδ TCR may arguably
function as a surrogate pattern recognition receptor4. Notably,
studies in mice have suggested that innate-like γδ T-cell
development in the thymus can occur via distinct pathways
involving agonistic signals5. In addition, recently, Wencker et al.6

have suggested that following TCR triggering during develop-
ment, mouse innate-like T cells may transition to a state of TCR
hyporesponsiveness in which they preferentially respond to
TCR-extrinsic stimuli such as cytokine exposure.
Human γδ T cells are often delineated into Vδ2+ and Vδ2−

subsets7. Vδ2− γδ T cells have been directly implicated in anti-viral
and anti-tumour immunity3,8 and utilise germline-encoded antigen
receptors also present on innate-like lymphocytes, including
NKG2D and NKp309,10. However, recent evidence has suggested
that they may adopt a TCR-dependent adaptive immunobiology,
based on highly clonotypically focused expansions alongside dif-
ferentiation from a naive to effector phenotype11 and perturbations
in clonal expansion upon cytomegalovirus (CMV) infection in
post-stem cell transplant patients12. Conversely, Vδ2+ T cells are
arguably the prototypic unconventional T cell, typically co-
expressing Vγ9 TCR chains and representing the major γδ subset
in adult peripheral blood13. Vγ9+ Vδ2+ T cells respond to prenyl
pyrophosphate metabolites (phosphoantigens, or P-Ags) produced
either by the host mevalonate pathway (isopentenyl pyrophosphate,
IPP) or microbial non-mevalonate pathway ((E)-4-Hydroxy-3-
methyl-but-2-enyl pyrophosphate, HMB-PP)14, which are sensed in
the context of butyrophilin 3A1 (BTN3A1)15–17. They mount
important anti-microbial immune responses, including against
Mycobacterium tuberculosis13 and Plasmodium falciparum18, and
drive αβ T-cell responses19,20.

Previously, the extrathymic expansion of Vγ9+ Vδ2+ T cells
observed in adult peripheral blood, which is proposed to result
from exposure to P-Ag-producing microbes encountered after
birth21,22 and thought to involve clonotypic expansion23,24,
arguably suggests an adaptive immunobiology. However, Vγ9+

Vδ2+ T cells are highly enriched in foetal peripheral blood and
display restricted complementarity-determining region (CDR) 3
γ9 usage early in gestation25, more consistent with an innate-like
pre-natal repertoire of Vγ9+ Vδ2+ T cells.

To better understand human Vδ2+ γδ T-cell immunobiology we
carried out a dedicated analysis of their clonotypic diversity and
cellular phenotype. Our findings suggest Vδ2+ T cells can be
delineated into two discrete subsets: Vγ9+ Vδ2+ T cells adopt a
predominantly innate-like biology originating in neonatal develop-
ment and allowing a degree of clonotypic plasticity, whereas Vγ9−

Vδ2+ T cells adopt a distinct adaptive immunobiology, including
focused clonal expansions and differentiation evident both in per-
ipheral blood and solid tissues, and generated in response to acute
viral infection. These findings revise our understanding of human
γδ T cells, and prompt further investigation of the adaptive
immunity provided by the Vγ9− Vδ2+ subset.

Results
Adult and neonatal Vδ2+ T cells have similar TCR diversity.
Consistent with previous studies, we confirmed that human cord

blood Vδ2+ γδ T cells were present at relatively low levels, but
were increased as a proportion of peripheral T cells by adult-
hood22,26 (Supplementary Fig. 1a), resulting in an adult human
Vδ2+ T-cell repertoire that is uniformly responsive to P-Ag
metabolites (Supplementary Fig. 1b). To address whether Vδ2+

T-cell expansion from the neonatal pool is highly clonally
focused, as for Vδ1+ T cells11, we performed a TCR repertoire
analysis restricted to the Vδ2+ T-cell population (Fig. 1a, b).
Indicative of successful Vδ2+ γδ T-cell sorting, TCRδ repertoires
entirely comprised Vδ2 chain usage (Supplementary Fig. 1c).
Consistent with previous findings, TCRγ repertoires were pre-
dominantly composed of Vγ9 chains (Supplementary Fig. 1d)
and the joining region JγP (Fig. 1c), and neonatal Vδ2 chains
preferentially used joining region Jδ327, whereas Jδ1 was more
commonly utilised in adults28 (Fig. 1d). TCRδ-mediated
responses to P-Ag have been associated with hydrophobic
amino acid residues (LVW) at position 5 in CDR3δ2 sequences29,
and this is observed in adult Vδ2 CDR3 repertoires11. We found
that although neonatal Vδ2–Jδ3 sequences generally lacked this
motif, and overall were enriched relative to Vδ2–Jδ1 sequences
for neutral residues at position 5, particularly Gly, some
Vδ2–Jδ3 sequences contained the hydrophobic residue Leu,
whereas Vδ2–Jδ1 sequences, although rarer in neonates, were
highly enriched for hydrophobic residues at position 5 (Fig. 1e).

We next analysed Vδ2+ T-cell repertoires using approaches we
previously applied to the Vδ1+ compartment11. Tree plot analysis
revealed the presence of some relatively prominent clonotypes in
adult Vδ2 TCRγ (between 12 and 47%) and TCRδ (between 1.8
and 39%) repertoires (Fig. 1a). The ten most prevalent TCRγ
clonotypes in each donor formed a substantially smaller portion
(P= 0.003; Mann–Whitney) of the Vδ2+ T-cell repertoire (mean
40.5% of total Vδ2 reads) than expanded Vδ1 clonotypes (mean
73.42% of total Vδ1 reads11). Unlike the Vδ1 compartment,
similarly prominent clonotypes were also present in cord blood
Vδ2+ TCRγ (between 18 and 34%) repertoires (Fig. 1a, b).
Analysis of the cumulative frequency curves of the 10 most
prevalent CDR3 sequences highlighted both adult and cord blood
Vδ2+ TCR repertoires exhibit an intermediate degree of
clonotypic focusing, relative to cord blood Vδ1 (low focusing)
and clonally expanded adult Vδ1 repertoires (high focusing;
Fig. 1f). Analysis of D75 diversity metrics (the percentage of
clonotypes required to occupy 75% of TCR repertoire) high-
lighted that in Vδ2+ T-cell repertoires diversity did not generally
differ between adult and cord blood Vδ2+ repertoires (Fig. 1g and
Supplementary Fig. 1e). Moreover, Vδ2+ TCR repertoire D75
metrics were also independent of the level of diversity seen in
matched Vδ1+ TCR repertoires (Supplementary Fig. 1f). Finally,
and consistent with a broadly similar Vδ2+ repertoire in cord and
adult blood, the CDR3 length profile of TCRδ and TCRγ
repertoires were highly comparable between cord blood and adult
(Fig. 1h). Therefore, while some variability in the level of focusing
is observed in both settings, the neonatal and adult
Vδ2+ repertoires are broadly similar in diversity, in terms of
both accumulated clonotype frequency, D75, and CDR3 length
analysis.

Public Vγ9+ CDR3s span adult and neonatal Vδ2+ T cells. Due
to the largely similar Vδ2+ repertoire characteristics found in
cord blood and adult, we next assessed the proportion of CDR3
amino acid sequences that were “public”, i.e., detected in more
than one donor. Consistent with a high degree of diversity within
the TCRδ repertoire, adult TCRδ2 repertoires contained few
shared CDR3δ sequences (mean 8.7%), although this proportion
was increased in cord blood CDR3δ repertoires (mean 36.8%;
Fig. 2a, Supplementary Table 1 and 2). However, a mean 79.3% of
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the CDR3γ9 amino acid sequences present in a given individual
were shared with at least one other adult or cord blood
donor (Fig. 2b). Moreover, the majority of sequences in cord
blood were directly shared in adult repertoires (Fig. 2c),
indicating a core set of CDR3γ9 sequences in adult donors
essentially indistinguishable from equivalent unrelated neonatal
donor sequences.

To further explore this publicity, we examined the 10 most
prevalent CDR3γ9 sequences from our cohort (see Methods),
representing a mean 38.9% of the total CDR3γ9 repertoire
(Fig. 2d). This highlighted a set of public CDR3γ9 sequences that
were prevalent in both adult and cord blood repertoires, and at
similar frequencies (Fig. 2d). Notably, two simple CDR3γ9
sequences were prevalent in all adult and neonatal repertoires
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analysed: CALWEVQELGKKIKVF (mean 13.1% in adult, and
mean 24.6% in neonates) and CALWEVRELGKKIKVF (mean
4.3% in adults and mean 5.4% in neonates). Two processes
explain the high degree of sharing within the CDR3γ9 repertoire.
Firstly, single-cell TCR sequencing highlighted that CALWEV-
QELGKKIKVF could be generated by simple recombination of
Vγ9 and JγP gene segments containing no added N nucleotides
(“germline”) (Table 1). This sequence was common in foetal
liver30, and foetal blood25 and observed to persist into
adulthood31. While a high prevalence in repertoire data might
indicate an expanded clonotype, single-cell TCR analysis also
revealed that this germline-encoded CDR3γ9 sequence in fact was
comprised of multiple TCR “pseudoclonotypes”, in which the
same CDR3γ9 was independently generated and paired with
different CDR3δ2 sequences in the same individual (Table 1).
Secondly, CDR3γ9 sequences such as CALWEVQELGKKIKVF
and CALWEVRELGKKIKVF could also be generated by
convergent recombination, whereby variable degrees of exonu-
clease activity and N nucleotide addition result in the generation
of the same CDR3γ amino acid sequences from different
nucleotide sequences (Table 1). Both of these processes explain
why CDR3γ9 repertoires were less diverse compared to CDR3δ
repertoires (Fig. 2e), and are consistent with the generation of
public TCR sequences32, but importantly, these mechanisms are
not evident in Vδ1+ TCRγ repertoires11.

Altered Vγ9+ Vδ2+ T-cell phenotype links to clonal expansion.
We evaluated the memory phenotype of Vδ2+ T cells from each
donor to establish the relationship with TCR clonotype. Adult
Vγ9+ Vδ2+ T cells from healthy donors (16/18 of total donors, 5/
7 TCR repertoire study donors) regularly display a major CD27+

CD45RA− phenotype (similar to Central Memory (CM) CD8+

αβ T cells) and a minor CD27− CD45RA− phenotype (similar to
Effector Memory (EM) CD8+ αβ T cells) (Fig. 2f), consistent
with other studies33. Importantly, Vγ9+ Vδ2+ T cells differ from
Vδ1+ T-cell populations in their expression levels of CD27
(Fig. 2g) and distinct naive and effector T-cell surface marker
expression (Fig. 2h).

Although overall our adult cohort displayed similar Vγ9+

Vδ2+ TCR diversity to cord blood samples, two adult donors (6
and 24) appeared to exhibit a degree of clonotypic focusing, based
on their low D75 values for both TCRγ (mean 2.9) and TCRδ
(mean 5.0) combined with their higher cumulative frequency of
the 10 most prevalent clonotypes (mean 60.5% of TCRγ and
mean 50.3% of TCRδ) (Fig. 1a). Consistent with this, each donor
displayed individual clonotypes with a similar amplified
frequency in both TCR γ and δ repertoires (Fig. 1a). Both donor
6 and 24 each possessed a distinct uncommon but shared
sequence, CALWEVRKELGKKIKVF (detected in donor 6 and

also in 2 other donors) or CALWEKMQELGKKIKVF (detected
in donor 24 and in 4 other donors), usually outside the top 10
most prevalent shared clonotypes, but now representing 18.5%
(donor 6) and 44.6% (donor 24) of the TCRγ9 repertoire,
respectively (Fig. 2d). Also, donor 6 possessed a common
sequence found in all donors, CALWETQELGKKIKVF, normally
accounting for a mean 0.95% of the TCRγ9 repertoire, but
increased to 22.9% of donor 6’s TCRγ9 repertoire (Fig. 2d).
Furthermore, these unusual clonal amplifications were linked to
phenotypic changes in the total Vγ9+ Vδ2+ T-cell population,
whereby these donor’s cells adopted a predominant CD27−

CD45RA− phenotype (Fig. 2i). These data suggest that
despite the public repertoire and associated dominant phenotype
(CD27+ CD45RA−) in the majority of donors, there is scope
within the Vγ9+ Vδ2+ TCR repertoire for a degree of specific
clonal amplification, alongside concomitant phenotypic changes.

A discrete Vγ9− Vδ2+ subset persists from birth into adults.
TCR γ repertoire datasets from Vδ2+ T cells were dominated by
Vγ9 TCR sequences, but we noted the presence of non-Vγ9 (i.e.,
Vγ2–8) sequences in adult TCRγ repertoires (mean 4.46%)
(Fig. 3a). Although such chain usage could conceivably represent
second productive TCRγ rearrangements in Vγ9+ Vδ2+ T cells,
an alternative possibility was that they reflected the existence of
an unusual Vγ9− Vδ2+ T-cell subset that may persist in adult-
hood. As Vγ9− TCR usage by neonatal Vδ2+ T cells has been
previously reported34, we established flow cytometry-based
identification of Vγ9− cells in cord blood Vδ2+ T cells
(Fig. 3b) and quantified their relative frequency (mean 32.41%)
(Fig. 3c). Importantly, adult Vδ2+ T-cell pools retained this Vγ9−

subset at low frequency (mean 4.82%) (Fig. 3c and Supplementary
Fig. 2a), but on average occupying a similar frequency within total
peripheral blood T cells to that of α-GalCer/CD1d reactive nat-
ural killer T cells (NKT) (Fig. 3d and Supplementary Fig. 2b).
Notably, the identification of Vγ9−Vδ2+ T cells was only possible
with the use of an anti-Vδ2 TCR antibody clone, 123R3 (Milte-
nyi), while this population was undetectable using another TCR
Vδ2 antibody clone, B6 (Biolegend), which is likely to be specific
for the Vγ9+ Vδ2+ TCR pairing (Fig. 3e).

Vγ9− Vδ2+ T cells and Vγ9+ Vδ2+ T cells are distinct. As adult
peripheral blood Vδ2+ T cells are commonly responsive to host
and microbial P-Ags, we assessed the proliferative capacity of
Vγ9− Vδ2+ T cells towards microbial P-Ag (HMB-PP). While
CD8+, both Vδ2+ subsets and Vδ1+ T cells all proliferated in
response to anti-CD3/CD28 stimulation, only Vγ9+ Vδ2+ T cells
responded to HMB-PP (Fig. 3f). We then compared the memory
phenotype of Vγ9+ Vδ2+ T cells to other human γδ T-cell

Fig. 1 Adult and cord blood Vδ2+ TCR repertoires are broadly similar. a Tree maps show each adult donor’s Vδ2+ TCR repertoire, with each CDR3
clonotype as a coloured segment (each coloured CDR3 segment is chosen randomly and does not match between plots) plotted in relation to the total
repertoire size and accompanying clonotype frequency graphs showing the individual clone frequency (left y axis) and the accumulated frequency for the
10 most prevalent clonotypes (right y axis). Inset into each graph are D75 repertoire diversity metrics (measuring the percentage of clonotypes required to
occupy 75% of the total TCR repertoire). b Tree maps showing TCR γ and δ CDR3 clonotypes, accumulated frequency graphs and D75 metric from cord
blood Vδ2+ T cells. c Jγ and d Jδ segment usage in Vδ2+ TCR repertoires from adult peripheral blood (n= 7) and cord blood samples (n= 4). e Logo
analysis of amino acid enrichment at each position in neonatal Vδ2–Jδ1 CDR3δ (left) and Vδ2–Jδ3 CDR3δ (right) sequences. Analysis was confined to the
10 most abundant CDR3δ2 sequences of 13–16 amino acid length. The different amino acids are coloured according to physicochemical properties (acidic
(red); basic (blue); hydrophobic (black); and neutral (green)). Red arrows indicate position 5 in the CDR3 sequence (see Methods section).
f Comparison of accumulated frequency curves generated from the 10 most prevalent TCRγ (left) and δ (right) clonotypes in Vδ2+ and Vδ1+ TCR
repertoires (Vδ1 cohort data analysed from11) from adult peripheral blood (Vδ2+, n= 7 and Vδ1+, n= 13) and cord blood (Vδ2+, n= 4 and Vδ1+, n= 5).
g Comparison of TCRγ D75 metrics from adult peripheral blood and cord blood Vδ2+ (adult: n= 7; cord blood: n= 4) and Vδ1+ repertoires (adult focused:
n= 13; adult diverse: n= 7; cord blood: n= 5). h Comparison of the CDR3 length profiles in Vδ2+ TCRδ and γ repertoires from adult peripheral blood
(n= 7) and cord blood (n= 4). Error bars indicate means ± SEM; **P < 0.01; ***P < 0.001; p-values were determined by Student's t-test (g: left) and
Kruskal–Wallis test (ANOVA) with Tukey’s post hoc testing (g: right). NS not significant
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populations. Cord blood Vγ9− Vδ2+ T cells expressed a CD27hi

phenotype which extended to the adult population, remarkably
similar to naive-like Vδ1+ T cells (Fig. 3g). We next assessed the
expression of naive and effector T-cell markers in paired γδ T-cell
populations from the same donors. Vγ9− Vδ2+ T cells

commonly displayed lower levels of TCR Vδ2 expression and
higher levels of CD27 expression than their Vγ9+ counterparts
(Fig. 3h). Vγ9− Vδ2+ T cells expressed the lymphoid homing
receptor CCR7, the homoeostatic cytokine receptor IL7Rα
(Fig. 3i) but lacked the cytotoxic effector molecule Granzyme
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(Grz) A or the endothelial homing receptor CX3CR1 (Fig. 3j),
with these expression patterns contrasting with Vγ9+ Vδ2+

T cells (Vδ2hi CD27int CCR7− IL7Rα+ Grz A+ CX3CR1+) but
together highly similar to CD27hi Vδ1+ T cells (Fig. 3h–j).
Moreover, Vγ9− Vδ2+ T cells were responsive to CD3/
CD28 stimulation, but like Vδ1 T cells were unresponsive to IL-
12/IL-18 (Fig. 3k), whereas Vγ9+ Vδ2+ T cells were responsive to
both CD3/CD28 and IL-12/IL-1811. CD27hi Vδ1+ T-cell popu-
lations lack expanded clonotypes and possess a diverse and pri-
vate TCR repertoire11. Analysis of the publicity of adult Vγ9−

Vδ2+ TCR repertoires indicated a far more private TCRγ
repertoire compared to Vγ9+ Vδ2+ T cells (Fig. 3l), but
equivalent to the highly private Vδ1+ TCR repertoire11. This was
confirmed by single-cell TCR sequencing of adult Vγ9− Vδ2+

T-cell populations, which contained diverse TCR sequences,
comprising a range of Vγ chains (Fig. 3m), and featuring TCR γ
and δ chains that each lacked motifs previously linked to P-Ag
reactivity (Table 2). In contrast, Vγ9+ Vδ2+ T cells sorted from
the same donors displayed sequences that included prevalent
shared TCRγ sequences (Fig. 3m and Table 1). Collectively, these
data suggest that the Vγ9− Vδ2+ subset is functionally,
phenotypically and clonotypically distinct from its Vγ9+

counterparts, but may share a similar biology to that of Vδ1+

T cells.

Vγ9− Vδ2+ T cells clonally expand into effectors. Within our
healthy donor cohort, one individual (“donor X”) had a sub-
stantially increased Vγ9− Vδ2+ T-cell population, comprising
1.2% of all CD3+ T cells (Fig. 4a), far higher than the 17 other
healthy donors (mean 0.13% of CD3+ T cells). Importantly, and
in contrast to the dominant CD27hi phenotype displayed by
Vγ9− Vδ2+ T cells in all other healthy donors, “donor X’s” Vγ9−

Vδ2+ T-cell population had downregulated CD27 and retained
CD45RA expression (CD27lo/neg phenotype), now accounting for
91.4% of the Vγ9− Vδ2+ T-cell population (Fig. 4a). We next
carried out single-cell TCR sequencing to determine if any par-
ticular γδ TCR clonotypes correlated with this phenotypic
change. Strikingly, a single clone now dominated the Vγ9− Vδ2+

T-cell population (35/36 single cells sequenced), composed of a
Vδ2 CDR3 (CACGSWWGTYTDKLIF) paired with a Vγ8–JγP1
chain (Fig. 4b), and now represented the single most dominant
clonotype within the Vδ2+ T-cell repertoire (Fig. 4c). As this
dominant clonotype occurred in conjunction with a CD27lo/neg

phenotype, we assessed effector T-cell marker expression. “Donor

X’s” Vγ9− Vδ2+ T-cell population expressed the antibody-
mediated cytotoxicity receptor CD16 (FcγRIIIa), CX3CR1, Grz A
and had downregulated CCR7, in contrast to naive CD8 T cells,
but closely matching CD27lo/neg Vδ1+ T cells (Fig. 4d), which
also comprised dominant clonotypes11. These results highlight
the potential for the Vγ9− Vδ2+ T-cell compartment to undergo
clonal selection and differentiation, mimicking the transition to
clonality and effector status previously observed in Vδ1+

T cells11.

Clonally focused Vγ9− Vδ2+ T cells infiltrate human liver.
Vδ1+ T cells are predominantly associated with a role in tissue
immunity35,36. To address whether the Vγ9− Vδ2+ T-cell
population was also represented in solid tissues, we analysed
human liver samples for the presence of intrahepatic Vγ9− Vδ2+

T cells (Fig. 5a). While the Vδ2+ T cells in the liver comprised a
lower proportion of total CD3+ T cells than in peripheral blood,
intrahepatic Vδ2+ T cells generally contained a higher fraction of
Vγ9− cells (Fig. 5b). Phenotypic analysis of intrahepatic Vγ9−

Vδ2+ T cells revealed these cells to consistently display a CD27lo/
neg phenotype (Fig. 5c, d). Single-cell TCR sequencing analysis,
highlighted that a majority of intrahepatic Vγ9− Vδ2+ T cells
were comprised of a limited set of expanded clonotypes
(Fig. 5e and Table 2). Moreover, clonally expanded intrahepatic
Vγ9− Vδ2+ T cells expressed effector markers CX3CR1 and Grz
A but had downregulated IL7Rα (Fig. 5f).

Clonal expansion of Vγ9− Vδ2+ T cells in acute CMV infec-
tion. The clonotypic and phenotypic parallels between Vγ9−

Vδ2+ and Vδ1+ γδ T cells, combined with their strong distinc-
tion from P-Ag sensing Vγ9+ Vδ2+ T cells, prompted us to
investigate if this subset was reactive to acute cytomegalovirus
(CMV) infection, previously shown to drive the numeric37 and
clonal12 expansion of Vδ1+ T cells. We examined a cohort of five
CMV-seronegative (CMV−) patients receiving CMV-seropositive
(CMV+) kidney transplants who then went on to either develop
post-operative acute CMV infection (patient 261, 231 and 1014),
or who remained CMV− (patient 279 and 282)38. We analysed
peripheral blood samples for Vγ9− Vδ2+ T cells before and after
post-transplant CMV infection. Prior to CMV infection, at
0–4 weeks post-transplant, Vγ9− Vδ2+ T cells represented low
frequency populations in all donors (Fig. 6a and Supplementary
Fig. 3). However, following CMV infection, occurring between
5–8 weeks post-transplant, we observed the substantial expansion

Table 1 Single-cell TCR sequencing of adult Vγ9+ Vδ2+ T cells

Donor CDR3γ9 (amino acid) CDR3γ9 nucleotide (nt) sequence N nt P nt CDR3δ2 (amino acid)

3 CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT Germline 0 CACDSLLGDTPNFDKLIF
CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT Germline 0 CACDTGGAQSWDTRQMFF

28 CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTTCAAGAGTTGGGCAAAAAAATCAAGGTATTT 1 0 CACDSLGTYTDKLIF
CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT Germline 0 CACDIILGGQYTDKLIF

35 CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTGCAGGAGTTGGGCAAAAAAATCAAGGTATTT 1 2 CACESLGPTGGNPSSDKLIF
CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTTCAAGAGTTGGGCAAAAAAATCAAGGTATTT 1 0 CACDTITHRTGGPQVTDKLIF
CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT Germline 0 CACDGLGGEYTDKLIF

42 CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT Germline 0 CACDKVGYGSPWDTRQMFF
CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT Germline 0 CACDTIPTGGHDPYTDKLIF

231 CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTACAAGAGTTGGGCAAAAAAATCAAGGTATTT 1 0 CACDTVTRDKGADKLIF
CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTACAAGAGTTGGGCAAAAAAATCAAGGTATTT 1 0 CACDTMGARHTDKLIF
CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTACAAGAGTTGGGCAAAAAAATCAAGGTATTT 1 0 CACDTGFGLVQSHGPKRTDKLIF
CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT Germline 0 CACDRLGGNTDKLIF

1014 CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT Germline 0 CACDTVPSTGGPKDTDKLIF
CALWEVQELGKKIKVF TGTGCCTTGTGGGAGGTGCAAGAGTTGGGCAAAAAAATCAAGGTATTT Germline 0 CACDTGSLQRYNSWDTRQMFF

261 CALWEVRELGKKIKVF TGTGCCTTGTGGGAGGTCAGAGAGTTGGGCAAAAAAATCAAGGTATTT 3 0 CACDTWGTVGRTDKLIF
CALWEVRELGKKIKVF TGTGCCTTGTGGGAGGTGCGAGAGTTGGGCAAAAAAATCAAGGTATTT 1 1 CACDTVGDWGTPLYTDKLIF

Public TCRγ9 clonotypes and their paired TCRδ2 sequence from seven donors. Sequences were analysed using IMGT Junction Analysis, which identified V, D and J gene segments used and highlighted N
nucleotide addition (bold and italic) and P nucleotide addition (underlined). The table depicts CDR3γ9 amino acid sequence, CDR3γ9 nucelotide (nt) sequence, germline or N nt addition, P nt addition,
CDR3δ2 amino acid sequence. Hydrophobic amino acids at position 5 (see Methods section) in the CDR3δ2 sequence are highlighted in bold
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of the Vγ9− Vδ2+ T-cell population in donor 261 and 231
(Fig. 6a). Conversely, patients 282 and 279 who did not become
infected with CMV, displayed no expansion of Vγ9− Vδ2+

T cells over a 5-year period after transplantation (Supplementary
Fig. 3a). Of note is patient 1014, who became infected with CMV
but did not display an expanded Vγ9− Vδ2+ T-cell population

(Supplementary Fig. 3b), suggesting inter-individual differences
in the Vγ9− Vδ2+ T-cell response to CMV infection consistent
with observations in Vδ1+ T cells from persistently infected
CMV+ healthy adult donors11. Phenotypic analysis of Vγ9−

Vδ2+ T cells from CMV- patients 279 (Supplementary Fig. 3c)
and 261 immediately after transplant (Fig. 6b), indicated a
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CD27hi phenotype. Conversely after CMV infection, the expanded
Vγ9− Vδ2+ T-cell populations in patients 261 and 231 acquired a
dominant CD27lo/neg phenotype (Fig. 6b). This prompted us to
perform single-cell TCR sequencing of expanded Vγ9− Vδ2+

T-cell populations in donors 261 and 231, which identified the
selective expansion of dominant clonotypes after CMV infection
and evidence of continued clonotypic selection 5 years later (Fig. 6c
and Table 2). Finally, we assessed functional T-cell marker
expression in Vγ9− Vδ2+ T cells from patient 261 and 231 fol-
lowing CMV infection. Vγ9− Vδ2+ T cells from healthy donors
expressed CCR7, IL7Rα and the co-stimulatory molecule CD28,
while patient 261 and 231’s Vγ9− Vδ2+ T cells had downregulated
these markers and upregulated CX3CR1 and Grz A and B (Fig. 6d).
Expression of these effector markers occurred concurrently with
Vγ9− Vδ2+ T-cell clonal expansion at ~1 year (patient 261) and
were stable for over 5 years (patient 231) (Fig. 6c, d). These data
reveal that as for Vδ1+ T cells, Vγ9− Vδ2+ T cells exhibit a strong
relationship between clonotype and phenotype and are suggestive
of a role in adaptive antiviral immunosurveillance.

Discussion
This study sheds light on the biology of Vδ2+ T cells, highlighting
divergent Vγ9+ and Vγ9− subsets. Despite the ~ten-fold increase
in Vγ9+ Vδ2+ T-cell numbers in the first year of life, our data
indicate that the extent of clonotypic focusing within the Vδ2-
associated Vγ9+ repertoire is broadly similar between neonatal
cord blood and adulthood. This finding contrasts with the Vδ1+

TCR repertoire, which typically displays pronounced clonotypic
focusing in adults relative to a highly unfocused neonatal reper-
toire11. In addition, our analyses reveal an underappreciated
degree of public amino acid sequences in the Vγ9 repertoire. This
degree of Vγ publicity, which relates to both recombination of
simple Vγ9 sequences (either germline encoded or with limited N
nucleotide addition) and convergent recombination, underlines
the semi-invariant nature of the Vγ9+ Vδ2+ TCR repertoire.
Importantly, using single-cell approaches public Vγ clonotypes
were shown frequently to pair with diverse Vδ2 chains within
single individuals, and, therefore, do not usually represent
expanded clonotypes. The innate-like biology of the semi-
invariant Vγ9+ Vδ2+ T-cell subset contrasts markedly with the
Vδ1+ subset, which displays clear hallmarks of adaptive immu-
nity such as clonal amplification and differentiation from an
initially unfocused, private TCR repertoire.
Collectively, our repertoire data suggest a model involving a

multi-layered selection of Vγ9+ Vδ2+ T cells from foetal devel-
opment into adulthood. First, as previously suggested by Dimova
et al.25, we propose gestational selection of the Vγ9+ Vδ2+

subset, potentially via exposure to endogenous P-Ag (e.g., IPP)
most likely mediated by BTN3A115–17,39,40, allowing pre-

programming of a P-Ag reactive Vγ9+ Vδ2+ TCR repertoire.
In keeping with this, we observed that Vγ9 chains are heavily
enriched for the JγP segment, which is not generally present in
Vγ9 chains present in Vδ1+ TCR repertoires11; similarly the Jδ1+

CDR3δ2 repertoire in cord blood is enriched for a hydrophobic
amino acid at position 5 required for P-Ag recognition21,29, but
not in Vδ2 sequences in Vγ9− Vδ2+ T cells (see below). Second,
in the context of the reported lack of thymic output of Vδ2+

T cells after birth41, our observation that adult and cord blood
repertoires contain overlapping canonical P-Ag-sensing
Vγ9 sequences strongly indicates there is polyclonal post-natal
expansion of this pre-selected repertoire, most likely in response
to microbial P-Ag exposure11. However, our observation that
cord blood Vδ2 sequences generally utilised Jδ3 segments (also
observed in foetal γδ T cells,42), whereas adult Vδ2 sequences
preferentially used Jδ1 segments, suggests that post-natal micro-
bial exposure may impose some constraints on the TCR reper-
toire that differ from those required in gestation. Of note,
Vδ2–Jδ1 sequences typically contain a hydrophobic amino acid
previously highlighted as important for Vγ9+ Vδ2+ T-cell reac-
tivity to microbially-derived P-Ag21,29 whereas this is less con-
served in Vδ2–Jδ3. This might imply Vγ9+ Vδ2+ T cells bearing
Jδ1 clonotypes preferentially respond to microbial P-Ag after
birth compared to Jδ3 clonotypes, a possibility which future
studies can address. Finally, although most individuals’ Vγ9+

Vδ2+ T cells were dominated by public Vγ9 sequences and
associated with a common central memory phenotype, our
observation that a minority of individuals exhibit amplification of
unusual public clonotypes, concomitant with adoption of an
effector memory phenotype, most likely reflects a third level of
selection that imparts a degree of plasticity in this fundamentally
innate-like paradigm. This observation extends previous work by
Ryan et al.33 indicating that further functional and transcriptional
changes are linked to an effector memory phenotype in Vγ9+

Vδ2+ T cells. Therefore, the semi-invariant Vγ9+ Vδ2+ reper-
toire may provide scope for selective TCR-mediated responses to
microbial P-Ag. Importantly, our model shares a number of
features with MAIT cells, a semi-invariant population that is also
subject to both gestational selection (through interactions with
MR1) and post-natal expansion in response to microbial infec-
tion/colonisation43, and that displays clonotype-specific respon-
ses to metabolite ligands44 and microbial species45.

Our analyses also highlight a population of Vγ9− Vδ2+ T cells
that is highly distinct from the Vγ9+ Vδ2+ P-Ag-reactive subset,
and present in all adult peripheral blood and cord blood,
where they commonly exist as a CD27hi, TCR diverse subset
phenotypically equivalent to naive-like Vδ1+ T cells. We note this
distinction based on Vγ9 chain usage cannot be applied to the γδ
T-cell compartment as a whole, as the Vδ1+ T-cell subset, which
appears to exhibit an adaptive immunobiology, contains a

Fig. 3 Vγ9− Vδ2+ T cells are clonally and phenotypically distinct from Vγ9+ Vδ2+ T cells. a Frequency of Vγ9 chain usage in Vδ2+ TCR repertoire
sequencing data from adult peripheral blood (n= 7). b Identification of Vδ2+ T cells in CD3+ T cells (left) and Vγ9− cells within Vδ2+ T cells (right) from
cord blood (n= 5). c Frequency of Vγ9− and Vγ9+ cells in Vδ2+ T cells from cord blood (left; n= 5) and adult peripheral blood (right; n= 18). d Frequency
of Vγ9− Vδ2+ T cells (n= 18) and NKT cells (αGalcer/CD1d+; n= 5) in adult peripheral blood. e Vγ9− Vδ2+ T cells identified by TCR Vδ2 antibody clones
(B6 and 123R3) in matched adult peripheral blood donors (n= 5). f Proliferation by CFSE dilution of CD8+ αβ and γδ T-cell populations from PBMC treated
with medium alone, 10 nM HMB-PP or 5 μg/ml anti-CD3/CD28 (n= 5). g CD27 and CD45RA T-cell memory marker expression profiles on Vγ9− Vδ2+

and Vδ1+ T cells from adult peripheral blood (top row: Vδ2, n= 14; Vδ1, n= 14) and cord blood (bottom row: Vδ2 and Vδ1, n= 5). h Vδ2+ TCR and CD27
expression levels, i naive and j effector T-cell marker expression on donor matched γδ T-cell populations from adult peripheral blood (n= 3). k Sorted
CD3+ T cells were incubated for 72 h with cytokines or anti-CD3/CD28 beads. Vγ9− Vδ2+ T cells were then assessed for the upregulation of CD25
(n= 3). l Comparison of CDR3γ sequence sharing in γδ T-cell repertoires from adult peripheral blood (Vδ1, n= 20; Vδ2, n= 7) and cord blood (Vδ1, n= 5;
Vδ2, n= 3). m CDR3γ sequence analysis of single cell sorted Vγ9+ and Vγ9− Vδ2+ T cells, public sequences are coloured (black, shared sequences from
deep sequencing); graph shows Vγ usage of Vγ9− Vδ2+ TCR sequences from each donor. Error bars indicate means ± SEM; **P < 0.01; ***P < 0.001;
****P < 0.0001; p-values were determined by paired t-test (e), RM two-way ANOVA with Tukey’s post hoc testing (f); one-way ANOVA with Tukey’s post
hoc testing (h, i) or Dunnett’s post hoc testing (j, k)
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sizeable portion of Vγ9+ T cells11. Moreover, consistent with a
distinct biology for Vγ9 chains in these two contexts, the Vγ9
CDR3 sequences associated with Vδ1 chains did not utilise JγP
sequences and were highly distinct from those associated with
Vδ2 chains11. Consistent with expression of TCRγ and TCRδ
sequences divergent from the Vγ9+ Vδ2+ subset, the Vγ9− Vδ2+

population was not P-Ag responsive. Thus, Vγ9− Vδ2+ T cells
represent a universal γδ subset that is clonotypically, phenoty-
pically and functionally divergent from Vγ9+ Vδ2+ T cells.
Moreover, as evidenced from a single unusual peripheral blood
donor and several liver samples, Vγ9− Vδ2+ T cells appeared
capable of undergoing an adaptive-like programme of highly

Table 2 Single-cell TCR sequencing of Vγ9− Vδ2+ T cells

Donor CDR3δ2 Dδ Jδ CDR3δ length Vγ Jγ CDR3γ length

3 CACGSWWGTYTDKLIF 1,3 1 14 8 P1 11
231 CACDTIVGDTLTDKLIF 3 1 15 8 P1 9

CACVRGGGYPRGADKLIF 3 1 16 8 1/2 14
CACDTEGEVNTDKLIF 3 1 14 4 P1 11

261 CACDTRFRPGRSARVVRLTAQLFF 1 2 22 3 P1 14
Liver 1 CACSREQAHTDKLIF 3 1 13 3 1/2 10

CACDTGWGIRGRYTDKLIF 3 1 17 4 1/2 11
Liver 2 CACDRSGARWDKLIF — 1 13 5 1/2 10
42 CACDARHYWGISTDKLIF 3 1 16 2 1/2 12

CACDARLGEHTDKLIF 3 1 14 ND ND ND
CACDRMGDLPSSWDTRQMFF 3 3 18 3 1/2 13
CACGSSWGVSHYTDKLIF 3 1 16 5 1/2 10
CACDLLGDFRTDKLIF 3 1 14 8 1/2 8
CACSVRGHWGRSTDKLIF 3 1 16 8 1/2 14
CACDTRGIGDTLPDKLIF 3 1 16 8 P1 12
CACAHGYWGTPWDTDKLIF 3 1 17 3 P1 11
CACDTGDTDTDKLIF 3 1 13 8 P1 13
CACDRLLLGDTDKLIF 3 1 14 ND ND ND
CACDTRRTGGRDKLIF 3 1 14 5 1/2 9
CACDKRIRWGNPYTDKLIF 3 1 17 8 P2 10
CACEVPSYEPYWGTKKYTDKLIF 2,3 1 21 3 1/2 11
CACDTGDWGINTDKLIF 3 1 15 8 P1 14
CACDQKYWGGSSTDKLIF 3 1 16 2 P 13

TCRδ sequences of clonally expanded Vγ9− Vδ2+ TCRs from donors expressing a CD27lo/neg phenotype (top section). All TCRδ2 sequences from a representative healthy donor with a CD27hi

phenotype (bottom section). Sequences were analysed using IMGT Junction Analysis, which identified V, D and J gene segments used. The table depicts CDR3δ sequences, Dδ usage, Jδ usage, CDR3
length, Vγ usage, Jγ usage and CDR3γ length. Amino acids (aa) at position 5 of the CDR3 sequence (see Methods) are highlighted in bold. ND not determined
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focused clonotypic expansion and concomitant phenotypic dif-
ferentiation that closely matches that of Vδ1+ T cells but is not
observed in Vγ9+ Vδ2+ T cells. This considerably extends the
findings of Ravens et al.12, who detected unusual Vγ9− Vδ2+

clonotypes in the peripheral blood of one healthy donor and one
HSCT recipient.
This adaptive biology was confirmed by our analysis of patients

following acute CMV infection, which highlighted a striking
expansion of the Vγ9− Vδ2+ subset after infection, linked to the
selection of dominant clonotypes, which occurred concomitantly
with differentiation from a naive CD27hi to a CD27lo/neg phe-
notype, and acquisition of CX3CR1 and cytotoxic granzymes,
similar to CMV-specific cytotoxic CD8+ T cells46,47. Interest-
ingly, the single healthy donor who exhibited a clonally expanded
Vγ9− Vδ2+ T-cell subset (“donor X”) was CMV+ and unusually,
displayed elevated IgG titres, raising the possibility of recent
CMV reactivation. Our findings therefore suggest a role for the
Vγ9− Vδ2+ T-cell subset in unconventional immunosurveillance
against viral infection, and provide a clear indication that this
subset assumes an adaptive immunobiology, highly similar to that
suggested for Vδ1+ T cells11,12. These data suggest clonal selec-
tion from a CCR7+, potentially lymphoid tissue homing, naive-
like Vγ9−Vδ2+ T-cell population that expresses a pool of TCRs,
enabling amplification of responses to microbial challenges, via
differentiation of cells bearing biologically relevant clonotypes to
an effector phenotype, resulting in long-lived, functional γδ T-cell
memory. The liver provided an attractive human model in which
to examine Vγ9− Vδ2+ T cells in solid tissues, as it functions as
an important site for clearance of both commensals and

pathogens from portal circulation, and has a high proportion of
unconventional T cells, such as MAIT cells48. Our finding that
clonally expanded effector Vγ9− Vδ2+ T cells can be recruited to
the liver suggests this subset may complement the innate-like
recognition provided by such hepatic semi-invariant T cells with an
unconventional adaptive memory response. Unfortunately, we were
unable to obtain CMV serostatus for the patients from whom
explanted liver samples were derived, and therefore unable to
conclude if the presence of such hepatic Vγ9− Vδ2+ T cells solely
reflected CMV seropositivity or alternatively a wider set of immune
challenges. Of relevance, a monoclonally expanded myocytotoxic
T-cell population bearing a Vγ3+ Vδ2+ TCR detected in a patient
with polymyositis highlights the potential of the Vγ9− Vδ2+ T-cell
subset to trigger autoimmunity49,50. Further studies are required to
define additional microbial and non-microbial challenges that
stimulate this unconventional T-cell subset.
In addition to clonal expansion in response to CMV, the

finding that peripheral blood Vγ9− Vδ2+ T cells were TCR
responsive but unresponsive to IL-12/IL-18 is another feature that
distinguishes them from Vγ9+ Vδ2+ T cells, and one that again
aligns them closely with the Vδ1+ T-cell subset, which has also
been highlighted to display adaptive features11,12 Further studies
on such adaptive subsets (Vδ1+ and Vγ9− Vδ2+ T cells), ideally
ultimately in the context of physiological TCR ligands, are
required to explore the full range of functional differences with
innate-like subsets. Of note, Vγ9+ Vδ2+ T cells have previously
been demonstrated to exert pleiotropic effector functions in
response to cognate P-Ag ligands and different cytokine stimu-
lation51. Moreover, recent studies in mice highlight that γδ TCR
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triggering of innate-like lymphocytes induced a state of TCR
hyporesponsiveness in which T-cell activation could be induced
by TCR-extrinsic stimuli6 Unfortunately, a systematic compar-
ison of the TCR responsiveness of naive vs. effector Vγ9− Vδ2+

T cells within one tissue was not possible, due to the strong
dominance of naive Vγ9− Vδ2+ T cells in peripheral blood and

effector Vγ9− Vδ2+ T cells in liver. However, importantly within
the Vδ1+ T-cell compartment, CD27lo/neg effectors display a far
quicker response to TCR stimulation than CD27hi naive cells11.
This observation emphasises the strong distinction between
innate-like and adaptive subsets within the γδ T-cell
compartment.
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Human Vδ2+ T cells therefore comprise two separate subsets,
which reflect distinct paradigms in human γδ T-cell biology and
also have distinct roles in antimicrobial immunity. Vγ9+ Vδ2+

T cells appear to represent an innate-like subset, most likely
originating via gestational selection, which is ‘pre-armed’ from
birth with a semi-invariant TCR repertoire that includes a high
level of public Vγ TCR chains, permitting polyclonal TCR-
mediated responses to microbial P-Ag, as well as to innate
cytokines independently of the TCR. However, the Vγ9+ Vδ2+

TCR repertoire diversity may provide the potential for clonotype-
specific responses potentially targeted at specific microbial anti-
genic challenges. In contrast, Vγ9− Vδ2+ T cells, which are P-Ag-
unreactive, represent a previously ill-defined unconventional T-
cell compartment that exhibits many of the key hallmarks of an
adaptive immunobiology, including clonal expansion and differ-
entiation to effector lymphocytes from an initially naive-like and
TCR diverse T-cell pool, including in response to acute viral
infection. In doing so, Vγ9− Vδ2+ T cells most likely contribute
to both peripheral blood and tissue immunosurveillance.

Methods
Ethical approval and samples. Peripheral blood samples were obtained from
healthy donors who had provided written informed consent for sample collection
and subsequent analysis; project approval for this aspect of the study was granted
by the NRES Committee West Midlands ethical board (REC reference 14/WM/
1254). Samples from patients undergoing renal transplantation were obtained at
the Academic Medical Centre, Amsterdam; the medical ethics committee of the
Academic Medical Center, Amsterdam, approved this arm of the study and all
subjects provided written informed consent in accordance with the Declaration of
Helsinki. Longitudinal heparinized blood samples were collected from CMV-
seronegative patients who developed primary CMV infection after receiving a renal
transplant from a CMV-seropositive donor. As controls, longitudinal PBMC from
age matched CMV-seronegative patients who remained CMV-seronegative during
the first 5 years following renal transplantation were used. All patients were EBV-
seropositive. The course of CMV infection was followed by longitudinal 2-weekly
PCR for CMV viral load, and seroconversion was confirmed by detection of CMV-
specific IgM and IgG. The patients did not receive CMV prophylaxis, but once the
CMV load reached 10-4 copies/ml, the MMF dose was halved and Valcyte was
given. Only patient 1014 experienced CMV-related symptoms: CMV gastritis. All
but one patient were treated with a basic immunosuppressive regimen comprising
of CD25 mAb (basiliximab) induction treatment, prednisolone, cyclosporine A and
MMF. Patient 261, however, was treated with one dose of prednisolone upon
transplantation with a kidney from an identical twin, whereafter all immunosup-
pression was ceased. Liver infiltrating T cells were isolated from explanted diseased
human liver tissues from patients undergoing liver transplantation for inflamma-
tory liver diseases, including primary biliary cholangits, primary sclerosing cho-
langitis, alcoholic liver disease, and autoimmune hepatitis (Local Research Ethics
Committee reference no. 98/CA5192) or normal liver samples from donor liver
tissue surplus to clinical requirements (Local Research Ethics Committee reference
no. 06/Q2708/11). Umbilical cord blood units were obtained from the Anthony
Nolan Cell Therapy Centre Nottingham (ANCTC) under generic tissue bank ethics
held by ANCTC and extended to the researchers under a material transfer
agreement (MTA).

T-cell isolation, culture and activation. PBMC were isolated from heparinised
venous blood by lymphoprep© (Stem Cell Technologies) density gradient cen-
trifugation as per the manufacturers instructions. For proliferation of T cells,
PBMC were labelled with 0.3 µM carboxyfluorescein succinimidyl ester (CFSE)
(eBioscience) and cultured with 10 nM HMB-PP (Sigma) or CD3/CD28 T activator
beads (Invitrogen) for 7 days in RPMI-1640 medium (Invitrogen) supplemented
with 2 mM L-glutamine, 1% sodium pyruvate, 50 μg/ml penicillin/streptomycin
(Invitrogen) and 10% fetal calf serum (Sigma).

Antibodies and flow cytometry. For total and single-cell sorting of Vδ2+

populations, PBMC were labelled with anti-CD3 (UCHT1; Biolegend; 1:100), TCR
αβ (BW242/412; Miltenyi; 1:200), TCR Vδ2 (123R3; Miltenyi; 1:200), CD27 (M-
T271; 1:200), CD45RA (HI100; 1:200); both Biolegend, and populations were
sorted on an ARIA III Fusion (BD) (Supplementary Fig. 4a). For repertoire ana-
lysis, Vδ2+ T-cell populations were sorted directly into RNAlater (Sigma). For
phenotypic analysis, freshly isolated or frozen PBMC, or cultured cells were
labelled with Zombie Aqua viability dye (Biolegend), and then subsequently stained
(Supplementary Fig. 4b) for cell surface antigens with antibodies directed against
CD3 (UCHT1 or HIT3a; 1:100), CD8 (SK1; 1:200), CD45RA (HI100; 1:200), CD27
(M-T271; 1:200), CCR7 (G043H7; 1:50), IL7Rα (A019D5; 1:100), CD28 (28.2;
1:100), CX3CR1 (2A9-1; 1:100), CD16 (3G8; 1:150), CD69 (FN50; 1:100), TCR Vδ2
(B6; 1:100), TCR αβ (IP26; 1:50); all Biolegend. TCR Vγ9 (IMMU360; 1:400);
Beckman Coulter. TCR Vδ1 (REA173; 1:200) and TCR Vδ2 (123R3; 1:200); Mil-
tenyi, or αGalCer loaded CD1d dextramers (ProImmune; 1:20). For intracellular
staining, after surface antibody staining cells were fixed in IC Fixation buffer
(eBioscience) and stained in Permeabilisation Buffer (eBioscience) with antibodies
directed against Granzyme A (CBO9; 1:100) and Granzyme B (GB11; 1:100);
Biolegend). Cells were acquired on an LSR Fortessa X20 (BD) and data analysed
with FlowJo V10.2 (TreeStar).

TCR repertoire analysis. RNA was purified from sorted cells (adult Vδ2+: 25,000
cells; cord blood Vδ2+: 2,400 - 8,800 cells) using an RNAmicro plus kit (Qiagen)
according to the manufacturer’s instructions. For high throughput deep sequencing of
γδ TCRs, we used amplicon rescued multiplex (ARM)-PCR and a MiSeq (Illumina)
next-generation sequencer (NGS)52 to analyse all sorted Vδ2+ T-cell populations. As
detailed in patent WO2009137255A2, a modified version of a protocol devised by
Han et al.53 was used, involving initial first-round RT-PCR using high concentrations
of gene-specific primers, followed by use of universal primers for the exponential
phase of amplification, allowing deep, quantitative and non-biased amplification of
TCR γ and TCR δ sequences. All cDNA synthesis, amplification, NGS library pre-
paration and sequencing were performed by iRepertoire, Inc. (Huntsville, USA). We
analysed positively sorted αβ TCR- Vδ2+ γδ T cells from 7 healthy donors and 4
umbilical cord blood units (Anthony Nolan Trust, Nottingham).

Single-cell TCR sequencing. PBMC were labelled as above and Vδ2+ T cells were
single cell sorted directly into individual wells in a 96-well plate containing 2 µl of
Superscript VILO cDNA synthesis kit reaction mix (ThermoFisher) containing
0.1% Triton X-100, and incubated according to manufacturer’s instructions. TCRγ
and TCRδ cDNAs were amplified by two rounds of nested PCR using GoTaq
mastermix (Promega) and primers for Vδ2, TCTGGGCAGGAGTCATGT
(external) and GAAAGGAGAAGCGATCGGTAAC (internal); for Cδ GCAGGA
TCAAACTCTGTTATCTTC (external) and TCCTTCACCAGACAAGCGAC
(internal); for Vγ1–8 CTGGTACCTACACCAGGAGGGGAAGG (external) and
TGTGTTGGAATCAGGAVTCAG (internal); for Vγ9 AGAGAGACCTGGTG
AAGTCATACA (external) and GGTGGATAGGATACCTGAAACG (internal)
and for Cγ CTGACGATACATCTGTGTTCTTTG (external) and AATCGTGTT
GCTCTTCTTTTCTT (internal). PCR products were separated on 1.2% agarose
gels, and products of successful reactions were incubated with ExoSAP-IT PCR
cleanup enzyme (Affymetrix) before sequencing with BigDye Terminator v3.1
(Applied Biosystems) following manufacturer’s instructions and running on an
ABI 3730 capillary sequencer (Functional Genomics Facility, University of
Birmingham).

TCR repertoire data analysis. V, D and J gene usage and CDR3 sequences were
identified and assigned and tree maps generated using iRweb tools (iRepertoire,
Inc, Huntsville, AL, USA)54. Tree maps show each unique CDR3 as a coloured
rectangle, the size of each rectangle corresponds to each CDR3s abundance within
the repertoire and the positioning is determined by the V region usage. To
determine the 10 most prevalent shared CDR3γ9 sequences, the first 10 most
dominant sequences by frequency were filtered from each donors CDR3γ9 protein
lists. These sequences were then ordered by frequency for sequences that were
shared between >2 donors (to create a hierarchy of 10 common sequences) and
uncommon highly amplified sequences were included in the final analysis. For
more detailed analysis of the TCR repertoire, datasets were processed using the
MiXCR software package55 to further correct for PCR and sequencing errors.
Diversity metrics, clonotype overlap and gene usage were plotted in R, by
VDJTools56.

Fig. 6 Vγ9− Vδ2+ T cells exhibit TCR-specific clonal expansion in response to viral infection. a Identification of Vδ2+ T cells in CD3+ T cells (top row) and
Vγ9− cells within Vδ2+ T cells (bottom row) in longitudinal peripheral blood samples from two CMV-seronegative kidney transplant patients developing
post-operative acute CMV infection (CMV-seroconversion: patient 231, 8 weeks; patient 261, 7 weeks). b CD27 and CD45RA T-cell memory marker
expression profiles by detectable Vγ9− Vδ2+ T cells populations in longitudinal peripheral blood samples from patients 231 and 261. Cytometry data from
patient 261 at 281 weeks was acquired on an alternative flow cytometer (a and b). c Single-cell CDR3δ sequence analysis and Vγ usage by Vγ9− Vδ2+

T cells sorted from patients 231 and 261 peripheral blood samples between 39 and 328 weeks after transplantation. d Analysis of the indicated naive and
effector T-cell markers by Vγ9− Vδ2+ T cells from patients 261 (week 48) and 231 (week 328) and in comparison with CD27hi, CD27lo/neg Vδ1+ and Vγ9−

Vδ2+ T cells from the peripheral of blood of two healthy donors analysed in parallel. ND no detectable population
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TCR sequence analyses. The CDR3 sequence was defined as the amino acids
between the second Cysteine of the V region and the conserved Phenylalanine of
the J region, according to IMGT. CDR3 sequences shown in tables include the
conserved Cysteine and Phenylalanine, but only the amino acids between these
residues are counted for CDR3 length analysis and for analysis of residues at
position 5. N and P nucleotides were identified using the IMGT Junction Analysis
tool57,58. Neonatal Vδ2 sequence logos were generated on the Seq2Logo server59 in
Shannon format without the use of pseudo counts, and give a visual representation
of amino acids enriched at different positions in the observed CDR3δ2 sequences.
The different amino acids are coloured according to physicochemical properties
(acidic (DE), red; basic (RKH), blue; hydrophobic (ACFILMPVW), black; and
neutral (NSGTY), green). For TCRδ2 sequences, the ten most abundant clonotypes
of 14–16 amino acids using either Jδ3 or Jδ1 from each donor were aligned using
Clustal Omega52 with default parameters, before logo generation. Narrower bars in
the sequence logo correspond to gaps in the sequences.

Statistical analysis. Each data set was assessed for normality using Shapiro–Wilk
normality test. Differences between columns were analysed by two-tailed Student’s
t-tests for normally distributed data and Mann–Whitney for non-parametric data.
Differences between groups were analysed using one-way ANOVA with Dunnett’s
or Tukey’s post tests for normally distributed data or with Kruskal–Wallis with
Tukey’s post tests for non-parametric data and RM two-way ANOVA with Tukey’s
post tests was used when comparing groups with independent variables. *P < 0.05,
**P < 0.01, ***P < 0.001 and ****P < 0.0001. Correlation was assessed for non-
parametric data by Spearman correlation. Tabulated data were analysed in
Graphpad PRISM 7 (Graphpad Software, Inc.).

Data availability. All data are available from the authors upon request. The
sequence data that support the findings of this study have been deposited in the
NIH NCBI sequence read archive (SRA) database with the primary accession code
SRP113556 and SRP096009, for Vδ2+ and Vδ1+ TCR repertoires respectively.
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Supplementary Figure 1. Profiling of Vδ2+ T cells and TCR repertoires in adults and neonates. (a) Frequency of Vδ2+ 

cells in CD3+ T cells from cord blood samples (n=5) and adult peripheral blood (n=18). (b) Frequency of CD69+ Vγ9+ Vδ2+ 

T cells from PBMC cultured in the presence of medium or 10 nM HMB-PP for 18 hours (n=5). (c) Vδ, (d) Vγ usage in 

Vδ2+ TCR repertoires from adult peripheral blood (n=7) and cord blood samples (n=4). (e) Comparison of TCRδ D75 

metrics from Vδ2+ T cells from adult peripheral blood, cord blood samples (adult: n=7; cord blood: n=4) and Vδ1+ TCR 

repertoires (adult focussed: n=13; adult diverse: n=7; cord blood: n=5). (f) Comparison of TCRγ D75 metrics from paired 

Vδ2+ and Vδ1+ TCR repertoires from the same adult peripheral blood and cord blood samples. Adult donor 24 had no 

matched Vδ1+ TCR repertoire data. Error bars indicate means ± SEM; * P < 0.05; *** P < 0.001; **** P < 0.0001; p-values 

were determined by Mann-Whitney t-test (a and e); Student’s t-test (b) and One-way ANOVA with Tukey’s post hoc testing 

(e). 
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Supplementary Figure 2. Identification of Vγ9- Vδ2+ T cells and NKT cells in healthy adults. (a) Representative 

identification of Vγ9- Vδ2+ T cells by monoclonal antibodies directed against TCR Vγ9 and TCR Vδ2 in CD3+ T cells from 

adult peripheral blood samples (n=18). (b) Representative identification of NKT cells with an αGalCer loaded CD1d-

dextramer in CD3+ T cells from adult peripheral blood samples (n=5). 
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Supplementary Figure 3. Vγ9- Vδ2+ T cells in kidney transplant patients. (a) Identification of Vγ9- cells within total 

Vδ2+ T cells in two CMV-seronegative kidney transplant patients who did not develop post-operative acute-CMV infection 

and (b) a patient who was infected with CMV and seroconverted at 5 weeks post-transplantation. (c) Analysis of CD27 

and CD45RA T cell memory marker expression on detectable Vγ9- Vδ2+ T cells populations from CMV-seronegative 

patient 279 at 40 and 255 weeks post-kidney transplant. 
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Supplementary Figure 4. Gating strategy for identification and sorting of T cell populations. (a) Representative flow 

cytometry plots show the gating strategy used to identify single cells>lymphocytes>live cells>CD3+ TCR αβ- T cells>Vδ2+ 

populations for cell sorting (related to Figure 1, 2 and Supplementary Figure 1). (b) Representative identification of single 

cells>lymphocytes>live cells CD3+>Vδ1+, Vδ2+ and Vδ1- Vδ2- CD8+ T cells from peripheral blood and liver tissue samples 

(related to Figure 2, 3, 4, 5, 6, Supplementary Figure 2 and 3). 
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Supplementary Table 1. Top 10 most prevalent TCRδ sequences in cord blood Vδ2+ T cells. The table depicts CDR3δ2 amino acid sequence and frequency occupied in the 

total TCRδ repertoire from four cord blood donors. 

 
 

Cord Blood 1 % Cord Blood 4 % Cord Blood 5 % Cord Blood 6 % 

CACDWGSSWDTRQMFF 6.2 CACDWGSSWDTRQMFF 8.2 CACDILGDTDKLIF 5.4 CACDSLGDTSPDKLIF 11.6 

CACDILGDTDKLIF 3.1 CACDTGGYSWDTRQMFF 3.4 CACDKLGDTDKLIF 4.1 CACDRGIRRSWDTRQMFF 10.4 

CACDVLGDTDKLIF 1.5 CACDILGDTDKLIF 1.9 CACDTVLGDTWDTRQMFF 3.0 CACDGKSTSSWDTRQMFF 9.7 

CACDVLGDTAQLFF 1.5 CACDTVLGDTWDTRQMFF 1.4 CACDWGSSWDTRQMFF 2.5 CACDTVYWGIRSSWDTRQMFF 9.7 

CACDRGYYTDKLIF 1.2 CACDVLGDTDKLIF 1.3 CACDVLGDRHDKLIF 2.2 CACDSLGDTWDTRQMFF 9.7 

CACDVLGDLTAQLFF 1.1 CACDYWGSSWDTRQMFF 1.1 CACDVLGDTDKLIF 2.1 CACDTGGRWGIRLWDTRQMFF 9.1 

CACDGILTAQLFF 0.9 CACDTWGSSWDTRQMFF 0.9 CACDNTGGSWDTRQMFF 1.8 CACDTATPLESGGYEVGTDKLIF 7.5 

CACDTWGYTDKLIF 0.9 CACDILGDTWDTRQMFF 0.6 CACDTVIGGIRPYTDKLIF 1.7 CACDTGKWDTRQMFF 7.3 

CACDSGIWTAQLFF 0.9 CACDWGTWDTRQMFF 0.6 CACDTGGYWDTRQMFF 1.6 CACDTGDTLWDTRQMFF 3.8 

CACDILGDTWDTRQMFF 0.8 CACDTWGTDKLIF 0.6 CACDTLGVLDKLIF 1.5 CACDTGWSSWDTRQMFF 3.3 
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Supplementary Table 2. Shared TCRδ sequences in cord blood Vδ2+ T cells. The table depicts public CDR3δ2 sequences, amino acid length, Dδ, and Jδ gene segments used, 

N-nucleotide, P-nucleotide addition and relative frequency within each TCRδ repertoire. Sequences were analysed using IMGT Junction Analysis and are from four cord blood 

donors. ND = not detected. 

 
 

CDR3δ2 

CDR3 

length TRDD TRDJ P nt N nt 

 

 

CB01 CB04 CB05 CB06   Frequency 

CACDWGSSWDTRQMFF 14 3 3 1 0           >5% 

CACDTAGGYSWDTRQMFF 16 3 3 1 0           2.5-5% 

CACDTWDTRQMFF 11 -- 3 0 0           1-2.5% 

CACDWGTWDTRQMFF 13 3 3 0 0           <1% 

CACDTGDTLWDTRQMFF 15 3 3 1 1           ND 

CACDTVLGDTWDTRQMFF 16 3 3 2 0           
CACDNTGGSWDTRQMFF 15 3 3 1 1           
CACDTGGYWDTRQMFF 14 3 3 0 0           
CACDTWGSSWDTRQMFF 15 3 3 1 0           
CACDYWGSSWDTRQMFF 15 3 3 2 0           
CACDTGGYSWDTRQMFF 15 3 3 0 0           
CACDTAGGSWDTRQMFF 15 3 3 1 0           
CACDTAGSSWDTRQMFF 15 3 3 2 1           
CACDTVGGSSWDTRQMFF 16 3 3 3 2           
CACDTYWGSSWDTRQMFF 16 3 3 2 0           
CACDTGGYSSWDTRQMFF 16 3 3 2 0           
CACDILGDTDKLIF 12 3 1 1 0            
CACDVLGDTDKLIF 12 3 1 2 0           
CACDTLGDTDKLIF 12 3 1 0 0           
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Chapter V 

Human liver infiltrating γδ T cells are composed of 
clonally expanded circulating  

and tissue-resident populations 
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Introduction 

γδ T cells make up a significant part of the resident lymphocytes of peripheral tissues in 

both mice and men; however, human gamma/delta T cells make up to only 1-5% of T lymphocytes 

in blood circulation. Chapter V addresses the question of γδ T cell functional status in liver tissue. 

We studied liver samples both from patients with chronic non-carcinogenic liver diseases and liver 

donor samples. In the liver of both healthy donors and patients, Vδ2- γδ T cells were predominant. 

Liver-resident γδ T cells displayed higher clonal expansions than circulating γδ T cells.  

Unexpectedly, we found that 3-10 particularly dominant memory cell clones can fill up to 

75% of repertoire volume. Naive T cells are practically absent in the liver tissue, and memory T 

cells contain both subsets similar to the circulating memory subset and a unique memory subset 

with resident cell markers (effector phenotype CD45RAloCD69+CXCR3+CXCR6+). The liver 

tissue example shows that tissue-resident gamma/delta TCR repertoires have low diversity and 

extremely high clonality. 

 

Contribution 

We studied the diversity and properties of the T-cell receptor repertoire along with the 

liver-resident γδ T-cells phenotype. Collaborators from the University of Birmingham performed 

immunophenotyping and described the functionality of γδ infiltrating liver T cells with flow 

cytometry, in situ hybridization, and immunohistochemistry. TCR sequencing was outsourced to 

iRepertoire.  

I performed TCR sequencing data analysis. The data from tissue samples required a 

preprocessing step to deal with cross-contamination before comparison of paired samples. I 

performed multiple comparisons of diversity estimation metrics and proposed the strategy for the 

characterization of highly expanded T cell populations in tissue samples. TCR repertoire data 

allowed to describe the difference in clonal composition between paired blood and liver samples. 

Here for the first time, we characterized clonality and the unique TCR repertoire features of 

resident γδ T cells from peripheral tissues.  
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Highlights
� Intrahepatic Vd2neg cd T cells are clonally focussed and

feature private TCR rearrangements.

� Effector CD27lo/neg Vd1+ T cells are enriched in liver, but
naïve CD27hi cells are absent.

� A subset of Vd1+ T cells is distinct from those in blood and
may be liver tissue resident.

� Liver Vd1+ cd T cells are polyfunctional and respond to both
TCR and innate stimuli.
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Lay summary
cd T cells are frequently enriched in many
solid tissues, however the immunobiol-
ogy of such tissue-associated subsets in
humans has remained unclear. We show
that intrahepatic cd T cells are enriched
for clonally expanded effector T cells,
whereas naïve cd T cells are largely
excluded. Moreover, whereas a distinct
proportion of circulating T cell clonotypes
was present in both the liver tissue and
peripheral blood, a functionally and
clonotypically distinct population of
liver-resident cd T cells was also evident.
Our findings suggest that factors trigger-
ing cd T cell clonal selection and differ-
entiation, such as infection, can drive
enrichment of cd T cells into liver tissue,
allowing the development of functionally
distinct tissue-restricted memory popula-
tions specialised in local hepatic immuno-
surveillance.
Molecular and Cell Biology
J. Hepatol. 2018, 69, 654–665
licenses/by/4.0/).
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Human liver infiltrating cd T c
expanded circulating and t

Stuart Hunter1,2,y, Carrie R. Willcox1,y, Martin S. D
Dmitriy M. Chudakov3,4,5,6, Ye H

1Cancer Immunology and Immunotherapy Centre, Institute of Imm
Birmingham B15 2TT, United Kingdom; 2Centre for Liver Research and
Research Centre, Institute of Immunology & Immunotherapy, Universit
Bioorganic Chemistry, Russian Academy of Science, Moscow, Russia; 4

European Institute of Technology, Masaryk University, Brno, Czech Rep
Russia; 7University Hospital of Birmingha

Background & Aims:cd T cells comprise a substantial propor-
tion of tissue-associated lymphocytes. However, our current
understanding of human cd T cells is primarily based on periph-
eral blood subsets, while the immunobiology of tissue-
associated subsets remains largely unclear. Therefore, we aimed
to elucidate the T cell receptor (TCR) diversity, immunopheno-
type and function of cd T cells in the human liver.
Methods:We characterised the TCR repertoire, immunopheno-
type and function of human liver infiltrating cd T cells, by TCR
sequencing analysis, flow cytometry, in situ hybridisation and
immunohistochemistry. We focussed on the predominant
tissue-associated Vd2� cd subset, which is implicated in liver
immunopathology.
Results: Intrahepatic Vd2� cd T cells were highly clonally
focussed, with single expanded clonotypes featuring complex,
private TCR rearrangements frequently dominating the com-
partment. Such T cells were predominantly CD27lo/� effector
lymphocytes, whereas naïve CD27hi, TCR-diverse populations
present in matched blood were generally absent in the liver.
Furthermore, while a CD45RAhi Vd2� cd effector subset present
in both liver and peripheral blood contained overlapping TCR
clonotypes, the liver Vd2� cd T cell pool also included a pheno-
typically distinct CD45RAlo effector compartment that was
enriched for expression of the tissue tropism marker CD69,
the hepatic homing chemokine receptors CXCR3 and CXCR6,
and liver-restricted TCR clonotypes, suggestive of intrahepatic
tissue residency. Liver infiltrating Vd2� cd cells were capable
of polyfunctional cytokine secretion, and unlike peripheral
blood subsets, were responsive to both TCR and innate stimuli.
Keywords: Gamma delta T cells; T cell receptor; Liver immune surveillance; Liver-
resident T cells; Human liver; Immunological memory.
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Conclusion: These findings suggest that the ability of Vd2� cd T
cells to undergo clonotypic expansion and differentiation is cru-
cial in permitting access to solid tissues, such as the liver, which
results in functionally distinct peripheral and liver-resident
memory cd T cell subsets. They also highlight the inherent func-
tional plasticity within the Vd2� cd T cell compartment and pro-
vide information that could be used for the design of cellular
therapies that suppress liver inflammation or combat liver
cancer.
Lay summary:cd T cells are frequently enriched in many solid
tissues, however the immunobiology of such tissue-associated
subsets in humans has remained unclear. We show that intra-
hepatic cd T cells are enriched for clonally expanded effector T
cells, whereas naïve cd T cells are largely excluded. Moreover,
whereas a distinct proportion of circulating T cell clonotypes
was present in both the liver tissue and peripheral blood, a func-
tionally and clonotypically distinct population of liver-resident
cd T cells was also evident. Our findings suggest that factors trig-
gering cd T cell clonal selection and differentiation, such as infec-
tion, can drive enrichment of cd T cells into liver tissue, allowing
the development of functionally distinct tissue-restricted mem-
ory populations specialised in local hepatic immunosurveillance.
� 2018 European Association for the Study of the Liver. Published by
Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction
cd T cells are unconventional lymphocytes enriched in solid tis-
sues, where they are thought to play critical roles in immuno-
surveillance.1 Studies of mouse tissue-associated cd subsets
suggest cd T cell function can be predominantly innate-like,
involving semi-invariant T cell subsets that enable fast response
kinetics without a requirement for clonal selection and differen-
tiation.2–5 This role may allow for rapid ‘lymphoid stress
surveillance’, limiting damage to host tissues in the face of
microbial or non-microbial challenges, prior to full activation
of adaptive immunity.4,6 As such, cd T cells may critically
complement the contributions of tissue-resident ab subsets,
which provide an augmented adaptive response to infections
re-encountered at body surfaces,7 potentially explaining the
retention of cd T cells alongside the ab T cell and B cell lineage
over 450 million years of vertebrate evolution.8
018 vol. 69 j 654–665
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In contrast, the paradigms underlying human cd T cell
immunobiology are far from clear. In humans, the peripheral
blood is dominated by the Vd2+/Vc9+ T cell subset, polyclonally
activated by bacterial9 and endogenous phospho-antigens,10

arguably conforming to an innate-like paradigm.11 In contrast,
human solid tissues are enriched for Vd2� cd T cells, of which
the Vd1+ subset is the most prevalent. It is far less clear if this
dominant human tissue-associated subset also adopts an
innate-like biology. Indeed, Vd2� T cells have been linked to
recognition of a diverse range of ligands including to date
Endothelial Protein C Receptor,12 CD1 molecules,13 Annexin-
A2,14 and even phycoerythrin.15 Moreover, recent data have
provided strong evidence that Vd1+ cells display an unconven-
tional adaptive biology, undergoing clonal selection and differ-
entiation from a naïve T cell receptor (TCR)-diverse precursor
pool,16 with viral infection one trigger driving expansion.17

However, such studies have focussed on the subset of Vd2� cd
T cells that are retained in peripheral blood. To date, the
immunobiology of human tissue-associated cd T cells remains
relatively unstudied, despite the Vd2� T cell subset representing
a considerable proportion of the total T cell infiltration in many
human solid tissues, including gut,2 lung18 and liver.19

To shed light on the function of tissue-associated cd T cells
and how this relates to peripheral subsets, we characterised
human intrahepatic Vd2� T cells. The liver is a site of consider-
able blood flow, receiving 75% of the total blood in the body
every 2 h, with a third of this originating directly from the
antigen-rich gut via the portal vein. In addition to providing a
generally immunosuppressive microenvironment to facilitate
tolerization of T cells toward non-pathogenic antigens present
in the portal blood flow, the liver is also home to a large popu-
lation of innate lymphoid cells, including natural killer (NK)
cells, invariant natural killer T (iNKT) cells, mucosal associated
invariant T (MAIT) cells20 and cd T cells,19 in addition to CD8+

cytotoxic T cells.21 This enrichment is believed to balance the
need for tolerization with a requirement for rapid identification
and elimination of potentially harmful pathogenic entities, for
example via pathogen associated molecular pattern receptors
and semi-invariant T cell populations.22 To shed light on the
immunobiology of cd T cells in this context we exploited next
generation sequencing (NGS) approaches, allowing us to probe
the TCR repertoire, in parallel with immunophenotype, and
function.

Our study is the first to define the interconnected clonotypic,
phenotypic and functional features of human tissue-associated
cd T cells. The findings suggest that the liver selectively retains
Vd2� T cells that are clonally expanded and adopt an effector
phenotype, and which include a subset containing liver-
restricted clonotypes that is phenotypically and functionally
distinct from those present in peripheral blood.

(Local Research Ethics Committee reference No. 06/Q2708/11).
Unless otherwise stated (see Fig. 1), all diseased liver tissue
analysed was from HCV/HBV-negative donors, and were non-
cancerous. Normal liver tissue donors had no known prior his-
tory of liver disease or HCV/HBV infection. All diseased livers
were Child C decompensated. Adult peripheral blood was
obtained from consenting healthy donors (protocol approved
by the NRES Committee West Midlands ethical board; REC
reference 14/WM/1254).

T cell isolation, culture and activation
Human liver infiltrating lymphocytes were isolated from fresh
liver tissue as described previously.20 A whole slice of liver
was processed, thereby reducing any effects of heterogeneous
disease localisation. Briefly, explanted liver tissue was diced
into 5 mm3 cubes, washed with Phosphate Buffered Saline
(PBS), and then homogenised in a Seward stomacher 400 circu-
lator (260 rpm, 5 min). The homogenate was filtered through
fine (63 lm) mesh (John Staniar and Co, Manchester, UK) and
the lymphocytes were isolated by density gradient separation
using Lympholyte (VH Bio, Gateshead, UK) at 800�g for 20
min. The lymphocyte layer was collected and washed with
PBS. Cell viability was assessed by trypan blue exclusion.
Peripheral blood mononuclear cells (PBMCs) were isolated from
heparinised venous blood by lymphoprep� (Stem Cell Tech-
nologies) density gradient centrifugation as per the manufac-
turer’s instructions. The cell culture medium used throughout
this study was RPMI-1640 medium (Invitrogen) supplemented
with 2 mM L-glutamine, 1% sodium pyruvate, 50 lg/ml peni-
cillin/streptomycin (Invitrogen) and 10% foetal calf serum
(Sigma).

Antibodies and flow cytometry
For total and single-cell sorting of Vd2� and Vd1+ cd T popula-
tions, PBMC were labelled with anti-CD3 (UCHT1; BioLegend),
TCR cd (BW242/412), TCR Vd2 (123R3) or TCR Vd1 (REA173);
all Miltenyi, CD27 (M-T271), CD45RA (HI100); BioLegend, and
populations were sorted on a MoFlo Astrios (Beckman Coulter)
or ARIA III Fusion (BD). For repertoire analysis, Vd2� T cell pop-
ulations were sorted directly into RNAlater (Sigma). For pheno-
typic analysis, freshly isolated or frozen PBMCs, or cultured cells
were labelled with Zombie Aqua viability dye (BioLegend), and
then subsequently stained for cell surface antigens with anti-
bodies directed against CD3 BV421 (UCHT-1, 1:100), CD8
BV650 (SK1; 1:200), CD45RA PeCy7 (HI100; 1:200), CD27 PE/
Dazzle 594 (M-T271; 1:200), CCR7 AF647 (G043H7; 1:100),
CD62L APC-Cy7 (DREG-56; 1:100), CD28 PE (28.2; 1:80), CD16
PE-Cy7 (3G8; 1:100), CD69 BV605 (FN50; 1:100), CD25 BV421
(2A3; 1:100), CD54 BV421 (HA58; 1:100), TCR Vd2 PE (B6;
1:100), TCR cd PE Cy7 (B1; 1:100), TCR ab PE (IP26; 1:50),
CXCR3 PE (G025H7); all BioLegend. CXCR6 PE (56811/FAB699P;

JOURNAL 
OF HEPATOLOGY
Material and methods
Ethical approval and samples
Explanted diseased liver tissue and matched blood were
obtained from patients who underwent liver transplantation
for end-stage liver diseases including primary sclerosing
cholangitis (PSC), primary biliary cholangitis (PBC), alcoholic
liver disease (ALD), non-alcoholic steatohepatitis (NASH), hep-
atitis C virus (HCV) and hepatitis B virus (HBV) (Local Research
Ethics Committee reference No. 98/CA5192) or normal liver
samples from donor liver tissue surplus to clinical requirements
Journal of Hepatology 2
1:20) from R&D Systems. Mouse anti-human CX3CR1-PE (2A9–
1; 1:20), CD69 PE (FN50; 1:50) from Immunotools. Mouse
anti-human CD127 APC (IM1980U; 1:20), TCR cd PE Cy7
(IMMU510; 1:200), TCR Vd3 FITC and TCR Vc9 PE Cy5
(IMMU360; 1:400); Beckman Coulter. TCR Vd1 PE (TS8.2;
1:100); Fisher Scientific. TCR Vd1 PE and FITC (REA173; 1:100)
and TCR Vd2 APC (123R3; 1:200); Miltenyi Biotec. For intracel-
lular staining, after surface antibody staining, cells were fixed in
Foxp3/Transcription factor fix/perm buffer (eBioscience) and
stained in permeabilization buffer (eBioscience) with antibodies
directed against Granzyme A FITC (CBO9; 1:100), Granzyme B
018 vol. 69 j 654–665 655
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APC (GB11; 1:100) and Perforin BV421 (B-D48; 1:80); all BioLe-
gend. For intracellular cytokine staining, antibodies used were
interferon-c (IFNc) BV421 (340449; 1:200), tumour necrosis
factor alpha (TNFa) PE (554512; 1:200); BD Pharmingen, Cells
were acquired on a CyAn ADP (Beckman Coulter), LSR II or LSR
Fortessa X20 (BD) and data analysed with FlowJo V10.2
(TreeStar) or Summit 4.3 software (Dako Cytomation).

Immunohistochemistry and in situ hybridisation
Immunohistochemistry was performed using formalin fixed
paraffin embedded (FFPE) sections using standard approaches.
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Fig. 1. Normal liver parenchyma is enriched for cd T cells. (A) Comparison
diseased (n = 62) liver tissue (left) and in CD3+ T cells identified by IHC in no
hepatitis (n = 12) liver tissue (right). (B) Representative staining for CD3+ (lef
viewed at 40� magnification. (C) Densities of CD3+ and cd TCR+ cells in nor
proportion of CD3+ T cells identified by IHC in parenchymal and portal areas of
proportion of CD3+ T cells identified by flow cytometry in normal (n = 15) and d
of CD3+ T cells identified by flow cytometry in normal (n = 15) and diseased
proportions in cd TCR+ cells identified by flow cytometry from normal (n = 15
proportions in Vd2� cells from liver cell suspensions (n = 16). (I) Comparison
CMV+ donors (n = 6) from diseased livers. Error bars indicate mean ± SEM; da
p >0.05, **p <0.01, ***p <0.001 and ****p <0.0001. ALD, alcoholic liver dise
immunohistochemistry; NASH, non-alcoholic steatohepatitis; PBC, primary bi
figure appears in colour on the web.)
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In summary, sections were de-paraffinized, endogenous perox-
idase activity was quenched using 0.3% hydrogen peroxide
(Sigma Aldrich) in methanol for 20 min, and antigen retrieval
carried out, involving boiling sections in 1% EDTA solution for
15 min. After washing and blocking steps, sections were
incubated for 1 h in primary antibody (goat polyclonal – anti-
human pan-VcVd (50 lg/ ml, A-20, Santa Cruz Biotechnology,
Santa Cruz, USA) or rabbit polyclonal – anti-human CD3
(2 lg/ml, ab5690, Abcam, Cambridge, UK) or relevant IgG1 iso-
type control) diluted in PBS. After washing, sections were incu-
bated with HRP-linked anti-goat or anti-rabbit secondary

al (n = 21), PSC (n = 13), PBC (n = 13), ALD (n = 12), NASH (n = 12) and viral
and cd TCR+ (right) cells on sequential FFPE sections from NASH liver tissue
al (n = 21) and diseased (n = 62) liver tissue. (D) Comparison of the cd TCR+

ormal (n = 15) and diseased (n = 30) liver tissue. (E) Comparison of the cd TCR+

eased (n = 42) liver cell suspensions. (F) Comparison of the cd TCR+ proportion
er cell suspensions of various aetiologies. (G) Comparison of Vd2+ and Vd2�

nd diseased (n = 42) liver cell suspensions. (H) Comparison of Vd1+ and Vd1�

Vd2+ (left) and Vd1+ (right) proportion of CD3+ T cells in CMV� (n = 11) and
analysed by Kruskal-Wallis ANOVA with Dunn’s post-test comparisons, n.s.

se; CMV, cytomegalovirus; FFPE, formalin-fixed paraffin embedded; IHC,
ry cholangitis; PSC, primary sclerosing cholangitis; TCR, T cell receptor. (This
018 vol. 69 j 654–665
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antibody (Vector Labs Laboratories) for 30 min at room temper-
ature. Following washing, sections were developed using
ImmPACTTM DAB reagent (Vector Laboratories). Excess DAB
was then removed by rinsing and sections were counterstained
with Mayer’s haematoxylin solution (Leica Biosystems). Once
dry, slides were mounted using DPX (Cellpath, Newtown Powys,
UK) and imaged on a Zeiss Axioskop 40 Microscope. Regions of
parenchymal and portal tract tissue were identified and num-
bers of CD3+ or cd-TCR+ cells were counted per region identi-
fied, with five high power fields, selected at random, scored
for each section.

For in situ hybridisation, TCR chain-specific localisation of
gamma delta TCR+ cells was performed using two protocols,
either the ViewRNATM ISH Tissue 2-Plex Assay developed by Affy-
metrix and performedmanually, or the RNAscope� 2.5 LS Duplex
Assay (ACD. For both protocols, liver slices were cut and imme-
diately fixed in formalin for 24–48 h prior to being embedded in
paraffin and mounted. Immediately after which the assay slides
were baked at 60 �C for 1 h to immobilise the sections.

TCR repertoire analysis
RNA was purified from sorted cells (intrahepatic Vd2� T cells:
8,000–50,000 cells) protected in RNAlater (Sigma Aldrich) using
an RNAmicro plus kit (Qiagen) according to the manufacturer’s
instructions. For high throughput deep sequencing of cd TCRs,
we used amplicon rescued multiplex (ARM)-PCR and a MiSeq
(illumina) next generation sequencer to analyse all sorted
Vd2� T cell populations. Following initial first-round RT-PCR
using high concentrations of gene-specific primers, universal
primers were used for the exponential phase of amplification
(Patent: WO2009137255A2), allowing deep, quantitative and
non-biased amplification of TCRc and TCRd sequences. All cDNA
synthesis, amplification, NGS library preparation and sequenc-
ing were performed by iRepertoire, Inc. (Huntsville, USA).

Single-cell TCR sequencing
PBMCs were labelled as described above and Vd1+ T cells were
single-cell sorted directly into individual wells in a 96 well plate
containing 2 ll of Superscript VILO cDNA synthesis kit reaction
mix (ThermoFisher) containing 0.1% Triton X-100, and incubated
according to manufacturer’s instructions. TCRc and TCRd cDNAs
were amplified by two rounds of nested PCR using GoTaqmaster-
mix (Promega) and primers for or Vd1, CAAGCCCAGTCATCAG-
TATCC (external) and CAACTTCCCAGCAAAGAGATG (internal);
for Cd GCAGGATCAAACTCTGTTATCTTC (external) and TCCTTC
ACCAGACAAGCGAC (internal); for Vd3, GGCACGCTGTGTGACAAA
(external) and CTGCTCTGCACTTACGACACTG (internal); for
Vc1–8 CTGGTACCTACACCAGGAGGGGAAGG (external) and TGT
GTTGGAATCAGGAVTCAG (internal); for Vc9 AGAGAGACCTGGT
GAAGTCATACA (external) and GGTGGATAGGATACCTGAAACG
(internal) and for Cc CTGACGATACATCTGTGTTCTTTG (external)
and AATCGTGTTGCTCTTCTTTTCTT (internal). PCR products were
separated on 1.2% agarose gels, and products of successful
reactions were incubated with ExoSAP-IT PCR cleanup enzyme
(Affymetrix) before sequencing with BigDye Terminator v3.1
(Applied Biosystems) following manufacturer’s instructions
and running on an ABI 3730 capillary sequencer (Functional
Genomics Facility, University of Birmingham).

TCR repertoire data analysis
Sequences data was error corrected and V, D and J gene usage
and complementarity-determining region 3 (CDR3) sequences
Journal of Hepatology 2
were identified and assigned, and tree maps generated using
iRweb tools (iRepertoire, Inc, Huntsville, AL, USA). Tree maps
show each unique CDR3 as a coloured rectangle, the size of each
rectangle corresponds to each CDR3s abundance within the
repertoire and the positioning is determined by the V region
usage. For more detailed analysis and error correction of the
TCR repertoire, datasets were processed using the MiXCR soft-
ware package to further correct for PCR and sequencing errors.
Diversity metrics, clonotype overlap and gene usage were plot-
ted in R, by VDJTools.

TCR sequence analyses
The CDR3 length was defined as the number of amino acids
between the second cysteine of the V region and the phenylala-
nine of the J region, according to IMGT. N and P nucleotides
were identified using the IMGT Junction Analysis tool.

Statistical analysis
Tabulated data were analysed in Graphpad PRISM 7 (Graphpad
Software Inc). Each data set was assessed for normality using
Shapiro-Wilk normality test. Differences between columns were
analysed by two-tailed Student’s t tests for normally distributed
data and Mann-Whitney for non-parametric data. Differences
between groups were analysed using one-way ANOVA with
Tukey’s post-tests for normally distributed data or with
Kruskal-Wallis with Tukey’s post-tests for non-parametric data
and RM two-way ANOVA with Tukey’s post-tests was used
when comparing groups with independent variables. ⁄p <0.05,
⁄⁄p <0.01, ⁄⁄⁄p <0.001 and ⁄⁄⁄⁄p <0.0001.

Data availability
The sequence data that support the findings of this study have
been deposited in the NIH NCBI sequence read archive database
with the primary accession code SRP113556 and SRP096009, for
cd TCR repertoires. For more detailed metadata relating to indi-
vidual samples please contact the authors.

For further details regarding the materials used, please refer
to the CTAT table and Supplementary information.

Results
Human Vd2� cd T cell populations are reportedly tissue tropic
in nature, with enrichment of this compartment previously
highlighted in diseased human gut23 and liver.19 We used
immunohistochemistry (IHC) analysis to assess the infiltration
and localisation of liver cd T cells. Firstly, cd T cells were a sig-
nificantly enriched proportion of infiltrating CD3+ T cells in nor-
mal livers compared with livers explanted from patients with
chronic liver disease (Fig. 1A). Furthermore, we noted the
majority of the infiltrating CD3+ T cells were localised to portal
areas; however, analysis of sequentially stained sections from
normal tissue revealed a high proportion of parenchyma-
associated CD3+ T cells were cd TCR+ (Fig. 1B). Importantly,
while a significant increase in infiltrating CD3+ T cells was
observed in diseased tissue, cd T cell numbers did not signifi-
cantly change, suggesting that disease drives an increased infil-
tration of total CD3+ T cells but not cd TCR+ cell infiltration from
the periphery (Fig. 1B, C, Fig. S1A). Further analysis of sequen-
tially stained sections from explanted livers confirmed that cd
TCR+ cells were also preferentially associated with the liver par-
enchyma (Fig. 1D, Fig. S1B). We then examined the TCRd chain
expression of liver infiltrating cd T cell populations by flow
018 vol. 69 j 654–665 657
152



cytometry, in homogenised single-cell suspensions of liver tis-
sue from human explanted livers (Fig. S1C). Consistent with
our IHC data, a significantly higher proportion of the CD3+ T cell
compartment was comprised of cd T cells in healthy liver tissue
compared with disease tissue (Fig. 1E-F), of which the majority
were Vd2� (Fig. 1G), a direct inversion of the predominance of
Vd2+ T cells in the peripheral blood.24,16 Moreover, the majority
of the Vd2� compartment was made up of Vd1+ cd T cells
(Fig. 1H, Fig. S1D), with the remainder comprised of other unde-
fined Vd chains. Disease aetiology had no observed impact on
this observation (Fig. S1E). Consistent with pan-cd T cell IHC,
infiltration of Vd1+ cd T cells into liver parenchyma was demon-
strated using IHC and in situ hybridisation; again, IHC staining of
sequential sections suggested a high proportion of parenchyma-
associated CD3+ T cells were Vd1+ (Fig. S1F). Of note, Vd1+ cd T
cells were significantly enriched as a proportion of intrahepatic
T cells in diseased cytomegalovirus (CMV)+ liver donors com-
pared with diseased CMV� donors, while Vd2+ T cells were not
(Fig. 1I).

We next assessed the TCR repertoire of enriched populations
of Vd2� cd T cells from both healthy and diseased liver tissue by
amplicon rescued multiplex (ARM)-PCR and deep sequencing
(Fig. S2A). Tree plot and clonotype analysis of Vd2� TCR reper-
toires indicated that both healthy and diseased liver tissue
was generally dominated by a small number of highly prevalent
clonotypes (Fig. 2A–C), with the 10 most prevalent CDR3
sequences accounting for >40% of TCRc and TCRd sequences in
9 and 8 out of 10 samples, respectively, and one dominant
clone representing >50% in 2 of the 10 TCRc and TCRd samples
(Fig. 2B-C). Comparison with D75 values obtained from adult
and cord blood Vd1+ TCR repertoires placed liver Vd2� TCR
repertoires in a comparable range with other highly focussed
cd TCR repertoires (Fig. 2D). Furthermore, when measuring
the number of unique clonotypes detected in the first 105

CDR3 sequences obtained in each sample, an alternative
measure of TCR diversity, liver samples displayed a significantly
less diverse repertoire than blood cd TCR repertoires (Fig. S2B).
Comparison of Chao1 diversity metrics revealed no difference in
the diversity of clonotypes between healthy and diseased liver
TCR repertoires (Fig. S2C). Consistent with a broadly similar
TCR repertoire in healthy and diseased tissue, comparison of
normalised CDR3 lengths from healthy and diseased samples
yielded no discernible difference (Fig. S2D). Previous studies
have highlighted that peripheral blood Vd2� TCRc repertoires
contain few shared sequences.16,17 We found that liver Vd2�

TCRc repertoires were in general more private than blood
�

evidence of clonal expansion, initially using accumulated
frequency curves to measure the 10 most prevalent clonotypes
across all samples (Fig. S2F). These analyses provided evidence
for clonal dominance in both liver Vd1+ and Vd3+ TCR
repertoires, similar to clonotypically focussed peripheral blood
Vd1+ TCR repertoires but different from unfocussed cord
blood Vd1+ TCR repertoires (Fig. S2F).

This distinctive clonal dominance was unequivocally con-
firmed by sorting single intrahepatic Vd1+ and Vd3+ T cells
and performing single-cell TCR sequencing. This approach high-
lighted that intrahepatic Vd1+ and Vd3+ (Fig. 3) T cell popula-
tions were composed of a small number of dominant
clonotypes, using a variety of functional Vc and Jc gene seg-
ments. We also confirmed that concurrent clonal focussing
can occur in both Vd1+ and Vd3+ TCR repertoires in the same
donors (Fig. S3A). Moreover, analysis of CDR3d sequences
revealed substantial complexity. As in peripheral blood, CDR3d1
were long, frequently using two diversity (D) gene segments
and containing extensive non-templated nucleotide (nt) addi-
tions (Table. S1). CDR3d3 sequences were generally shorter than
CDR3d1 sequences and contained fewer non-templated nt
(Table. S2; Fig. S3B), though there was no evidence of CDR3d3
length restriction, in contrast to CDR3c9 sequences in
Vc9+/Vd2+ T cells.16 These data highlight the private nature of
expanded clonotypes in intrahepatic Vd2� TCR repertoires and
the broad range of Vc chains that they collectively utilise.

We next assessed the relationship between peripheral blood
and intrahepatic Vd1+ TCRs in the same individuals. Flow
cytometry analysis of these matched samples indicated the
enrichment of cd T cells in the liver (Fig. 4A), which occurred
alongside the previously noted enrichment of CD8+ ab T cells
(Fig. 4B).25–27 Moreover, while Vd1+ T cells were specifically
enriched there was an overall reduction in the proportion of
infiltrating Vd2+ T cells in the liver compared to the blood
(Fig. 4C). Peripheral blood Vd1+ T cells comprise both clonotyp-
ically focussed effector and separate TCR-unfocussed naïve sub-
compartments, which can be delineated based on distinct
CD27lo/� CD45RA+ and CD27hi CD45RA+/� expression patterns,
respectively.16 We assessed liver and blood Vd1+ T cells for
the expression of CD27 and CD45RA surface markers
(Fig. 4D-E); we noted a loss of CD27hi Vd1+ T cells (Fig. 4D) in
intrahepatic cd T cells, consistent with the lower diversity we
observed in liver TCR repertoires than that of peripheral blood.
While CD27lo/� CD45RAhi cells were present in both liver and
blood, we noted the presence of an intrahepatic CD27lo/�

CD45RAlo/� Vd1+ T cell population that was present in all livers

Research Article Molecular and Cell Biology
Vd2 TCRc repertoires and had very limited shared sequences
between unrelated donors (Fig. S2E).

Consistent with flow cytometry analyses (Fig. 1G-H), Vd
chain usage was dominated by Vd1 (73.96% ±SEM 8.7) and
Vd3 (24.05% ±SEM 9.3) chain usage, with little Vd4, Vd5 and
Vd8 usage observed (Fig. 2E). Despite dominant clonotypes, Vc
chain usage was highly heterogeneous, with all coding Vc
chains utilised across our samples (Fig. 2F). Moreover, no signif-
icant difference was observed in Vd or Vc chain usage between
healthy and diseased samples (Fig. 2E-F), consistent with the
similar diversity metrics observed in diseased and healthy liver
samples. These TCR sequencing data indicate the overwhelming
prevalence of Vd1+ TCR sequences in liver tissue, while confirm-
ing previous findings demonstrating a relative enrichment of
Vd3+ cd T cells in human liver compared to peripheral blood.19

Next, we assessed individual Vd1+ and Vd3+ TCR repertoires for
658 Journal of Hepatology 2
to varying degrees, but that was found at only very low levels in
peripheral blood (Fig. 4E). The extent of this enrichment in liver
was unaffected by liver disease aetiology (Fig. 4E) or CMV
infection (Fig. S4).

We then explored the clonality of intrahepatic CD27lo/�

CD45RAhi and CD27lo/� CD45RAlo/� populations by single-cell
TCR sequencing. In a representative liver sample, sorted intra-
hepatic CD27lo/� CD45RAlo and CD27lo/� CD45RAhi Vd1+ T cell
populations each comprised single prominent, distinct
clonotypes using single-cell sort identities (i.e. CD45RAhi or lo),
allowing the direct alignment of clonotype to phenotype at the
single-cell level (Fig. 5A). Notably, within intrahepatic cd T cells,
both the CD45RAhi and CD45RAlo populations were predomi-
nantly clonally expanded (Fig. 5A; B, left panel). Consistent with
previous findings,16 in blood the CD27hi compartment
(reduced in frequency in liver) was polyclonal, whereas the
018 vol. 69 j 654–665
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CD27lo/� CD45RAhi compartment was dominated by clonal
expansions (Fig. 5B, right panel); notably the CD27lo/� CD45RAlo

compartment was essentially absent in blood. We then system-
atically examined the relationship between clonotypic and phe-
notypic identity from matched pairs of blood and liver Vd1+ cd T
cells (Fig. 5C). Overall in our paired samples, we identified clono-
types present in both the blood and liver, however importantly
we also identified clonotypes unique to either liver or blood
(Fig. 5C). The phenotype of clonotypes found only in the blood
or shared between blood and liver generally mapped to the
CD27lo/� CD45RAhi compartment found both in blood and liver.
In contrast, the clonotypes present exclusively in the liver
mapped between CD27lo/� CD45RAlo and CD27lo/� CD45RAhi

compartments, with a trend towards a CD27lo/� CD45RAlo phe-
notype (Fig. 5C). As examples, the highly expanded Vd1
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(both ALD) respectively were CD27lo/� CD45RAhi in phenotype
and also present in the respective matched peripheral blood
samples, whereas in each case liver-restricted expanded clono-
types were also observed, but predominantly CD27lo/� CD45RAlo

(Fig. S5A). Taken together, while considerable clonotypic overlap
between liver and blood subsets is observed, we identified a dis-
tinct population of intrahepatic CD27lo/� CD45RAlo Vd1+ T cells
largely absent from the blood, and which frequently contains
TCRs restricted to the liver. This paradigm is likely to extend to
intrahepatic Vd3+ cd T cells, which also exhibited a significant
proportion of CD45RAlo cells (Fig. S5B).

We sought to further characterise intrahepatic CD27lo/�

CD45RAlo and CD27lo/� CD45RAhi Vd1+ T cells for markers asso-
ciated with tissue retention. Firstly, while the surrogate marker
of tissue-resident memory T cells (T ), CD69, was expressed
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IL-15 but not IL-7 cytokines (Fig. 6C). We next assessed effector
potential, by analysing intracellular expression of cytolytic
granzyme B and perforin. Intrahepatic CD27lo/� CD45RAhi Vd1+

T cells expressed marked levels of both effector molecules while
CD27lo/� CD45RAlo Vd1+ T cells had much lower expression
(Fig. 6D). Conversely, stimulation of the CD27lo/� CD45RAlo pop-
ulation with PMA and ionomycin produced significantly more of
the pro-inflammatory cytokines IFN-c and TNFa than the
CD27lo/� CD45RAhi population (Fig. 6E). These data suggest that
intrahepatic CD27lo/� CD45RAlo Vd1+ T cells have a more promi-
nent tissue-associated phenotype than that of the CD27lo/�

CD45RAhi Vd1+ T cell population, which are more similar to
peripheral blood CD27lo/� CD45RAhi Vd1+ T cells. Moreover,
these two populations possess either enhanced cytolytic
(CD45RAhi) or pro-inflammatory cytokine (CD45RAlo)
responses, suggesting distinct roles in intrahepatic immunity.

Discussion
Tissue-associated T cells are thought to play a critical role in tis-
sue immunosurveillance and homeostasis.28–30 In mice, cd T
cells have been implicated in epithelial homeostasis,31 cuta-
neous wound healing32 and maintenance of gut mucosa,33 and
have been highlighted as innate-like, expressing canonical
TCRs.34 In humans, solid tissues are known to be enriched for
cd T cells but the immunobiology of the T cells present has
remained largely unclear. Recent studies on Vd1+ T cells, the
canonical tissue-associated human cd T cell subset, have
revealed an adaptive biology.16,17 However, these results were
based exclusively on peripheral blood Vd1+ cells, and the
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Fig. 3. Single-cell TCR sequencing reveals clonal focussing in Vd2� cd T
cells. Clonal focussing of intrahepatic (A) Vd1+ and (B) Vd3+ cells determined
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widely by Vd1+ T cells, it was markedly higher on CD27lo/�

CD45RAlo Vd1+ T cells and comparable to CD45RAlo CD8+ ab T
cells (Fig. 6A). In keeping with functional tissue retention,
Vd1+ T cells expressed CXCR3 and CXCR6, with expression pre-
dominantly associated with the CD27lo/� CD45RAlo population
(Fig. 6B). In contrast, the endothelial homing receptor CX3CR1
(highly expressed by peripheral blood CD27lo/� CD45RAhi Vd1+

T cells16) was retained on intrahepatic CD27lo/� CD45RAhi cells
but was markedly reduced on CD27lo/� CD45RAlo Vd1+ T cells
(Fig. 6B). Interestingly, intrahepatic CD45RAlo Vd1+ T cells did
not express significantly more CD103 than CD45RAhi Vd1+ T
cells, which contrasts with CD8+ CD45RAlo T cells isolated from
the same livers (Fig. 6B). We next assessed the functionality of
intrahepatic Vd1+ T cell populations by ex vivo stimulation with
recombinant cytokines or by TCR activation. Following TCR
stimulation, intrahepatic Vd1+ T cell populations in general
strongly upregulated the T cell activation marker CD25, with
equivalent responses in CD8+ ab T cells from the same samples,
although Vd1+ T cells from some liver samples responded more
robustly than others. Importantly, intrahepatic CD27lo/�

CD45RAlo Vd1+ T cells displayed a greater sensitivity to innate
associated cytokines IL-12 and IL-18, than CD27lo/� CD45RAhi

Vd1+ T cells (Fig. 6C). Notably, peripheral blood CD27lo/�

CD45RAhi Vd1+ T cells are unresponsive to IL12/IL-18 stimula-
tion.16 In keeping with a clonally expanded intrahepatic Vd1+

T cell population, significant responses were observed with

by single-cell TCR sequencing analysis of CDR3d. Each colour represents an
individual CDR3d, with clonal sequences labelled beside each chart (from
16–42 single cells per population, as indicated; with each pie chart
representing an independent donor). CDR3, complementarity determining
region 3; TCR, T cell receptor. (This figure appears in colour on the web.)
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immunobiology of solid tissue-associated Vd1+ lymphocytes,
often assumed to be innate-like, is of particular interest. We
chose to probe these issues by characterising intrahepatic cd T
cells as a human model system.

We used NGS approaches to show the hepatic Vd2� compart-
ment is comprised of highly clonal, private expansions, based on
complex TCR rearrangements. Importantly these were evident
in both diseased and healthy livers, with no skewing of the
TCR repertoire chain usage observed between the two scenarios.
Moreover, the proportion of Vd2� cd T cells decreased upon
liver inflammation compared with healthy livers, because of
an influx of ab T cells. Therefore, the accumulation of cd T cells
in human liver is not driven by the diseased hepatic microenvi-
ronment present in these patients, and may reflect a response to
other immune challenges such as infection. Of relevance, CMV
infection has recently been highlighted as one of a number of
drivers of Vd2� T cell clonal expansion (specifically of Vd1+ T
cells) in peripheral blood.16,17 Moreover, studies on murine
CMV have highlighted the potential of expanded cd T cell sub-
sets to populate a range of peripheral tissues, including the
liver.35,36 These observations raise the significant possibility
that the expanded clonotypes that contribute so dominantly
to human intrahepatic cd T cells both in normal and diseased
settings have arisen due to previous infections. Consistent with
this, Vd1+ cd T cells were significantly enriched in liver explants
from CMV+ vs. CMV� donors. Therefore, CMV represents one
likely driver of Vd1+ infiltration in the liver. However, it is nota-
ble that similar clonotypic focussing and immunophenotypic
profiles of intrahepatic Vd2� T cells were observed in both
CMV+ and CMV� individuals, consistent with the idea that the
Vd2� subset can mount tissue-localised responses to multiple
infections. This mirrors the situation with human Vd1+ T cells
018 vol. 69 j 654–665
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in peripheral blood, where although CMV is linked with an
increased proportion of Vd1+ T cells16,37 and clearly drives clonal
expansions of Vd1+ clonotypes,17 such expansions are com-
monly observed in CMV� individuals, suggestive of other infec-
tious drivers.16 While the candidate drivers of intrahepatic Vd2+

T cell expansion would include HCV/HBV, notably we did not
study HCV/HBV-related liver disease, and therefore other non-
CMV/HCV/HBV drivers must exist. In principle, an alternative
to infection representing a main driver of Vd2� clonal expansion
is that intrahepatic Vd2� T cells are populated in the liver during

�

populations were relatively prevalent in matched blood. Previ-
ously we have shown that CD27hi Vd1+ T cells in peripheral
blood are TCR-diverse and naïve in phenotype. Consistent with
selective exclusion of this clonally diverse CD27hi naïve popula-
tion, liver Vd2� cells lacked CCR7, CD62L and CD27 present on
such naïve populations, and diversity metrics indicated liver
Vd2� T cells displayed an even more focussed repertoire in liver
than in peripheral blood. Furthermore, the phenotype of liver
Vd2� T cells closely matched that of peripheral blood CD27lo/�

Vd1+ T cells, and there was substantial clonotypic overlap
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development. However, both their Vd2 chain usage and the
highly complex nature of the intrahepatic Vd2� TCR CDR3
regions would argue against this possibility, since foetal cd TCRs
would be expected to utilise more simple CDR3 sequences and
have also been highlighted as predominantly Vd2+,38 thereby
highlighting post-natal stimuli such as infection as a more likely
underlying driver.

Given previous observations regarding peripheral blood Vd1+

T cells,16 which like those in the liver were frequently highly
clonal and also featured private expansions based on complex
TCR rearrangements, a key question was the extent to which
liver Vd2� cd T cells mirrored those in the blood. Our study pro-
vides compelling evidence that despite the profound link
between the liver and the peripheral circulatory system, there
is a distinct profile of Vd2� cd T cells in each compartment,
indicative of compartmentalisation of certain Vd2� subsets.

Comparison of matched liver and blood samples indicated
the differentiation status of the Vd2� T cell subset was distinct
in each compartment. Strikingly, liver Vd2� T cells were uni-
formly CD27lo/�, a phenotype previously linked to a clonally
expanded effector subset present in peripheral blood, and
essentially entirely lacked the CD27hi subset, even when such
Journal of Hepatology 2
between these two populations. While we cannot exclude the
possibility that such hepatic CD27lo/� originated in the liver,
these results support the concept that at least some hepatic
CD27lo/� cells may derive from those present in peripheral
blood. Such a scenario would fit an adaptive model whereby
naïve peripheral blood Vd2� CD27hi cells, which express sec-
ondary lymphoid homing markers but are devoid of CX3CR1,
recirculate between blood and lymph, whereas the peripheral
blood CD27lo/� population, which is clonally expanded and
likely antigen-experienced, is capable of accessing solid tissues,
potentially because of increased CX3CR1 expression, and may
also upregulate tissue retention markers following liver
localisation.

A second indication of compartmentalisation was that in
addition to being devoid of CD27hi naïve cells, the hepatic
Vd2� T cell compartment comprised both a CD45RAhi and also
a distinct CD45RAlo subset. By contrast, the peripheral blood
CD27lo/� Vd1+ cells are almost entirely CD45RAhi. Importantly,
CD45RAhi clonotypes overlapped substantially between blood
and liver within individuals. Such cells in the peripheral blood
express a high level of the endothelial homing receptor CX3CR1
as well as increased CD16, low CD27/28, low CD127, and
018 vol. 69 j 654–665 661
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enhanced levels of adhesion molecules relative to naïve CD27hi

cells.16 While this could suggest capability of homing from
peripheral blood to tissues, alternatively it could imply a vascu-

to peripheral blood, the same analyses of matched blood/liver
samples revealed CD45lo clonotypes were enriched for those
restricted to the liver. In addition, this liver CD45RAlo compart-

A

B

0

20

40

60

80

100

%
si

ng
le

ce
lls

w
ith

du
pl

ic
at

ed
C

D
R

3
se

qu
en

ce
s

0

20

40

60

80

100

%
si

ng
le

ce
lls

w
ith

du
pl

ic
at

ed
C

D
R

3
se

qu
en

ce
s ***

Expanded blood only clonotypes
Expanded clonotypes in blood and liver

Expanded liver only clonotypes
Single clonotypes

LiverBlood

D
on

or
 1

42
1

D
on

or
 1

41
0

D
on

or
 1

44
4

D
on

or
 0

88
6

C

   
C

D
27

   CD45RA

CD45RAlo CD45RAhi Total Vδ1+

CALGASLPLI LGAIQKRYTDKLIF Vγ5
CALGELYLPPNSNILFFLPLGDDTDKLIF Vγ5

Single clonotypes

Donor 0802 
Intrahepatic Vδ1+ T cells

1.85

39.5 56.1

CD27lo

CD45RAlo
CD27lo

CD45RAhi
CD27hi CD27lo

CD45RA+

CD27hi     CD45RA hi

CD

45
RAlo     CD45RAhi

CD27hi     CD45RA hi

CD27hi     CD45RA hi

CD27hi     CD45RA hi

CD45RA lo                                                                   CD45RAhi

CD45RAlo                 CD45RA hi

   
    

    
      

                 CD45RA hi

CD45RA lo                                                                   CD45RAhi

Fig. 5. Intrahepatic Vd1 T cells contain clonotypes both distinct and overlapping with the blood. (A) Clonal focussing of intrahepatic Vd1+ CD27lo/�

CD45RAlo (n = 11 single cells) and CD27lo/� CD45RAhi (n = 24 single cells) cells determined by single-cell TCR sequencing analysis of CDR3d. Each colour
represents an individual CDR3d, with clonal amino acid sequences labelled below the chart. Total Vd1+: TCR sequence data was combined with flow cytometry
data to generate the two layered pie, linking clonotype (inner pie chart) to phenotype (outer pie chart). (B) Assessment of clonality by single-cell TCR
sequencing analysis of CD27lo/� CD45RAlo, CD27loCD45RAhi and CD27hi Vd1+ T cells sorted from liver and donor matched blood (n = 8). (C) Comparison of the
relationship between phenotype (outer pie chart) and clonality (inner pie chart) determined by phenotype-linked indexed single-cell TCR sequencing analysis,
in donor matched peripheral blood (upper) and liver (lower) Vd1+ T cells, classified according to clone presence within liver and/or blood compartments. Error
bars indicate mean ± SEM; data analysed by Mann-Whitney U test, ***p <0.001. CDR3, complementarity determining region 3; TCR, T cell receptor. (This figure
appears in colour on the web.)

Research Article Molecular and Cell Biology
lar association, as has been suggested for effector memory CD8
T cells,39 which include virus-specific CD8+40 and CD4+41 T cell
subsets. The predominantly sinusoidal localisation of these cells
identified in this study is consistent with this possibility, and
may suggest a role in immunosurveillance at this site, as sug-
gested for NKTs.42 In light of the recent report that Vd1+ clono-
types can expand in response to CMV,17 a virus that infects the
endothelial compartment in vivo, and our observation here that
Vd1+ T cells are enriched in CMV+ vs. CMV� liver explants, these
findings suggest this subset may contribute to unconventional T
cell protection of the vascular niche, including within solid tis-
sues, against chronic viral infection. Moreover, the observation
CMV serostatus correlates with an enhanced proportion of
intrahepatic Vd1+ T cells but not with a disturbed CD45RAhi

vs. CD45RAlo Vd1+ ratio might suggest the potential within both
phenotypic sub-compartments to respond to CMV.

In contrast to CD45RAhi clonotypes and consistent with a
reduced frequency of CD45RAhi Vd2� cells in liver compared
662 Journal of Hepatology 2
ment frequently contained clonal expansions. These cells
demonstrate striking phenotypic correlation with liver-
resident lymphocytes identified in previous studies, including
enhanced expression of CD69, CXCR3 and CXCR6, which has
been noted in liver-resident NK populations43,44 and CD8+ ab
populations.25 CD27lo/� CD45RAlo Vd2� T cells may therefore
represent a liver-resident subset, although conceivably they
may be able to access other solid tissues. Of note, CD45RAlo

Vd1+ T cells exhibited considerably lower expression of CD103
relative to their CD8+ counterparts, suggesting other mecha-
nisms may underly their tissue retention. The origin of this sub-
set is unclear. One possibility is that it originates from a subset
of blood CD45RA+ cells that alter phenotype once in tissues and
are retained there, perhaps following activation in the hepatic
microenvironment. This route of generation is supported by
our detection of liver-restricted clonotypes in both the
CD45RAlo and CD45RAhi compartments. In addition, it is possi-
ble they may be locally generated. Moreover, recent reports
018 vol. 69 j 654–665
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highlight that a liver-resident phenotype can be induced in
CD8+ ab T cells via IL-15 followed by TGF-b signalling,25 and
based on the parallels between Vd1+ and CD8+ ab T cells identi-
fied in this study, a similar mechanism may be at work here.

Our results also highlight that hepatic cd T cells are function-
ally distinct from equivalent subsets in peripheral blood. While
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still responsive to TCR stimulation/co-stimulation, compared to
blood Vd2� T cells they displayed markedly increased respon-

siveness to IL-12/IL-18 in line with CD8+ T cells isolated from
the same tissue. This responsiveness extended to the liver-
restricted CD45RAlo subset, which appeared to display
enhanced production of pro-inflammatory cytokines relative
to CD45RAhi cells. These observations suggest CD45RAhi and
CD45RAlo subsets may have different roles, the former more
vascular focussed and cytotoxic, the latter an immunoregula-
tory tissue-associated subset more focussed on cytokine pro-
duction and potential induction of a wider T cell response to
stress challenges. It is unclear if these distinct features stem
Journal of Hepatology 2
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directly from the nature of the clonotypes present and their
antigenic targets, or whether they reflect the influence of hep-
atic microenvironmental factors that may also influence intra-
hepatic retention.45

Importantly, we note several limitations of our study. Firstly,
all diseased samples were derived from end-stage liver disease.
While the closely matched clonotypic focussing and
immunophenotypic profiles present in normal tissue would pre-
dict similar profiles at earlier disease stages, we cannot exclude
the possibility that disease stage influences the nature of the
intrahepatic cd T cell population, and use of biopsy material
from early disease stages with longitudinal follow-up could be
an interesting avenue of future investigation. Secondly, while
we examined several disease pathologies, these were predomi-
nantly restricted to fatty/alcoholic liver disease (ALD, NAFLD) or
autoimmune liver disease (AIH, PBC, or PSC). While HCV/HBV+
liver samples showed similar frequencies of cd T cells, we did
not study cd T cell immunophenotype or clonotypic focussing

icated medium, cytokines or anti-CD3/CD28 beads for 72 h. CD45RAlo (orange)
e T cell activation marker CD25 (n = 5–6). (D) Representative histograms and
(orange) and CD45RAhi (grey) intrahepatic Vd1+ and CD8+ T cells (n = 5–6). (E)
T cells stimulated with PMA/Ionomycin and assessed for the production of
CD8+ cells (n = 6). Error bars indicate mean ± SEM; data analysed by Kruskal-
and ***p <0.001. (A–E) Disease aetiologies analysed included ALD, NASH, PSC,
ividual disease groups in any of the comparisons highlighted. ALD, alcoholic
clerosing cholangitis; TNFa, tumour necrosis factor alpha. (This figure appears
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in such samples and cannot therefore exclude the possibility
that HCV/HBV infection may drive development of distinct
intrahepatic cd T cell profiles47 or clonality, although we
hypothesise they would follow broadly similar principles to
those observed in this study; moreover, while we did not
observe differences between the different disease types we
did analyse, conceivably with larger samples sizes differences
may have emerged, for example in the extent of cd TCR clono-
typic focussing or cd T cell phenotypes. Finally, a comparison
of the data presented here with cd T cell clonotype and
immunophenotype profiles in other solid tissues, including
during chronic inflammation, would shed light on tissue-
specific cd T cell responses.

Our study establishes that in humans, clonally expanded cd T
cell effector subsets can be selectively deployed to at least some
solid tissues, including the liver, thereby providing ongoing
immune surveillance against previously encountered infectious
or non-infectious challenges, with CMV infection one likely dri-
ver of Vd1+ T cell intrahepatic infiltration. Importantly, both
Vd1+ and Vd3+ intrahepatic T cell compartments displayed
clonotypic expansion and a CD45RAlo subset, suggesting their
immunobiology may be closely aligned. Moreover, the finding
that intrahepatic cd T cell subsets can be phenotypically, clono-
typically and functionally distinct from those in peripheral
blood suggests distinct contributions to intrahepatic immune
responses, and provides a basis for future investigation of
human tissue-resident cd T cell populations. Notably, cd T cells
are of increasing therapeutic interest, due partly to their poten-
tial to mount either anti-tumour,47–49 or alternatively immuno-
suppressive50 responses, but also their MHC-unrestricted
recognition of target cells, which raises the prospect of broad
applicability of cd T cell-based therapies in patient cohorts.
Our finding that there appears to be selective recruitment of
cd T cell subsets of an effector phenotype into the hepatic pool
may inform design of cd T cellular therapies that rely on admin-
istration/expansion of systemic cd T cells. Secondly, the finding
that a number of distinct differentiation states exist within the
Vd1+ compartment (including naïve, circulating effector, tissue-
resident effector) indicates a degree of plasticity that could be
investigated further and potentially exploited therapeutically,
either to increase immunosuppressive functionality during
inflammatory liver disease, or for improved anti-tumour effec-
tor function in liver cancer. Finally, our finding that CMV infec-

tion represents one likely factor driving infiltration of
potentially highly inflammatory Vd1+ T cells into the liver could
have clinical relevance in chronic liver disease and CMV-
associated hepatitis. Specifically, future studies correlating
CMV titres with biomarkers of liver damage and with Vd1+ cd
T cell frequency may shed light on whether the cd T cell
response to CMV infection impacts the severity of chronic liver
disease.
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Fig. S1. Intrahepatic Vδ2neg γδ T cell proportions in diseased liver tissue. 
(a) Densities of CD3+ and γδ TCR+ cells in normal (n=21) PSC (n=13), PBC (n=13, ALD (n=12), 
NASH (n=12) and viral hepatitis (n=12) liver tissue. (b) Densities of CD3+ and γδ TCR+ cells in 
parenchymal and portal areas from normal (n=15) and diseased (n=30) liver tissue. (c) Representative 

flow cytometry plots showing gating strategy used to identify intrahepatic CD3+ lymphocytes  γδ 

TCR+ αβ TCRneg  Vδ1+, Vδ2+ and Vδ1neg Vδ2neg T cells. (d) Comparison of Vδ2neg Vδ1neg γδ T cells 
in explanted liver (n=21) and peripheral blood (n=35). (e) Comparison of Vδ2+ and Vδ2neg 
proportions in γδ TCR+ cells identified by flow cytometry from normal (n=15), PSC (n=9), PBC 
(n=5), ALD (n=12), NASH (n=7) and viral hepatitis (n=8) liver cell suspensions. (f) Representative 
staining for CD3+ (upper left) and Vδ1 TCR+ (upper right) cells on sequential FFPE sections from 
ALD liver tissue viewed at 20× magnification, and CD3 (brown) and Vδ1 TCR (red) transcripts by in-
situ hybridisation of PSC tissue viewed at 40x magnification. Error bars indicate mean ± SEM; data 
analysed by Kruskal–Wallis ANOVA with Dunn’s post-test comparisons (a-c) and Student’s T test 
(e), n.s. p>0.05, *p<0.05, **p<0.01 and****p<0.0001.   
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Fig. S2. TCR repertoire sequence analysis of intrahepatic Vδ2neg γδ T cells. 
(a) Comparison of combined CDR3δ and CDR3γ sequencing reads from Vδ2neg T cells isolated from 
normal (n=5) and diseased (n=5) livers (left) and total sequencing reads against the number of unique 
CDR3s determined for each donor (n=10). (b) Comparison of the number of unique CDR3δ and 
CDR3γ sequences determined per 105 sequences from blood (n=7) and liver (n=10) derived Vδ2neg T 
cells. (c) Comparison of Chao1 total Vδ2neg T cell repertoire richness estimation (diversity) from 
diseased and normal livers. (d) Non-normalised length spectratyping for CDR3δ in normal (left, n=5), 
disease (centre, n=5) and combined (right, n=10) intrahepatic Vδ2neg T cells. (e) Comparison of the 
proportion of sequences in the TCRγ repertoire that are observed in more than one donor (allowing up 
to one amino acid mismatch) within blood samples (n=7), liver samples (n=10), or in between liver 
and blood samples. (f) Accumulated frequencies occupied by the 10 most prevalent TCR Vδ1+ and 
Vδ3+ clonotypes in liver (n=10) and Vδ1+ “focussed” blood (n=13) and cord blood (n=5) donors (both 
from Davey et al, 2017). Error bars indicate mean ± SEM; data analysed by spearman correlation and 
student’s T test, ***p<0.001. 
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Fig. S3. Concurrent clonal focussing in Vδ2neg γδ T cell subsets.  
(a)  Individual clone frequency (left y axis) and accumulated frequency (right y axis) for the 10 most 
prevalent TCR Vδ1+ (upper) and Vδ3+ (lower) clonotypes from two liver donors with appreciable 
Vδ3+ T cell populations. (h) Comparison of CDR3 lengths for Vδ1+ and Vδ3+ TCRs in liver samples 
(n=10).  Error bars indicate mean ± SEM; data analysed by student’s T test, ****p<0.0001. 
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Fig. S4. CMV infection does not influence proportion of CD45RAlo Vδ1+ γδ T cells. 
Comparison of intrahepatic CD27lo Vδ1+ T cell expression of CD45RA according to CMV status of 
liver donor (n=8 CMVneg & CMV+). 
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Fig. S5. Phenotype-linked indexed single cell TCR sequencing analysis. 
(a) Representative flow cytometry plots from two donors showing expression of CD27 and CD45RA 
by single Vδ1+ T cells sorted from donor matched blood and liver samples. Single cells were 
subsequently analysed by TCR sequencing and plots are shown for all cells (left), cells with most 
prevalent CDR3 sequence found in both liver and blood samples (centre) and cells identified only 
liver samples that displayed CDR3 sequences with at least one other cell (right). (b) Summary data of 
intrahepatic Vδ3+ γδ T cells phenotype according to expression of CD27 and CD45RA (n=3). 
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Table S1. 
Table includes the CDR3δ of the most dominant Vδ1+ clonotype for each of the liver samples that underwent NGS TCR sequencing (L01-L10), as well as single 
cell PCR TCR sequencing.  V, D and J segment usage is identified, as well as N- and P-nucleotide (nt) addition, highlighted in red and blue respectively.  CDR3 
length, N/P addition and amino acid sequence for each clonotype is shown.

germline TRDV N/P TRDD1 TRDD2 N/P TRDD3 N/P TRDJ
TRDV1 GCT CTT GGG GAA CT GAAATAGT CCTTCCTAC ACTGGGGGATACG AC ACC GAT AAA CTC ATC TRJD1

CT TTG ACA GCA CAA CTC TTC TRJD2
C TCC TGG GAC ACC CGA CAG ATG TTT TRJD3

CDR3 N/P nt
donor length added protein sequence

L01 TRDV1 GCT CTT GGG GAA C GTCAGGCGTTAGGTA CCTTCCTAC CTCCGAA ACTGGGGGATACG GTAAAAAT ACC GAT AAA CTC ATC TRJD1 72 30 CALGERQALGTSLRNWGIVKIDKLIF
L02 TRDV1 GCT CTT GGG GAA C GTTC CCTTCCTAC GCCAAACGATATGGGGTGCT ACTGGGGGATACG AGCCTCCCTT AC ACC GAT AAA CTC ATC TRJD1 78 34 CALGERSLPAKRYGVLGISLPYTDKLIF
L03 TRDV1 GCT CTT GGG GAA C ATAT CCTTCCTAC GT ACTGGGGGATACG ATCCGGCGCTAGA CT TTG ACA GCA CAA CTC TTC TRJD2 60 19 CALGEHFLRLDPALDLTAQLFF
L04 TRDV1 GCT CTT GGG ACCGTCCTA GAAATAGT CTTCAGT ACTGGGGGATACG TAGGGGTATGGG AC ACC GAT AAA CTC ATC TRJD1 69 28 CALGTVLEIFSTGGYRGMGTDKLIF
L05 TRDV1 GCT CTT GGG CCCCTGAG ACTGGGGGATACG TCTC AC ACC GAT AAA CTC ATC TRJD1 45 12 CALGPLSWGSHTDKLIF
L06 TRDV1 GCT CT GGG GA CCCCGG CCTTCCTAC CCGGAGGTGTACT ACTGGGGGATACG CGATGTGTTG ACC GAT AAA CTC ATC TRJD1 72 29 CALGDPGLPRRCTLGDTRCVADKLIF
L07 TRDV1 GCT CTT GGG GAA CT GACGACT ACTGGGGGATACG AC ACC GAT AAA CTC ATC TRJD1 45 7 CALGELTTTGGTDKLIF
L08 TRDV1 GCT CTT GGG CAAT ACTGGGGGATACG CATGGGACGT GAT AAA CTC ATC TRJD1 36 14 CALAIGAWDVKLIF
L09 TRDV1 GCT CTT GGG GAA GGTTGTGGTC ACTGGGGGATACG TGTACGT AC ACC GAT AAA CTC ATC TRJD1 51 17 CALGEGCGRDCTYTDKLIF
L10 TRDV1 GCT CTT GGG GAA CT CGGGCCCGGG ACTGGGGGATACG GCAA ACC GAT AAA CTC ATC TRJD1 51 14 CALGEPGPGWGMQTDKLIF

0860-1 TRDV1 GCT CTT GGG GA CCGA CCTTCCTAC CGGACAGT ACC GAT AAA CTC ATC TRJD1 42 12 CALGDRFPDSTDKLIF
0860-2 TRDV1 GCT CTT GGG GAA CT ACGA ACTGGGGGATACG AT ACC GAT AAA CTC ATC TRJD1 42 6 CALGELRWGIIDKLIF
1410 TRDV1 GCT CTT GGG GAA TCT CCTTCCTAC CGCCAGGT AC ACC GAT AAA CTC ATC TRJD1 42 11 CALGVFPARYTDKLIF
1445 TRDV1 GCT CTT GGG GAA G CCTTCCTAC GT ACTGGGGGATACG AAAT ACC GAT AAA CTC ATC TRJD1 42 7 CALGELRWGKIDKLIF
888 TRDV1 GCT CTT GGG G GGGGGGG CCTTCCTAC CCCAAAAACCC ACTGGGGGATACG GGCCGGGCCCCCAACAGCC CAA CTC TTC TRJD2 66 37 CALGGGGFPQKPGGAGPPTAQLFF
1421 TRDV1 GCT CTT GGG GAA C CCCA CCTTCCTAC ATCTCAT ACTGGGGGATACG ACGAT GAT AAA CTC ATC TRJD1 51 16 CALGEPHFLHLIGTIKLIF

0802-1 TRDV1 GCT CTT GGG GAA CT ATAT CCTTCCTAC CCTAACTCCAATATATTATTCTTCCTACC ACTGGGGGATACG CG AC ACC GAT AAA CTC ATC TRJD1 81 35 CALGELYLPPNSNILFFLPLGDDTDKLIF
0802-2 TRDV1 GCT CTT GGG GAA CCAGTCTT CCTTCCTAC TAAT ACTGGGGGATACG CTATACAAAAAAGATTCT AC ACC GAT AAA CTC ATC TRJD1 72 30 CALGASLPSLILGAIQKRFYTDKLIF
618 TRDV1 GCT CTT GGG G TACCGACTC ACTGGGGGATACG CTCTAGGG TTG ACA GCA CAA CTC TTC TRJD2 54 17 CALGVPTRGIRSRVTAQLFF
464 TRDV1 GCT CTT GGG GAA CT TTA CCTTCCTA CCTCCCCTCCCCTGGTTGG ACTGGGGGATACG CCGTGG ACC GAT AAA CTC ATC TRJD1 69 28 CALGELYSPPLPWLVGDPWTDKLIF

average 57 20.15
range 36-81nt 6-37nt
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Table S2. 
Table includes the CDR3δ of the most dominant Vδ3+ clonotype for each of the liver samples that underwent NGS TCR sequencing (L01-L10), as well as single 
cell PCR TCR sequencing.  V, D and J segment usage is identified, as well as N- and P-nt addition, highlighted in red and blue respectively.  CDR3 length, N/P nt 
addition and amino acid sequence for each clonotype is shown, and is also compared to the Vδ3 sequence from the 73R9 clone (Marlin, 2017).  

germline TRDV N/P TRDD1 TRDD2 N/P TRDD3 N/P TRDJ
TRDV3 GCC TTT AG GAAATAGT CCTTCCTAC ACTGGGGGATACG AC ACC GAT AAA CTC ATC TRJD1

C TCC TGG GAC ACC CGA CAG ATG TTT TRJD3
CDR3 N/P protein
length nts sequence

73R9 TRDV3 GCC TTT A CGGG ACTGGGGGATACG CTCCCATG ACC GAT AAA CTC ATC TRJD1 45 12 CAFTGLGDTSHADKLIF

donor

2002 TRDV3 GCC TT CCT CCTTCCTAC AGTCTG ACTGGGGGATACG ACC GAT AAA CTC ATC TRJD1 42 9 CAFLLPTVWGDDKLIF
2008 TRDV3 GCC TTT CCAC CCTTCCTAC CGT ACTGGGGGATACG GA AC ACC GAT AAA CTC ATC TRJD1 45 9 CAFHSSYWGMNTDKLIF
2008 TRDV3 GCC TTT T ACTGGGGGATACG GAGGC TCC TGG GAC ACC CGA CAG ATG TTT TRJD3 42 6 CAFSGGRPWDTRQMFF
2038 TRDV3 GCC TTT TGGC ACTGGGGGATACG AAC GAT AAA CTC ATC TRJD1 27 7 CAFWPGTKLIF
L01 TRDV3 GCC CTAA CCTTCCTAC GT ACTGGGGGATACG GAGCGTGAC CTC ATC TRJD1 36 15 CALTLYWGERDLIF
L02 TRDV3 GCC T GCCGATTTGGGT ACTGGGGGATACG TC AC ACC GAT AAA CTC ATC TRJD1 42 14 CACRFGYWGSTDKLIF
L03 TRDV3 GCC CGTTCTT ACTGGGGGATACG GG AC ACC GAT AAA CTC ATC TRJD1 42 9 CARSYWGIRDTDKLIF
L04 TRDV3 GCC T CCCCGGA CCTTCCTAC GG AC ACC GAT AAA CTC ATC TRJD1 39 9 CASPDLPTDTDKLIF
L07 TRDV3 GCC TTT AG CCAACTGCCGGTGGCT CCTTCCTAC ATTACC ACTGGGGGATACG AC ACC GAT AAA CTC ATC TRJD1 57 22 CAFSQLPVAPSLPGDTDKLIF
L08 TRDV3 GCC TTT AG TTCGGGTTA CCTTCCTAC AGGGAT ACTGGGGGATACG A AC ACC GAT AAA CTC ATC TRJD1 60 16 CAFSSGYSYRDTGGYNTDKLIF
L10 TRDV3 GCC T GCGG CCTTCCTAC GGTTAT ACTGGGGGATACG CCACA AC ACC GAT AAA CTC ATC TRJD1 51 15 CACGLPGYTGGHNTDKLIF

average 43.9091 11.9091
range 27-60nt 6-22nt
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Introduction 

Chapter VI continues the previous chapters with γδ TCR repertoire research. This study 

results from a long-term collaboration with Prof. Jurgen Kuball’s laboratory, which shares 

exquisite expertise in fundamental γδ T cell biology and adoptive T cell therapy approaches. The 

unique MHC-independent mode of gamma/delta TCR antigen recognition makes it a useful tool 

for anticancer T cell therapy development. Moreover, suppose the T cell receptor variants with 

anticancer activity are present in different donors’ immune systems. In that case, it is more likely 

that such T cells would be safer to use in adoptive transfer. Therefore in this study, we explored 

the public part of γδ TCR repertoire, which is present in unrelated donors and was observed in 

independent γδ TCR datasets. We investigated breast cancer patient’s samples for gamma/delta 

TILs and found a significant proportion of public TCR clonotypes. Chapter VI is an example of 

how computational TCR repertoires studies could serve at the primary exploratory stages of T cell 

anticancer therapy development either from TILs or from the donor-derived T lymphocytes. 

 

Contribution 

In this collaboration, I adapted the TCRbeta sequencing protocol created earlier in our 

laboratory to the needs of TCR delta chain sequencing in Dr. Kuball’s lab. It made possible the 

acquisition of TCR delta repertoires from tumor-infiltrating γδ T cells. In addition to this new 

dataset, the current study used previously published γδ TCR sequencing datasets, including those 

obtained in our collaboration with the University of Birmingham (see Chapters IV and V). As a 

result, in Chapter VI, we obtained a list of public δ TCR clonotypes with independent validation 

from different datasets and sequencing platforms. I contributed to the discussion and interpretation 

of the public clonotypes occurrence. To analyze the long delta TCR chains’ rearrangement 

patterns, I created a script to align CDR3 delta sequences to several D segments in a row since it 

is a frequent phenomenon in the TCR delta chain. Proposed techniques for more accurate TCR 

gamma/delta sequencing data analysis and the continuous re-analysis of publicly available datasets 

both contribute to the development of standards in the immune repertoires research field. 
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gd T-cell Receptors Derived from Breast Cancer–
Infiltrating T Lymphocytes Mediate Antitumor Reactivity
Anke Janssen1, Jose Villacorta Hidalgo2,3,4, Dennis X. Beringer1, Sanne van Dooremalen1,
Febilla Fernando1, Eline van Diest1, Antonela R. Terrizi2,4, Peter Bronsert2,4,5,6, Sylvia Kock2,4,
Annette Schmitt-Gr€aff2,4, Martin Werner2,4,5,6, Kerstin Heise7, Marie Follo4,8, Trudy Straetemans1,
Zsolt Sebestyen1, Dmitry M. Chudakov9,10,11, Sofya A. Kasatskaya10,11, Felix E. Frenkel12, Sarina Ravens13,
Eric Spierings1, Immo Prinz13, Ralf K€uppers7, Miroslav Malkovsky14, Paul Fisch2,4,†, and J€urgen Kuball1,15

ABSTRACT
◥

gd T cells in human solid tumors remain poorly defined.Here, we
describe molecular and functional analyses of T-cell receptors
(TCR) from tumor-infiltrating gd T lymphocytes (gd TIL) that
were in direct contact with tumor cells in breast cancer lesions
from archival material. We observed that the majority of gd TILs
harbored a proinflammatory phenotype and only a minority
associated with the expression of IL17. We characterized TCRg
or TCRd chains of gd TILs and observed a higher proportion of
Vd2þ T cells compared with other tumor types. By reconstructing
matched Vd2– TCRg and TCRd pairs derived from single-cell

sequencing, our data suggest that gd TILs could be active against
breast cancer and other tumor types. The reactivity pattern against
tumor cells depended on both the TCRg and TCRd chains and was
independent of additional costimulation through other innate
immune receptors. We conclude that gd TILs can mediate tumor
reactivity through their individual gd TCRpairs and that engineered
T cells expressing TCRg and d chains derived from gd TILs display
potent antitumor reactivity against different cancer cell types and,
thus, may be a valuable tool for engineering immune cells for
adoptive cell therapies.

Introduction
Triple-negative breast cancer (TNBC) has a very poor prognosis

compared with other breast cancer subtypes. Despite encouraging

results in TNBC patients treated with checkpoint inhibitors (1), the
majority of patients at advanced stages of the disease do not respond
to therapies, and the substantial genomic heterogeneity of these
tumors makes it difficult to identify new therapeutic targets (2–4).
One novel opportunity for therapy arises from the observation that
gd T cells infiltrate various tumors, including TNBCs (5, 6), and
these infiltrates appear to be prognostically beneficial (7). However,
the number and function of gd T cells are substantially diminished
in advanced cancer patients (8, 9), suggesting that the possible gd
T-cell immunosurveillance activity in early cancers may become
dysfunctional at the later stages of cancer. Some studies have found
that IL17-producing gd tumor-infiltrating lymphocytes (TIL) can
create a tumor-promoting environment (10, 11). In contrast,
another in-depth study suggests that gd TILs are not the main
producers of IL17 in TNBC and rather support antitumor reactivity
in breast cancer through innate-like receptors (ref. 12; for review see
refs. 13, 14). However, failures of polyclonal gd T cells to induce
regressions in advanced cancer patients have been reported (14, 15).
To overcome this system failure in advanced cancer patients, we
developed the concept of TEGs (T cells engineered to express a
defined TCRgd) for cancer therapies (16–18). For example, TEGs
can distinguish between healthy and malignant hematopoietic stem
cells by sensing altered lipid pathways present in malignant cells
through TCRg9d2, and by detecting subtle spatial and conforma-
tional changes of CD277 (ref. 19; for review see ref. 14).

To identify tumor-reactive TCRgds, we analyzed TCR sequences in
gd TILs from TNBCs. We also analyzed TCRd repertoires in TIL
sequencing data sets and in sequencing data sets of peripheral blood
from healthy individuals. We combined single-cell sequencing (SCS)
of laser microdissected gd TILs, targeted high-throughput sequencing
(HTS) of TCRgd repertoires, and TCRgd extraction from bulk tumor
RNA sequencing (RNA-seq) data using the MiXCR RNA-seq
mode (20). Subsequently, we utilized the TEG format for functional
analysis of TCRgds and observed tumor reactivity of matched TCRgd
pairs against a variety of tumor cells.
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Materials and Methods
Human subjects

Peripheral blood samples from 13 anonymous healthy donors were
obtained via the Dutch blood bank (Sanquin). From the archive of the
Institute of Clinical Pathology, Freiburg, 16 formalin-fixed paraffin-
embedded tissue specimens with the diagnosis of TNBC were selected
after ethics approval by local authorities (Ethics Committee University
Medical Center Freiburg) according to the Declaration of Helsinki,
and written informed consent was obtained from each patient. The
histopathologic diagnoses were established by two independent
pathologists (P. Bronsert and A. Schmitt-Gr€aff) according to the
Union for International Cancer Control criteria. All the tumors were
grade III using the modified Bloom-Richardson classification (21).
Conforming to the recommended evaluation of TILs (22, 23), the
hematoxylin and eosin (H&E)–stained samples contained at least 50%
tumor infiltration. Subsequently, 11 tumors (5 medullary breast
carcinomas and 6 invasive ductal carcinomas) were selected for further
analysis based on the pattern of infiltration and the availability of the
corresponding frozen tissue samples in the tumor bank of the Com-
prehensive Cancer Center Freiburg. All samples came from female
patients with amedian age of 59 years (range, 43–82 years). All samples
were classified as having a basal-like subtype based on the expression of
CK 5/6 or 14 and EGFR (24). The use of the TNBC patient samples was
approved by the ethics committee of the Medical Center University of
Freiburg.

Cell lines
Origin and testing of cell lines

The following cell lines were obtained from ATCC between 2010
and 2018: BT549 (HTB-122), Daudi (CCL-213), HCC38 (CRL-2314),
Hela (CCL-2), HEK293T (CRL-3216), HEPG2 (HB-8065), HT29
(HTB-38), K562 (CCL-243), LS123 (CCL-255), MCF-7 (HTB-2),
OvCa (HTB-161), Phoenix-AMPHO (ATCC, CRL-3213), Saos2
(HTB-85), SCC9 (CRL-1629), and U937 (CRL-1593.2). Freestyle
293-F cells were obtained from Invitrogen (R790-07). The following
cell lines were kindly provided by Ilan Bank (Chaim Sheba Medical
Center, Tel Hashomer, Israel) in 2014: BT-474, MDA-MB231, and
T47D.The following cell lineswere kindly provided byLisaWiesm€uller
(Universit€atsfrauenklinik, Ulm, Germany) in 2014: MDA-MB-134,
MDA-MB-436, MDA-MB468, and UACC-893. Thordur Oskarsson
(Deutschen Krebsforschungszentrum, Heidelberg, Germany) kindly
provided cell line MDA-MB157 in 2016. Phil Greenberg (Fred Hutch-
inson Cancer Research Center, Seattle, USA) kindly provided cell line
LCL-TM. Barbara Seliger (University of Halle, Germany) kindly
provided cell line MZ1851rc.

The following cell lines were reauthenticated using the Cell Line
Authentication (CLA) Test provided by Eurofins Genomics Europe in
2017: Daudi, HEK239T, Hela, K562, LCL-TM, MDA-MB-231,
MZ1851rc, Phoenix-AMPHO, Saos2, SCC9, and T-47D. The follow-
ing cell lines were reauthenticated using the CLA Test provided by
Eurofins Genomics Europe (Ebersberg, Germany) in 2019: BT474,
Daudi, HCC38, HT29, K562, LCL-TM, MCF7, MDA-MB-231,
MZ1851rc, OvCa, and Phoenix-AMPHO. Mycoplasma testing was
done regularly in house using theMyco alertMycoplasma detection kit
(Lonza, LT07-318). Cell lines were used in assays from passage 4 up to
25 after thawing.

Cell line culture conditions
The Daudi, K562, U937, and LCL-TM cell lines were cultured in the

RPMI-1640 medium (Thermo Fisher, 72400054) with 10% fetal calf

serum (FCS; Sigma-Aldrich, F7524), penicillin (100 IU/mL), and
streptomycin (100 mg/mL; Thermo Fisher, 15140163) at 37�C. The
BT474 cell line was cultured in the RPMI-1640mediumwith 10%FCS,
penicillin (100 IU/mL), and streptomycin (100 mg/mL), and addition-
ally supplemented with 1 mmol/L sodium pyruvate (Thermo Fisher,
11530396) and bovine insulin (0.01 mg/mL; Sigma-Aldrich, I6634-
50MG) at 37�C. The cell lines MZ1851RC, BT549, HCC38, Hela,
HEK293T, HEPG2, HT29, LS123, OvCa, Phoenix-AMPHO, Saos2,
and SCC9 were cultured in DMEM with 10% FCS, penicillin
(100 IU/mL), and streptomycin (100 mg/mL) at 37�C. The MCF-7,
MDA-MB-134, MDA-MB-157, MDA-MB-436, MDA-MB-468,
T-47D, and UACC-893 cell lines were cultured in the DMEM with
10% FCS, penicillin (100 IU/mL), streptomycin (100 mg/mL), gluta-
mine (2 mmol/L; Thermo Fisher, 25030024), 1% nonessential amino
acids (100 mmol/L; Thermo Fisher, 12084947), human insulin
(4 mg/mL; Sigma-Aldrich, I2643), and EGF (10 ng/mL; Sigma-Aldrich,
SRP3027) at 37�C. The MDA-MB-231 cell line was cultured in the
IMDM (Thermo Fisher, 31980048) with 10% FCS, penicillin
(100 IU/mL), streptomycin (100 mg/mL), and glutamine (2 mmol/L)
at 37�C. Freestyle 293-F cells were cultured in FreeStyle 293 Expression
Medium (Thermo Fisher, 12338026) at cell densities between 0.3� 106

and 2.5 � 106 in a shaking incubator at 37�C.
Peripheral blood mononuclear cells (PBMC), T cells engineered to

express a defined TCRgd (TEG), natural killer T (NKT) cells engi-
neered to express a defined TCRgd (NEG), and gdT cells engineered to
express a defined TCRgd (GEG) were cultured in the RPMI-1640
medium supplemented with 5% human serum (Sanquin), penicillin
(100 IU/mL), streptomycin (100 mg/mL), and 50 mmol/L 2-mercap-
toethanol (Merck).

HTS of the TCRd repertoire in healthy donors
Our sequencing protocol has been modified from Mamedov and

colleagues (25). Frozen PBMC samples from healthy donors were
thawed and stained with human anti-CD3 eFluor 450 (eBioscience,
16-0037-81), anti-TCRab APC (eBioscience, 17-9986-42), and anti-
TCRgd PE (Beckman Coulter, IM1349), and the gd fractions
(CD3þgdþ) were sorted on a BD FACSAria II cell sorter. RNA was
isolated from samples with ≥0.5� 106 cells with the RNeasy Mini Kit
(QIAGEN, 74204) and from samples with <0.5 � 106 cells with the
RNeasy Micro Kit (QIAGEN, 74004). TCRd cDNA was synthesized
using SuperScript II Reverse Transcriptase (Thermo Fisher Scientific),
utilizing a specific primer at the 30 constant region and a universal
template switch adaptor at the 50 end of the V region (for the specific
primers, see Supplementary Table S1), and purified using NucleoSpin
Gel and PCR Clean-UP (Macherey-Nagel). The samples were ampli-
fied in a first round of PCR using Q5 High-Fidelity DNA polymerase
(New England BioLabs, Inc.) and a T100 Thermal Cycler (Bio-Rad)
under the following cycling conditions: 90 seconds at 98�C, 15 cycles of
7 seconds at 98�C, 20 seconds at 62�C, and 50 seconds at 72�C,
followed by 10minutes at 72�C. A specific nested primer located in the
constant region and a step-out primer, which anneals to the switch
adaptor, were used (Supplementary Table S1).

The resulting amplicons were loaded onto a 1.5% agarose gel,
electrophoresed, and products between 400 and 600 base pairs were
size selected. After purification of the gel withNucleoSpinGel andPCR
Clean-UP, the PCR products were used for a second PCR using a
reverse nested primer on the constant region and a forward primer
which annealed to the switch adaptor (Supplementary Table S1), using
the following cycling parameters: 90 seconds at 98�C, 20 cycles of 7
seconds at 98�C, 20 seconds at 62�C, and 50 seconds at 72�C, followed
by 10 minutes at 72�C. After purification with NucleoSpin Gel and
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PCR Clean-UP, library preparations for HTS were carried out using
the HTSgo-LibrX kit with HTSgo-IndX indices following the manu-
facturer's (Gendx) recommendations. Subsequently, samples were
cleaned up (HighPrep PCR beads, GC Biotech), and HTS was per-
formed on a MiSeq System 500 (2 � 250 bp read lengths), Illumina.
Analysis of theHTS data is described in “Analysis of HTS data sets and
availability of data sets.”

HTS of the TCRd repertoire in TNBC TILs
RNA samples from TNBC tumors were reverse transcribed into

cDNA using Superscript III enzyme (Invitrogen) and oligo(dT) pri-
mers according to the manufacturer's protocol. Multiplex primer
sequences of hTRDV1, hTRDV2, hTRDV3, TRDV5/29, and hTRDC1
for d-chain were used to prepare the HTS library (see Supplementary
Table S1). Adaptor sequences were added as overhangs to facilitate the
Illumina MiSeq analyses. All primers were mixed in equal amounts to
achieve a final concentration of 10 mmol/L. The total volume of each
PCR reaction was 20 mL consisting of 1� PCR buffer (without MgCl2;
Invitrogen), 1.5 mmol/L MgCl2, 10 mmol/L dNTPs (QIAGEN,
201900), 0.5 mmol/L forward primer mix, 0.5 mmol/L reverse primer,
and 0.04 units of recombinant Taq DNA polymerase (Invitrogen).
Cycling conditions were 3 minutes at 95�C, 30 seconds at 95�C, 30
seconds at 63�C, and 30 seconds at 72�C for 5 cycles; 30 seconds at
95�C and 35 seconds at 72�C for 20 to 25 cycles; and 4minutes at 72�C.
After electrophoresing amplicons on 1% TAE-agarose, 250-bp-sized
bands were excised and purified (QIAquick Gel Extraction Kit,
Qiagen). For paired-end Illumina sequencing, additional adapters
(indicated below), including a flow cell binding site for sequencing
on the Illumina MiSeq System and indices for demultiplexing, were
introduced to the TCR amplicons. For this, the Nextera Index Kit
(Illumina) primers were used in a 50-mL PCR reaction with the
following components: 1� Advantage 2 PCR Buffer (Clontech),
1 mmol/L of Index 1 and Index 2 (Nextera Index Kit; Illumina), 1�
dNTP Mix (10 mmol/L each; Clontech), 30 to 40 ng DNA template,
and 1� Advantage 2 Polymerase Mix (Clontech). PCR products were
purified using the Agencourt AMPure XP PCR Purification Kit (Beck-
man Coulter) according to the manufacturer's recommendation.
Further preparation and loading of the library to the MiSeq System
was done according to the “denature and dilution guide” provided by
Illumina. Analysis of the HTS data is described in “Analysis of HTS
data sets and availability of data sets.”

IHC and immunofluorescence imaging of TNBC samples
Serial FFPE 2-mm thick sections mounted on SuperFrost plus

glass slides (R Langenbrinck GmbH) were dewaxed and rehydrated.
After proper antigen retrieval in a pressure cooker with citrate
buffer (pH 6) and citrate buffer (pH 6.1; Dako), blocking of
nonspecific binding was performed using 5% normal goat serum
in PBS (Jackson ImmunoResearch, 005-000-121). Mouse mono-
clonal anti-TCRg-chain (Thermo Fisher, TCR1153) and rabbit
anti-human cleaved caspase-3 polyclonal antiserum (Cell Signaling
Technology, 9664) were used, as we previously reported (6). The
human cytomegalovirus (CMV) detection was performed using
mouse anti-CMV (clones CCH2 þ DDG9, DAKO, and IS752)
as described below. Alkaline phosphatase–conjugated and horse-
radish peroxidase–conjugated detection systems were used to visu-
alize the primary antibodies in separate or sequential protocols
for single or double staining tests with red and brown chromogen
(DakoREALDetection System Alkaline Phosphatase/RED r/m and
EnVisionFLEX Systems, Dako). Acidic hematoxylin was used as a
counterstain.

Frozen serial sections of 5-mm thickness were mounted on Super-
Frost plus glass slides, air-dried for 3 hours, and fixed with precooled
acetone (�20�C) for 10 minutes. Samples were rinsed with 3� TBST
for 5 minutes, and blocking of nonspecific binding was performed
using 5% human serum in PBS for 30 minutes. The samples were
incubated with the corresponding primary mouse anti-human mAbs:
anti-TCRg (Thermo Fisher, TCR1153) and anti-CD69 (Leica Micro-
systems, NCL-CD69), or goat anti-human polyclonal anti-IFNg (R&D
Systems, AF-285-NA), anti-TNFa (Novus bio, NBP1-19532), and
anti-IL17 (R&D Systems, AF-317-NA) antisera. Fluorescence-
conjugated secondary antibodies used to visualize the primary anti-
bodies were rabbit anti-mouse AlexaFluor 488 (TCRg ; Thermo Fisher,
A-11059), donkey anti-rabbit AlexaFluor 568 (CD4; Abcam,
ab175694), donkey anti-goat AlexaFluor 594 (CD69, IFNg , andTNFa;
Abcam, AB150132), donkey anti-goat AlexaFluor 647 (IL17, pseudo-
colored; Abcam, AB150131). Samples were mounted using ProLong
Diamond Antifade medium with DAPI (Thermo Fisher).

Samples were tile scanned using a Zeiss Axio Observer 7 with
Apotome 2 system with an ERc 5s digital camera and analyzed using
the AxioVision 4.8 and ZEN BLUE image software (all from Carl
Zeiss). Four hundred randomly selected cells positive for TCRg were
counted manually in serial slides and evaluated for colocalization with
IFNg , TNFa, or IL17 with the ImageJ (NIH images) and QuPath
(GitHub) softwares and the Bio-Formats, Stack Slicer, andCell counter
plugins (26) by two independent researchers (J. VillacortaHidalgo and
A.R. Terrizi).

CMV detection
The breast cancer cell lines and frozen tumor material were tested

for CMV using an IHC-nested PCR according to a previously pub-
lished protocol (27), and qPCR with the artus CMV TM PCR Kit
(Qiagen) in a 7900HT Fast Real-Time PCR cycler (Applied Biosys-
tems) according to the manufacturer's instructions (for primer
sequences, see Supplementary Table S1).

Laser capture microdissection of TNBC samples
Frozen sections (8 mm thick) were air dried overnight on

MembraneSlide 1.0 PEN membrane covered slides (Carl Zeiss) fixed
in precooled acetone (�20�C) for 10 minutes, washed twice with
TBST, incubated first for 30 minutes with 5% human serum in PBS,
and then for an additional 30minutes at room temperaturewithmouse
anti-human TCRg (100 mL, 1:40; Thermo Fisher, TCR1153). To detect
the mouse mAb binding, a biotinylated anti-mouse secondary anti-
body was used from the alkaline phosphatase detection system
(Dako REAL Detection System Alkaline P/RED, rabbit-mouse), and
the slides were counterstained with Mayer's hematoxylin. Samples
were dried at room temperature for 2 hours, examined with an
Axiovert light microscope (Carl Zeiss) for TCRgþ TIL, and stored at
4�C until processing.

Lasermicrodissectionwas performed using anAxiovertmicroscope
equipped with the PALM MicroBeam system (Carl Zeiss). Energy
parameters of cutting and catapulting were established individually for
each sample. Only infiltrating single lymphocytes in contact with
cancer cells were selected and then microdissected. The selection and
microdissection processes were performed at 40� and 63� magnifi-
cation, respectively. Single cells were catapulted into the cap of an
Adhesive Cap 500 opaque 500mL tube (Carl Zeiss). Twentymicroliters
of a 1:10mix containing ExpandHigh-Fidelity Buffer and proteinase K
(20 mg/mL, PCR grade), both from Roche Diagnostics) was then
added for digestion. The tubes were incubated with their lids closed
for 4 hours at 56�C, centrifuged for 2 minutes at 500 rpm, and heat
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inactivated at 95�C for 10 minutes. Additional tubes containing
only membrane were used as negative controls. All PCR tubes were
overlaid withmineral oil in a laminar flowhood before adding the PCR
master mix.

CDR3gd spectratyping of TNBC gd TILs
To assess the clonality of gdT cells by the length of the CDR3

regions, we used spectratyping analysis. RNA was extracted from
frozen tumor tissue using RNeasy Tissue minikit (Qiagen), and cDNA
reverse transcribed by Oligo-dT-primers (First-Strand cDNA Synthe-
sis Kit, GE Healthcare) according to the manufacturer's instructions.

A first round of PCR was performed using standard unlabeled
primer pairs, followed by a second round of primer extension [run-off
(RO)] with a fluorescence-labeled nested antisense oligonucleotide.
The PCR reaction conditions for TCRg and TCRd were 3 minutes
95�C for initial denaturation, followed by 40 cycles (45 seconds 95�C,
45 seconds 60�C, 60 seconds 72�C), with a final 5 minutes 72�C
extension. In the second round, 2 mL of the PCR products was used for
a primer extension reaction with a single fluorescent (50 6-FAM-
labeled) nested antisense primer from the particular constant region
(ROprimers). The conditions of this “run-off reaction”were 2minutes
at 94�C, then followed by 5 cycles (25 seconds 94�C, 45 seconds 60�C,
45 seconds 72�C), and finally by 5minutes at 72�C. The products were
analyzed using an ABI 3130 XL capillary sequencer (Applied Biosys-
tems) to determine the length distribution of the fluorescent fragments
for g and d groups. The results were analyzed using the Genescan
Analysis software version 3.7 (Applied Biosystems; primer sequences
in Supplementary Table S1; ref. 28).

Single-cell PCR of TNBC gd TILs
Similar to the single-cell PCR technique previously described for the

analysis of rearranged immunoglobulin genes (29), a multiplex, semi-
nested, hot-start PCR was set up with 15 newly designed primers (see
Supplementary Table S1). For the first round, a master mix was
prepared containing 5 mL dNTP (2 mmol/L), 5 mL 10� PCR buffer
(High-Fidelity System), 5 mL primer mix (2.5 mmol/L, forward and
reverse primers), 3.2mL 25mmol/LMgCl2, 6.5mLH2O, and 15mL from
the DNA digestion. A volume of 0.3 mL Expand High-Fidelity enzyme
mix (3.5 units/mL) was added after the first denaturation step to a final
volume of 40 mL. The cycler program was 95�C 2minutes, 80�C pause
(enzyme added), 72�C 1 minute, 39 cycles at 95�C 50 seconds, 56�C
30 seconds, 72�C60 seconds, then 72�C5minutes and 10�Cpause. For
the second round, eight master mixes were prepared to detect TCRg
and d chains: two mixes for TCRg (Vg1-8 and Vg9) and six for TCRd
(Vd1, Vd2, Vd3, Vd4, Vd5, and Vd6) with 2.5 mL dNTP (2 mmol/L),
2.5 mL 10� PCR buffer, 1.25 mL of the respective Vg and Vd forward
primers, 1.25 mL of the respective J segment mix primers (see Sup-
plementary Table S1), 2 mL 25 mmol/L MgCl2, 12.2 mL H2O, 3 mL of
first-round PCR product, and 0.3 mL Expand High-Fidelity enzyme
mix (3.5 units/mL). The cycler program was 95�C 5 minutes, 72�C
1minute, followed by 35 cycles at 95�C 50 seconds, 55.5�C 30 seconds,
72�C 1 minute, then 72�C 5 minutes, 15�C 5 minutes and 4�C pause.
The PCR products were analyzed by 2% agarose gel electrophoresis,
and the positive bands were excised and purified from the gel with the
QIAEX II Gel Extraction Kit (Qiagen). The DNAwas sequenced using
theBigDyeTerminator 3.1 system (AppliedBiosystems). The sequenc-
ing reactions consisted of 1 mL BigDye, 3.75 mL 5� sequencing buffer,
0.75 mL forward primer (see Supplementary Table S1), 3 to 10 mL
template, and water to a final volume of 20 mL. The cycling conditions
were 96�C 5 minutes, then 24 cycles at 95�C 15 seconds, 50�C
10 seconds, 60�C 4 minutes, followed by a 10�C pause. The sequence

sample was cleaned using the DyeEx 2.0 Spin Kit (Qiagen) and
analyzed on the ABI 3130xl capillary sequencer (Applied Biosystems).

Retroviral expression of plasmids for TCRgd and endothelial
protein C receptor

Codon-optimized DNAs coding for the full lengths of g and d TCR
chains and endothelial protein C receptor (EPCR) were ordered
at BaseClear Inc (see Supplementary Document, “Nucleotide
sequences of synthetic DNA constructs”). The synthetic genes were
flanked with a 50 NcoI and a 30 BamHI site for subsequent cloning into
the retroviral expression vector pBullet (ref. 30; kind gift by Ralph
Willemsen, Erasmus Medical Center, Rotterdam, the Netherlands),
modified by inserting IRES-neo and IRES-puro cassettes (see Supple-
mentary Document, “Nucleotide sequences of synthetic DNA con-
structs”). The g TCR genes were subcloned into the pBullet-IRES-neo,
and the d TCR genes and EPCRwere subcloned into the pBullet-IRES-
puro as previously performed (31).

Transduction of ab T cells, gd T cells, NKT cells, and target cells
For the generation of TEGs, PBMCs from healthy donors

(Sanquin) were transduced with defined TCRg and d chains as
described (19, 32, 33). Briefly, retroviral supernatants were produced
by Phoenix-AMPHO packaging cells, transfected with retroviral help-
er vectors, gag-pol (pHIT60; ref. 34) and ENV (pCOLT-GALV; ref. 35;
both kind gifts by Ralph Willemsen, Erasmus Medical Center,
Rotterdam, the Netherlands), together with pBullet retroviral con-
structs containing TCRg and TCRd of the indicated TCR (Results
section) using FuGENE HD (Promega). PBMCs preactivated with
anti-CD3 (30 ng/mL; clone OKT3, Janssen-Cilag) and IL2 (50 U/mL;
Proleukin, Novartis, 13610880, hospital pharmacy UMCU) were
transduced twice (within 48 hours) with viral supernatants in the
presence of IL2 (50 U/mL) and polybrene (4 mg/mL; Sigma-Aldrich).
Transduced T cells (TEG) were expanded by stimulation with anti-
CD3/anti-CD28Dynabeads (0.5� 106 beads/106 cells; Invitrogen) and
IL2 (50 U/mL) and incubated with geneticin (800 mg/mL; Gibco) and
puromycin (5 mg/mL; Sigma-Aldrich) for 1 week. TEGs were stimu-
lated biweekly with PHA-L (1 mg/L; Sigma-Aldrich), IL2 (50 U/mL;
Proleukin, Novartis), IL15 (5 ng/mL; R&D Systems, 247-IL), and
irradiated allogeneic PBMCs (12.5 � 106, dose: 3,500 cGy), Daudi
(2.5� 106, dose: 8,000 cGy) and LCL-TM (2.5� 106, dose: 8,000 cGy)
cells. Fresh IL2 was added twice weekly. Transgenic TCR expression
was routinely assessed by flow cytometry on a BD FACSCanto II using
anti-TCRabAPC (1:10; eBioscience, 17-9986-42), and anti-TCRgd PE
(1:10; Beckman Coulter, IM1349), anti-CD4-FITC (1:20; eBioscience,
11-0049-42), and anti-CD8–PerCPCy5.5 (1:1,000; BioLegend,
301032).

For the generation of NEGs and GEGs, NKT and gd T cells of
healthy donors were transduced using a similar protocol that was used
for PBMCs. gd andNKT cells were sorted prior to transduction using a
MACS TCRg/dþ T-cell or NKT cell isolation kit (Miltenyi), respec-
tively, a >90% gdTCRþ cell population and a >80% CD56þ/CD3þ

NKT cell population was obtained after MACS. The NEGs and GEGs
were expanded with PHA-L (1 mg/L; Sigma-Aldrich), IL2 (50 U/mL),
IL15 (5 ng/mL; R&D Systems, 247-IL), and irradiated allogeneic
PBMCs (12.5 � 106, dose: 3,500 cGy), Daudi (2.5 � 106, dose:
8,000 cGy) and LCL-TM (2.5 � 106, dose: 8,000 cGy) cells. Fresh IL2
was added twice weekly.

HEK293T, HeLa, K562, and U937 cells were transduced with EPCR
in a similar fashion as described above. Three days after the second
transduction, the transduced cells were selected with puromycin
(2.5 mg/mL), and the transgenic expression of EPCR was assessed by
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flow cytometry on a BD FACSCanto II, cells were stained using anti-
EPCR (1:50; Abcam, ab81712) and goat-anti-rat IgG AF647 (1:400;
Invitrogen, A-21247).

ELISPOT assays
IFNg ELISPOT assays were performed as previously

described (16, 36). Briefly, 15,000 TCR-transduced or mock-
transduced T cells and 50,000 target cells (ratio 0.3:1), as indicated
in the figures, were cocultured for 24 hours in nitrocellulose-bottomed
96-well plates (Millipore) precoated with anti-IFNg (5 mg/mL; clone
1-D1K; Mabtech). Plates were washed and incubated with a second
biotinylated anti-IFNg (1 mg/mL in PBS/0.5% FCS clone 7-B6-1;
Mabtech), followed by streptavidin-HRP (1:500 dilution in PBS;
Mabtech). IFNg spots were visualized with the TMB substrate
(Sanquin), and the number of spots was quantified using ELISPOT
Analysis Software (Aelvis).

CD107 assay
Two TIL TCRgd clones transduced in abT cells, TEG-C132

and TEG-F4, were incubated alone or with target cells at an effec-
tor:target (E:T) ratio of 1:1 in the presence of CD107a-PE (BD
Biosciences; clone H4A3). gdTCR monoclonal antibody/antibodies
and amatched isotype control were included during the incubation at a
concentration of 20 mg/mL. For TEG-C132 and TEG-F4, anti-gdTCR
clone 11F2 (Antibody Chain International B.V.) and isotype control
(IgG1k) clone MOPC-21 (Abcam) were used. For TEG-C132, two
additional gdTCR monoclonal antibodies were included: clone B1
(BioLegend) and clone 5A6.E9 (Fisher Scientific). After 2 hours of
incubation, Golgistop (1:150; BD Biosciences, 554724) was added.
After 6 hours, cells were washed in FACs buffer, containing PBSþ 1%
BSA (fraction V; Sigma-Aldrich, 10735094001) and stained with an
antibodymix. For TEG-C132: anti-CD3 eFluor450 (eBioscience; clone
OKT3), CD8 PerCP-Cy5.5 (BioLegend; clone RPA-T8), and gdTCR
APC (BD Biosciences; clone B1). For TEG-F4: Vd1 FITC (Thermo
Scientific; clone TS8.2), CD8 PerCP-Cy5.5 (BioLegend; clone RPA-
T8), CD4 PeCy7 (eBioscience; clone RPA-T4), and abTCR APC
(eBioscience; clone IP26). Cells were washed two times in FACS buffer
and fixed in 1% paraformaldehyde in PBS. Data acquisition was done
on FACSCanto and analyzed using FACSDiva software (BD).

Expression, purification, and staining with soluble TCRs
The variable and constant domains of the TCR chains, clones C132,

F4, and Zi11, were amplified from synthetic DNA encoding the full-
length TCRs using gene-specific primers containing anAfeI restriction
site for the forward V-gene–specific primers and a BamHI site for the
reverse C-gene–specific primers (see Supplementary Table S1). The
TCRd chains were ligated into a modified pBullet vector containing a
m-phosphatase signal peptide at the 50 end and fos zipper at the 30 end
of the construct (see Supplementary Document, “Nucleotide
sequences of synthetic DNA constructs”). The TCRg chains were
ligated in a modified pBullet vector containing a m-phosphatase signal
peptide at the 50 end and at the 30 end, a jun zipper followed by a biotin
acceptor peptide and a poly-histidine (His) tag (see Supplementary
Document, “Nucleotide sequences of synthetic DNA constructs”).
Synthetic DNA encoding for the bacterial biotin ligase BirA (Uniprot
accession code: P06709; see Supplementary Document, “Nucleotide
sequences of synthetic DNA constructs”) was also ligated in a pBullet
vector containing a signal peptide. Soluble gdTCRs were expressed by
Freestyle 293-F cells (Thermo Fisher) transiently transfected with
plasmids containing TCRd, TCRg , and BirA (in a 45:45:10 ratio)
using polyethylenimine (PEI) in a 2:3 ratio, 1 mg of total plasmid

DNA was used to transfect 106 cells. Six hours after transfection, the
media were supplemented with 1% penicillin/streptomycin (Gibco)
and 100 mmol/L biotin (Sigma-Aldrich; 14400).

The expression media were harvested 5 days after transfection by
centrifuging the cultures for 100 at 750 � g to pellet the cells. The
supernatant was supplemented with TBS, and loaded on a 1-mL
HisTrap Excel column (GE Healthcare). A multistep gradient with
increasing concentrations of imidazole (Merck, 1047160250), 10
column volumes (CV) 10 mmol/L imidazole, followed by a linear
gradient of 10 to 300mmol/L imidazole in 20CV,was used towash and
elute the soluble TCRs from the column. The eluted soluble TCRs were
further purified using a 1-mLHiTrapQ column (GEHealthcare) at pH
8.2, soluble TCRs were loaded in TBS-20 mmol/L NaCl and eluted
using a linear gradient of 20 to 400 mmol/L NaCl in 30 CV. Fractions
were loaded on a 4–20 Mini Protean TGX Gels (Bio-Rad) using
Laemmli sample buffer (Bio-Rad, 1610747) after electrophoresis gels
were stained with InstantBlue Safe Coomassie Stain (Sigma-Aldrich,
ISB1L). Fractions containing the soluble TCR were pooled and con-
centrated using a Vivaspin Turbo 4 10-KDa cutoff spin concentrator
(Sartorius, VS04T01). Tetramers were prepared from TCRmonomers
by adding one equivalent of SA-PE (BD Pharmingen, 554061) to five
equivalents of TCR in 2 steps over 5 minutes.

MDA-MB436 cells were incubated with TCR tetramers with a
streptavidin concentration 3 mg/mL for 30 minutes at room temper-
ature in the presence of isotype control (IgG1k, clone MOPC-21;
abcam) or anti-gdTCR (clone B1; BioLegend). Cells were washed two
times in FACS buffer and fixed in 1% paraformaldehyde in PBS. Data
acquisition was done on FACSCanto and analyzed using FACSDiva
software (BD).

Analysis of HTS data sets and availability of data sets
Data analysis of HTS data

TCR sequence alignment, assembly, and clonotype extraction were
performed using theMiXCR (version-v2.1.1) program for data set 1, 3,
4, and 5 (37). VDJtools (v1.1.4) was utilized for frequency-based
correction of clonotypes (38). For data set 1, 3, and 4, only functional
reads which passed a frequency filter of 0.1% were used for further
analysis. For data set 5 sequenceswith a read count of≥20were used for
analysis. RNA-seq data of data set 6 were analyzed with the RNA-seq
mode of MiXCR. tcR R package (v2.2.1.15) was utilized for TRD
repertoire overlap analysis and the estimation of VDJ gene usage.

Availability of HTS data
HTS data in the standard FASTQ format from this study (data sets 1

and 3) are available via the SRA database and can be located using the
NCBI BioProject accession number: PRJNA397967. HTS data in the
standard FASTQ format from data sets 4 and 5 are publicly avail-
able (39, 40). Data set 6 consists of the RNA-seq data of the TCGA
database. The following cancer data sets were used: COAD (colon
adenocarcinoma), KIRC (kidney clear cell carcinoma), LUAD (lung
adenocarcinoma), READ (rectal adenocarcinoma), SKCM (skin cuta-
neous carcinoma), and TNBC. Data set 6 was supplemented with
amino acid CDR3 sequences of publicly available CDR3 amino acid
sequences of TILs (41).

Statistical analyses
Unpaired t test statistical analysis or a one-way ANOVA followed

by Tukey post hoc test was performed using GraphPad Prism software
(GraphPad Inc, Version 7). Data were expressed as means� standard
deviation (SD). A value of P < 0.05 was considered statistically
significant.
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Results
gd TILs in patients with TNBC are IFNgþ, TNFaþ, and IL17–

We analyzed gd TILs that were in close contact with tumor cells
within TNBC frozen sections of 7 patients, 3 with invasive ductal
cancer (IDC) and 4 classified as medullary breast cancer (MBC;
Supplementary Table S2; ref. 6). In both tumor types, the gd TILs
were frequently in close contact with apoptotic tumor cells (Fig. 1A
and B), and the majority of gd TILs stained positive for CD69, IFNg ,
and TNFa, whereas less than 20% were positive for IL17 (P < 0.001,
n ¼ 7; Fig. 1C–F and H). No difference was seen in the percentage

IFNgþ and IL17þ gd TILs between MBC and IDC tumors. However,
we observed a small decrease in the percentage of TNFaþ gd TILs in
MBC compared with IDC tumors. Over 80% of CD4þTCRgd– cells
produced IL17 and appeared to represent amajor source for IL17 in the
tumor parenchyma (Fig. 1G and I).

TCRg and d repertoire of gd TILs in TNBC
Initially, Vg and Vd spectratyping in TNBC patients was performed

following RNA extraction from frozen tissue sections (Supplementary
Fig. S1A and S1B). These analyses showed polyclonal gd T-cell
populations where the Vg9 gene expression was reduced, implying

Figure 1.

gd TILs exhibit a cytotoxic phenotype in
contact with breast cancer cells.A,Rep-
resentative double IHC staining with
TCRg antibody (red) and cleaved cas-
pase-3 (brown). T, tumor parenchyma.
Scale bar, 50 mm in I and II, and 20 mm
in III and IV. B, Representative detail at
high magnification of gd TILs (red) in
active contact, including a pseudopod
extension with tumor cells that dis-
plays pycnotic nuclear and cytoplasmic
characteristics. Scale bar, 20 mm. C–G,
Representative colocalization analysis
using double immunofluorescence of
TCRg (green) and activation marker
CD69 (red) expression (C), TNFa (red;
D), IFNg (red; E), and IL17 (red; F), and
CD4 (red) and IL17 (green; G). DAPI,
blue; scale bar, 20 mm. H, Cumulative
data obtained from the immunofluores-
cence analysis (MBC, n¼ 4; IDC, n¼ 3).
Percentages of gd TILs expressing the
IFNg , TNFa, or IL17 (mean and individual
data points are indicated). One-way
ANOVA followed by Tukeypost hoc test
revealed statistically significant differ-
ences (��� , P < 0.001). I, Percentages
of IL17þ cells among CD4þ cells and gd
TILs (mean and individual data points
are indicated). An unpaired t test
revealed statistically significant differ-
ences (��� , P < 0.001).
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that gd T cells other than Vg9/Vd2 were predominant. HTS of the
TNBC samples confirmed the diverse TCRd repertoire (Fig. 2; data set
1; Supplementary Table S3). In order to characterize the pairs of TCRg
and d chains of gd T cells in contact with tumor cells, we used laser
microdissection of single gd TILs, followed by a PCR protocol to
amplify their CDR3 regions. In total, 530 single gd T cells were isolated
from11 tumors. Although some SCS reactions did not generate reliable
sequencing data for both of the paired chains, 27 paired TCRg and d
sequences from 9 different patients were identified (data set 2; Sup-
plementary Table S4). We also obtained 63 TCRg and 28 TCRd
nonpaired sequences (data set 2; Supplementary Tables S2 and S5).
Various non-Vg9 and non-Vd2 genes were most prominently repre-
sented among the detected sequences from single cells (Fig. 2; data set
2). Out of the 81 unique TCRg amino acid sequences obtained, 10
different sequences were shared among the patients, 9 of which had the
same nucleotide sequence (Supplementary Fig. S2A). One TCRgd, B9,
had a TCRg chain that has been previously identified in a CD1d-
restricted TCRgd, AU2.3 (42). Four of the 27 SCS-identified paired
TCRgd used the same Vd5 amino acid sequence but was always paired
with a different TCRg chain. This Vd5 sequence, previously found to
be associated with CMV and tumor reactivity (43), was identical with 2
of 28 SCS-identified CDR3d nonpaired amino acid sequences, clas-
sifying this CDR3d sequence as coding for a public CDR3d chain
(Supplementary Fig. S2B). All the nucleotide sequences of this public
Vd5 CDR3d chain were identical among different patients (Supple-
mentary Table S4). None of the examined TNBC tissue samples tested
positive for CMV (Supplementary Table S2), but the serostatus of
CMV in our patients was not determined. One of the 27 SCS-identified
paired TCRgds had a shared (public) Vd1 sequence, and another
shared Vd1 sequence was identified in the pool of the nonpaired TCRd
chains. The shared Vd1 amino acid sequences also had the same
nucleotide sequence. Only four of the 41 SCS-identified unique TCRd
amino acid sequences were present within HTS data belonging to the
same TNBC sample, suggesting an initial repertoire focusing (39) at
the tumor side, with a subsequent lack of clonal expansion of tumor-
interacting gd T cells.

Overall usage of TCRd sequences
To put our own data of TCRd chain sequences derived from gd TILs

in TNBC within the context of natural repertoires observed in the
peripheral repertoire, as well as from tumors, we investigated the
overall usage of TCRd chains in the peripheral blood of healthy donors
and in other tumor tissues. Therefore, we analyzed the presence of
TCRd amino acid sequences across different healthy and tumor
sequencing data sets. First, we analyzed the presence of shared TCRd
chains in the peripheral blood of 13 healthy volunteers by HTS (data
set 3; Supplementary Table S3) and studied the most prevalent TCRd
sequences, defined as sequences with a clonal frequency of >0.1%. Of

the 1401 most prevalent amino acid sequences in data set 3, 17 were
shared between at least two donors. Next, we analyzed shared
sequences of two publicly available TCRd HTS data sets from periph-
eral blood of healthy donors. For data set 4 (Supplementary Table S3)
of Ravens and colleagues, we again analyzed the sequences with a
clonal frequency of >0.1% (39). Data from Davey and colleagues (data
set 5; Supplementary Table S3) were pooled in the public space (40),
and therefore only sequences with a read count of more than 20 were
included in our analysis. The Vd gene distribution of data sets 3 and 4
consisted mainly of Vd2 sequences representing an unselected periph-
eral repertoire. Data set 5 was enriched for Vd1þ gd T cells, which
explains the high percentage of Vd1 sequences (Fig. 2). Within the
different healthy donors' data sets, 186 Vd2þ TCRd amino acid
sequences were shared and, thus, considered public (Fig. 3A; Supple-
mentary Fig. S3A). Contrastingly, no shared Vd1 sequences were
identified in the peripheral blood data sets. Data set 6 (Supplementary
Table S3) included TCRd sequences retrieved from the RNA-seq data
of six different cancers from The Cancer Genome Atlas (TCGA)
database and from the gd TILs CDR3d sequences of various cancers
published by Li and colleagues (41). The majority (62%) of our
analyzed 1,407 gd TIL TCRd sequences were of the Vd1 origin (Fig. 2).
Considering theVd2þT-cell proportion in the TIL data set (data set 6),
the proportion of Vd2þ in the TNBCHTS data (data set 1) was higher
than expected, and more similar to the peripheral blood data sets
(Fig. 2). This is compatible with TNBC's higher microvascular density
in comparison with other breast tumors (44) or due to the fact that
Vd2þ chains can pair with other TCRg chains than Vg9 (40). When
data set 6 with the TILs was compared with the sequences of all the
other data sets, the percentage ofVd2TCRd sequences in tumor tissues
appeared relatively low, but 53 shared Vd2 TIL amino acid sequences
were identified within the data sets (Fig. 3A; Supplementary Fig. S3A).
Finally, we compared nucleotide sequences across all of the different
data sets, except data set 6, where nucleotide sequences were not
available from the data of Li and colleagues (41). Across the different
data sets, 222 Vd2 amino acid sequences were shared, and 29 of those
(13%) were also identical as nucleotide sequences (Supplementary
Table S6). Because the pooling of individual donor data could result in
underestimating shared nucleotide sequences, we also analyzed shared
nucleotide sequences between different donorswithin data sets 3 and 4.
This analysis revealed higher percentages of shared amino acid
sequences with identical nucleotide sequences, i.e., 39% (data set 3)
and 45% (data set 4), respectively (Supplementary Table S6).

The percentage of shared Vd2 amino acid sequences in data set
6 (TILs) was relatively high compared with the shared sequences
in peripheral blood of healthy donors [13.8% (53/385) vs. 1.5%
(186/12207)]. When peripheral T cells were substantially enriched
for Vd1 gd T cells before HTS (data set 5), 13 Vd1 sequences could
be characterized as shared between peripheral blood and gd TILs

Figure 2.

The Vd gene distribution in different data sets. Vd gene
distribution in data sets 1 through 6 (see Materials and
Methods for more details on data sets). Filled symbols
are used for data sets from healthy donors. Open sym-
bols are used for data sets with gd TILs. See also
Supplementary Fig. S1. References are for data set
4 (39), data set 5 (40), and data set 6 (41).
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(Fig. 3B; Supplementary Fig. S3B). One Vd3 sequence, which was
present among the gd TIL sequences (data set 6), was also present in
the TNBC TILs (Supplementary Fig. S3C). Thus, our analyses
identified commonly shared Vd amino acid sequences in the
peripheral blood and tumor tissues, but the corresponding Vd
repertoires differed considerably. In the peripheral blood, the
shared sequences were all Vd2þ, whereas tumor tissues also con-
tained shared Vd2– TCR chains.

Tumor reactivity of TCRgd sequences derived from gd TILs
TheTEG formatwith absence ofmany coreceptors usually observed

on gd T cells (19, 32, 33) allowed us to investigate whether tumor
reactivity of gd TILs was mediated through their individual TCRgds
and not by other innate immune receptors usually expressed on gd
TILs. To this end, we generated a series of 15 TEGs expressing paired
TCRg and d chains derived from TNBC gdTILs (Supplementary
Fig. S4A; Supplementary Table S4) to assess whether these chains

Figure 3.

Overview of shared TCRd sequences among data sets.
Network plots of the shared sequences among differ-
ent data sets are shown. Each dot represents 1 CDR3
TCR sequence. When more than 1 sequence is shared
between data sets, the actual number of shared
sequences is indicated. A, Overview of shared Vd2
sequences among the different data sets. B, Overview
of shared Vd1 sequences among the different data
sets. See also Supplementary Table S4, Supplemen-
tary Fig. S3, and the Materials and Methods section for
more information on the tools used to compare the
different data sets.

gd T-cell Receptors Derived from Breast Cancer Tissues

AACRJournals.org Cancer Immunol Res; 8(4) April 2020 537

178



had the potential to mediate antitumor reactivity. Because most
human gd T cells are not HLA restricted, we used several established
cell lines derived from tumors, including breast cancer and leukemia/
lymphomas. Activation of TEGs by tumor cell lines was measured
using an IFNg ELISPOT, where we used the following thresholds to
quantify reactivity: >50 spots as low reactive and >100 spots as highly
reactive. Nine of 15 TEGs recognized at least one of the cancer cell lines
(Fig. 4A). Because some of the TEGs recognized tumor cell lines of
hematologic origin only, we extended the tumor panel with 8 addi-
tional solid tumor cell lines for 5 TEGs. Three of 5 tested TEGs, which
showed in the first screen only activity against hematologic tumors,
also recognized solid tumor cell lines (Fig. 4B). Two of the 4TEGswith
the shared Vd5 chain displayed distinct tumor reactivity patterns,
indicating that tumor recognition was likely to depend on the specific
paired TCRg chain (Fig. 4A andB). Also, the TCRg and d chains from

TEG-C132 were identical with those reported in the EPCR-reactive gd
T-cell clone (45). The EPCR reactivity of TEG-C132 was confirmed by
measuring the response of TEG-C132 against a panel of naturally
EPCR-positive or -negative tumor cell lines, or cell lines engineered to
overexpress EPCR (Fig. 5A).

gd T-cell activation can be influenced bymultiple cell receptors (46).
To test whether coreceptors expressed by gd T cells could modulate
the activity of TCRgd derived from gd TILs, TCRgd complexes from
TEG-C132 (functional within TEGs) and B23 (nonfunctional within
TEGs), as well as the nonfunctional TCRg9d2 LM1 (33), were used to
construct gd T cells with a defined TCRgd (GEG). No gain of function
was observed for either receptor in theGEG format. In contrast, a slight
reduction of activity was detected for GEG-C132 compared with
TEG-C132 (Fig. 5A and B), possibly due to the mispairing of
introduced TCRg and d chains with endogenous TCRg and d chains.

Figure 4.

TEGs engineered with TIL-derived TCRgd chains show reactivity against different tumor cell lines. A and B, Reactivity of gd TIL TCRs in TEG format against
tumor cell lines with high and low mutational loads was measured by an IFNg ELISPOT; average spot counts of experiments are shown. As negative control,
T cells engineered with nonfunctional TCRgd chains were used. Effector and target cells were incubated overnight in a 0.3:1 E:T ratio. TEGs that share either a
TCRg or TCRd chain within the tested TCRs or with previously published TCR chain indicators are shown in A, and the corresponding CDR3 sequences are listed
in Supplementary Table S4 and Supplementary Fig. S2. ND, not determined. ND, not determined.
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To avoid the possible mispairing with endogenous TCRg or d chains,
we engineeredNKT cells with a definedTCRgd (NEG). NKT cells were
used because they express coreceptors similar to those present in gd T
cells (Supplementary Fig. S4B). NEG-C132 showed no increased
reactivity compared with TEG-C132, and consistent with this, no
gain of function was detected in NEG-B23 cells (Fig. 5C).

To further confirm that the observed tumor reactivity wasmediated
through the introduced TCRgd, TEG-C132, TEG-F4, and TEG-Zi11
were selected for CD4þ TEGs. CD4þ TEGs lack most NK cell
receptors (16). CD4þ TEGs showed a similar reactivity pattern as the
nonsorted TEGs. Again, CD4þTEGs expressing the nonreactive TEG-

LM1 did not show any reactivity (Fig. 6A–C), suggesting that indeed
activity was mediated by the introduced TCRg or d chains. We next
determined whether for selected CD8þ TEGs (C132 or F4) degran-
ulation was observed upon stimulation with a recognized target cell
line. TEG-C132 showed increased surface expression CD107 after a
6-hour incubation with HT29 cells (Fig. 6D). Activity was selectively
associated with cells having the highest expression of TCRg or d chains
(Supplementary Fig. S4C). In the very same experiments, blocking
antibodies have also been added to further substantiate the claim that
activity was mediated by the introduced TCRg or d chains. In the
presence of anti-gdTCR, surface CD107 decreased up to 2-fold. Similar

Figure 5.

Activity of TCRgd when expressed on different carrier cells with varying amounts of NK-like receptors. Activation of TCRgd-transduced TEGs (A), GEGs (B), and
NEGs (C) by a panel of target cell lines was measured by an IFNg ELISPOT assay. Effector cells were incubated overnight without or with target cells in a 0.3:1 E:T
ratio. Specific settings marked with “!” contained too many spots for accurate assessments. All four cell lines were transduced with retroviral constructs, where
the EPCR (CD201)-coding sequence was subcloned into the pBullet-IRES-puro. The transduced cell lines are marked with the affix “-EPCR.” Data, mean � SD.
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results were obtained for TEG-F4 (Fig. 6E). In the absence of target
cells, adding blocking antibodies also associated with a slight increase
in CD107, suggesting that functional blocking experiments were
partially hampered by a slight activation through the very same
antibodies. Therefore, we formally addressed whether the gdTCR
alone would be sufficient to bind to recognized tumor cell lines by
generating fluorescent tetramers from different gdTCR that have been
coincubated with MM436 as the tumor target. In line with their
reactivity in the TEG format, F4 and Zi11 tetramers stained MM436,
whereas C132 tetramer did not. gdTCR dependency was furthermore
confirmed by adding anti-gdTCR, which resulted in a complete
abrogation of staining through F4 and Zi11 tetramers (Fig. 6F). Thus,
we have demonstrated that SCS of gd TILs, followed by expression of

their individual TCRgds in lymphocytes, could rapidly confirm the
implied and anticipated effectiveness of gd TIL-tumor cell interac-
tions, whose antitumor reactivity does not depend on additional innate
immune receptors.

Discussion
Our report is a comprehensive analysis of TNBC-infiltrating gd

TILs, which are in close proximity to TNBC cells. We observed in this
“project genesis” from archival material that the majority of gd TILs
harbored a proinflammatory phenotype and only a minority associ-
ated with the expression of IL17. By reconstructing TCRg or TCRd
from SCS within the TEG format, we provided evidence that paired

Figure 6.

Reactivity against tumor cells ismediated through the TCRgd. CD4þ TEG-C132 (A), TEG-F4 (B), and TEG-Zi11 (C) were incubated overnight in a 0.3:1 E:T ratio with the
indicated target cell lines. IFNg production was measured in an ELISPOT (mean � SD). D, Degranulation of CD8þ TEG-C132 was assessed by surface expression of
CD107 in the absence or presence of several gdTCRmonoclonal antibodies at a concentration of 20 mg/mL. TEG-C132was incubated either without or with tumor cell
line HT29 tumor cells for 6 hours. CD107 surface expressionwasmeasured by flow cytometry (bars represent mean of two independent experiments; dots represent
mean of the independent experiments). E, Degranulation of CD8þ TEG-F4 induced by tumor cell line MM436 in the absence or presence of anti-gdTCR clone 11F2 as
described inD (bar represents mean of two independent experiments; dots represent mean of the independent experiments). F, Tumor cell line MM436was stained
with TCR tetramers (3mg/mL streptavidin) in the presence of 20mg/mL isotype control antibody or anti-gdTCR clone B1. TCR tetramer stainingwas analyzed by flow
cytometry. Representative FACS plots are shown (n ¼ 4).
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TCRg and TCRd chains could be active against not only breast cancer
cells but also other tumor cell types. However, the lack of autologous
viable tumormaterial did not allow to test the activity in an autologous
system, andwith the lack of knowledge onmost tumor antigens seen by
gd TILs, we could not formally assess whether frequency of truly
tumor-reactive gd TILs was equivalent or exceeded the 10% as
reported for ab TILs (47). We observed a high frequency of reactivity
of all characterized TCRg and TCRd chains against different and
multiple tumor types, which was unique for each TCR pair. Changing
one counterpart altered the recognition pattern and was not improved
when additional innate coreceptors were expressed in combination
with the TCR. Thus, gd T cells have, through their individual TCRg
and d chains, an intrinsic capacity to recognize cancer cells.

Clonal expansions have been reported in neoantigen-specific ab
TILs (48). The spectratype and HTS analyses of the gd TILs in TNBC
tumor tissue indicated a polyclonal repertoire, and the SCS detected no
clear clonal dominance of tumor-reactive TCRgds. This validates
the previously reported absence of Vd2þ TCR-driven lymphocyte
expansion in cancer patients (8) and contrasts the expansions of
Mycobacterium tuberculosis–activated Vd2þ gd T Iymphocytes (49).
This apparent lack of clonal expansions is also in contrast with the
potent clonal gd T-cell responses to viral infections (39, 40). This
dichotomy—i.e., the presence of clonal responses in infections but
their absence in progressing cancers—might be caused by a tolerogenic
tumor microenvironment. gd TILs have been reported to be skewed
toward an IL17- rather than an IFNg-producing phenotype during the
progression of neoplastic disease (10). However, in our cohort, only a
minority of the TNBC gd TILs produced IL17, which has also been
observed in colon cancer (50), suggesting that different tolerogenic
mechanisms (51) could be involved. Thus, although mouse model
studies indicate that the early cancer stages are susceptible to gd T-cell
immunosurveillance (5, 52), our results imply that the complex tumor
microenvironment might prevent an effective clonal expansion of
tumor-reactive gd TILs.

Our data allow to speculate that there might be public TCRg or d
chains in tumor tissue which associate with tumor recognition.
However, this observation needs to be seen with caution. First, a
systematic bias could have occurred because the total number of
sequences analyzed in peripheral blood samples was higher.
Extracting TCR sequences from RNA-seq data favors shorter se-
quences because of the read length of the original data, and public
sequences tend to be shorter in sequence (39, 40). Finally, because
others report that Vd2– TCRs public chains are a rare event in
humans (39, 40), we cannot entirely exclude that in the complex
SCS procedure in paraffin-embedded tissues associated with some
cross-contamination, and we, therefore, may have overestimated
the number of public TCR chains. Regardless of this technical
concern, pairing the very same TCRg with different d chains and
vice versa in our data set allowed to test whether tumor reactivity of
TCRg or d chains pairs depended on both chains. Different clones
with either identical TCRg or d chains and matching with a
different counterpart associated with a different recognition pattern
of tumor cells. This is in particular interesting as we characterized
one TCR chain pair that has been initially reported to react against
EPCR only (45). However, recognition of tumor cells through Vd2–

gd TCRs has most been attributed to a recognition mode where both
TCRg and d chains can bind to different ligands at the same
time (53). For example, the TCRg chain of the identified clone
C132 has been suggested to bind to BTN-family members, whereas
other TCRd chains bind to CD1 family members. Recognition of
tumor cells could then depend on varying distributions of both

ligands. This might also explain why the expression of the Vd5
chain alone was not sufficient to trigger EPCR reactivity. However,
such new TCR pairs might also simply recognize only one
completely different ligand.

The isolation of an EPCR-reactive Vg4Vd5 TCR clone from our
TNBC tissues has been characterized by others (45) and reported to be
associated with anti-CMV responses. CMV reactivation has been
accounted to reduce relapse of leukemia after allogeneic stem cell
transplantations (36, 54). The reduced risk of leukemic relapse after
CMV reactivation has been attributed toNK and gd T cells (36, 55, 56).
Within this context, it is tempting to speculate that, in general, the
CMV reactivation may not be clinically beneficial only for controlling
leukemias (36), but could also confer some protection against certain
solid tumors. However, we could not detect CMV in our TNBC sample
by IHC, and there was no serum available to test the CMV serostatus of
this patient.

Although ligands for most characterized Vd2– TCRg or d chains
remain to be defined, testing Vd2– TCRg or d chains in the TEG
format emphasized the considerable diversity within the gd T-cell
repertoire in terms of tumor reactivity, which might also be a major
factor contributing to numerous failures of clinical trials using
ex vivo– and in vitro–expanded gd T cells (57). Here, we demon-
strated that the natural weakness of gd TILs could be annulled by
extracting their TCRs and created potent antitumor T lymphocytes
(TEG) expressing these gd TIL-derived TCRs. The absence of
HLA restriction of TCRgd responses underscores the possibility
of TEG-based therapies in allogeneic scenarios and paves a way
toward a new plethora of antigens accessible to target solid tumors
when utilizing Vd2– gd TCRs (16, 17, 58).

In summary, we demonstrated that gd TILs cells frequently har-
bored TCRg or d chains, which could mediate tumor reactivity. The
identification of such cancer cell–sensing TCRgds and characteriza-
tion of their ligandsmay open novel opportunities for future cell-based
cancer therapies.
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Supplementary Figure 4 

 

 

 
 
Supplementary Figure 4. Examples of TCRγδ expression of TEGS and NEGs and activation of 
TEGs. (A) Representative FACS plots show TCRαβ and TCRγδ expression on TEGs compared to Mock 
transduced cells. Related to Figure 4, 5 and 6. (B) FACS plots showing the isolation, transduction and 
expansion of NKT cells used for NEGs, related to Figure 5. (C) Activation of CD8+ TEG-132 as measured 
by CD107a after co-incubation with the tumor target HT-29 or no target. Data shown are gated on CD8+ 
TEGs.  
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Supplementary Table S1 Overview of used primers 

Oligonucleotides Sequence 
NGS library preparation healthy donors 
cDNA TCRδ reverse primer constant CTTGGATGACACGAGAT 
cDNA template switch adapter with UMI AAGCAGUGGTAUCAACGCAGAGUNNNNUNNNNUNNNNUCTT(rG)4 
PCR I nested TCRδ primer constant AACGGATGGTTTGGTATGAG 
PCR I forward primer CACTCTATCCGACAAGCAGTGGTATCAACGCAG 
PCR II nested TCRδ primer constant TTTGGTATGAGGCTGACTTC 
PCR II forward primer CACTCTATCCGACAAGCAGT 
PCR Single Cell TNBC 
Single cell PCR Vγ18-F1  AGGGGAAGGCCCCACAGCGTCTTC 
Single cell PCR Vγ18-F2                    CAGCGTCTTCWGTACTATGAC 
Single cell PCR Vγ9-F1  TGACGGCACTGTCAGAAAGGAATC 
Single cell PCR Vγ9-F2  TGAGGTGGATAGGATACCTGAAAC 
Single cell PCR Vδ1-F1 ATGCAAAAAGTGGTCGCTATTCTG 
Single cell PCR Vδ1-F2  CAACTTCAAGAAAGCAGCGAAATC 
Single cell PCR Vδ2-F1 ATACCGAGAAAAGGACATCTATG 
Single cell PCR Vδ2-F2 CAAGGTGACATTGATATTGCAAAG 
Single cell PCR Vδ3-F1  GGTTTTCTGTGAAACACATTCTGAC 
Single cell PCR Vδ3-F2  CTTTCACTTGGTGATCTCTCCAG 
Single cell PCR Vδ4-F1 ATGACCAGCAAAATGCAACAGAAG 
Single cell PCR Vδ4-F2  CGCTACTCATTGAATTTCCAGAAG 
Single cell PCR Vδ5-F1  TACCCTGCTGAAGGTCCTACATTC 
Single cell PCR Vδ5-F2  CTGTCTTCTTAAACAAAAGTGCCAAG 
Single cell PCR Vδ6-F1  CCCTGCATTATTGATAGCCATACG 
Single cell PCR Vδ6-F2  TGCCAAGCAGTTCTCATTGCATATC 
Single cell PCR TRg-JP1/2-R1 TTACCAGGYGAAGTTACTATGAGC 
Single cell PCR TRg-J1/2-R1  AAGTGTTGTTCCACTGCCAAAGAG 
Single cell PCR TRg-JP-R1 AAGCTTTGTTCCGGGACCAAATAC 
Single cell PCR Jd1-R1   TTGGTTCCACAGTCACACGGGTTC 
Single cell PCR Jd2-R1  CTGGTTCCACGATGAGTTGTGTT 
Single cell PCR Jd3-R1  CAACTCACGGGGCTCCACGAAGAG 
Single cell PCR Jd4-R1  TTGTACCTCCAGATAGGTTCCTTTG 
NGS library preparation TNBC samples 
Multiplex TRDδ primer NGS; hTRDV1 TCAAGAAAGCAGCGAAATCC 
Multiplex TRDδ primer NGS; hTRDV2 ATTGCAAAGAACCTGGCTGT 
Multiplex TRDδ primer NGS; hTRDV3 CGGTTTTCTGTGAAACACATTC 
Multiplex TRDδ primer NGS; hTRDV5 ACAAAAGTGCCAAGCACCTC 
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Multiplex TRDδ primer NGS; hTRDC1 GACAAAAACGGATGGTTTGG 
Adaptor sequences for overhang Illumna I GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG 
Adaptor sequences for overhang Illumna II TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG 
Spectratyping 
TRGV1 CAACTTGGAAGGGRGAACRAAGTC 
TRGV2 GCAAGCACAAGGAASAACTTGAG 
TRGV3 GTACTATGACGTCTCCACCG 
TRGV4 ATGACTCCTACACCTCCAGC 
TRGV3V5 CCCAGGAGGTGGAGCTGGAT 
TRGV8 GCAAGCACAGGGAAGAGCCTTAA 
TRGV9 CGGCACTGTCAGAAAGGAATC 
TRGC 1-2 Rev CAAGAAGACAAAGGTATGTTCCAG 
TRGC 1-2 RO CATCTGCATCAAGTTGTTTATC 
TRDV1 ATGCAAAAAGTGGTCGCTATT 
TRDV2 ATACCGAGAAAAGGACATCTATG 
TRDV3 GTACCGGATAAGGCCAGATTA 
TRDV4 ATGACCAGCAAAATGCAACAG 
TRDV5 ACCCTGCTGAAGGTCCTACAT 
TRDV6 CCCTGCATTATTGATAGCCAT 
TRDC Rev GTAGAATTCCTTCACCAGACAAG 
TRDC RO GATGGTTTGGTATGAGGCTGAC 
CMV nested PCR 
E-1 TCCAACACCCACAGTACCCGT 
E-2 CGGAAACGATGGTGTAGTTCG   
I-1 GTCAAGGATCAGTGGCACAGC 
I-2 GTAGCTGGCATTGCGATTGGT 
Cloning soluble TCRs 
Vγ_ecto_FW ( C132γ / Zi11γ) AGCGCTTCCAGCAACCTGGAAGGC 
Vγ_ecto_FW2 (F4γ) AGCGCTTCTAGTAACCTGGAGGGGCGG 
Cγ_ecto_rv (Zi11γ / F4γ / C132γ) GGATCCGTTGTCCTTGGGGTCCATTGTGATCAC 
Vδ5_ecto_FW (C132γ)  AGCGCTGACCAGCAAGTGAAG 
Vδ1_ecto_FW (F4γ) AGCGCTCAGAAAGTGACCCAGGCCCAG 
Vδ1_ecto_FW2 (Zi11γ) AGCGCTCAGAAAGTGACACAGGCTCAGAGC 
Cδ_ecto_rv (C132γ / F4γ / Zi11γ) GGATCCGCTCTTGCTGGGCTGCTTGG 
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Supplementary Table 2. Patient Characteristics and overview of sample usage in experiments. 
CMV status of tumor tissues was tested by nested PCR, qPCR and IHC as described in 
material and methods.  

Patient Histolog
y Age Stage Tumor size 

(cm) NeoAdy CMV Sub-type Experiments Figures 

A MBC 59 G3 / T2N2aM0 2.8 no Neg Basal-like HTS, SCS  
B MBC 82 G3 / T1cN2M0 1.9 no Neg Basal-like IHC, ST, SCS IF- TNFa, Fig 1 d 

C IDC 44 G3 / T1cN0M0 1.9 no Neg Basal-like IHC, ST, HTS, 

SCS 
double IHC Fig1 a right, 

IF-CD69, Fig 1 C 

D MBC 78 G3 / T2N0M0 3.5 no Neg Basal-like IHC, HTS, SCS double IHC FIg1a left 

E MBC 53 G3 / T2N0M0 2.8 no Neg Basal-like IHC, ST, HTS, 

SCS IF-IFNg, Fig 1 e 

F IDC 61 G3 / T2N0M0 2.2 no Neg Basal-like IHC, ST, HTS, 

SCS IF-IL-17, Fig 1 f 

G MBC 75 G3 / T2N1M0 3 no Neg Basal-like IHC, ST, HTS, 

SCS  

H IDC 49 G3 / T3N1M0 8 no Neg Basal-like IHC, SCS  
I IDC 43 G3 / T4bN0M0 9 no Neg Basal-like HTS, SCS  
K IDC 48 G3 / T2N0M0 4.3 no Neg Basal-like SCS  
Z IDC 74 G3 / T1cN1M0 1.7 no Neg Basal-like SCS  

 

HTS: high throughput sequencing 
IDC: invasive ductal carcinoma 
IHC: immunohistochemistry/immunofluorescence  
MBC: medullary breast carcinoma 
NeoAdy: neoadjuvant therapy 
SCS: laser microdisection followed by single cell sequencing 
ST: spectratyping 
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Supplementary Table 3. Overview of sequencing datasets 
 

Dataset Reference Material Sequencing Analysis Comment 

1 This paper Bulk TNBC tissue  HTS TCRδ chain MiXCR, 
sequences 
included with 
clonal 
frequency of 
>0.1%. 

 

2 This paper Laser microdissected 
single γδ TILs in 
TNBC tissue 

Single cell Sanger 
sequencing TCRγ and δ 
chain 

NA  

3 This paper Peripheral blood of 
adult healthy donors 

HTS TCRδ chain MiXCR, 
sequences 
included with 
clonal 
frequency of 
>0.1%. 

 

4 Ravens et al (1) Peripheral blood of 
adult healthy donors 

HTS TCRδ chain MiXCR, 
sequences 
included with 
clonal 
frequency of 
>0.1%. 

 

5 Davey et al.(2) Peripheral blood of 
adult healthy donors 

HTS TCRδ chain MiXCR, 
sequences 
included with 
read count of 
³20 

Enriched for Vδ1 
cells 

6 TCGA database & 
Li .et al. (3)  

Various Tumor 
tissues via TCGA 
database 

TCRδ chain extracted form 
RNAseq data 

MiXCR, 
RNAseq 
mode 

 

 
 

Legend: TNBC = Triple negative breast cancer, TIL= Tumor infiltrated lymphocyte, HTS = High 
throughput sequencing. 
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Supplementary Table 4. Overview of paired sequences of γδ TILs from TNBC tissues  
Patient 

Clone TRG  
Gene usage TRG CDR3 TRD  

Gene usage TRD CDR3 

A 1 TRGV8*GJ1 CATWDNYKKLF TRDV2*DJ1*1DD3  CACDTVCGTHDKLIF 
A 16 TRGV3*GJ1/2 CATWDRRGKLF TRDV2*DJ1*1DD3 CACDPLTGGLYTDKLIF 
B 9# TRGV5*GJ1** CATWDRLYYKKLF& TRDV1*DD3*DJ1 CALGNGNHIGYWRYTDKLIF 
B 23# TRGV8*GJ1 CATWDNYKKLF TRAV29/DV5DD3*DJ1* CAASSPIRGYTGSDKLIF% 
B 42# TRGV3*GJ1 CATWDPNNYAKGF       TRDV1*DJ1*01DD3 CALGDHVRRQPTDKLIF       
C 2# TRGV9*GJP CALWEVQGELGKKIKVF TRDV1*DD2*DJ1 CALGDLTHSTETGWPPAITDKLIF 
C 6# TRGV9*GJP CALWEVRAELGKKIEVF      TRDV3*DDR3*DJ1 CAFSVGILGDTTDKLIF       
C 10 TRGV2*GJ1 CATWDRTDYKKLF TRDV1*DD2*DJ1 CALGELSHSTETGWPPAITDKLIF       
C 11# TRGV3*GJ1 CATWDRQKLLF       TRDV1*DD2*DJ1 CALGDLTAPPTEEVIF       
C 45# TRGV4*GJ1 CATWDGTTKKLF       TRDV1*DJ1*01 CALGELGASYTDKLIF 
C 132#$ TRGV4*GJ1* CATWDGFYYKKLF TRAV29/DV5DJ1DD2DD3* CAASSPIRGYTGSDKLIF% 
D 37# TRGV8*GJ1 CATWDNYMKLF TRAV29/DV5 *DD2*DD3*DJ1 CAASSPIRGYTGSDKLIF% 
D 80 TRGV5*GJ2 CATWDSPNYYKKLF TRDV1*DD1*DD2*DD3*DJ1 CALGDYLGDKYPSYDLLGDTTDKLIF 
E 20# TRGV2*J1/2 CATWDGQKKLF TRDV1*DJ1*DD3 CALGEGVSLGDYTDKLIF 
E 42 TRGV9*GJ1 CALKKF TRDV3*DD3*DJ1 CAFKGYVVGNYNTDKLIF 
E 49 TRGV8*GJ1 CATWDYGVFLYYKKLF TRDV3*DJ1*DD3 CALVWGILGYTDKLVF 
E 113# TRGV4*GJ1 CATWDGPPYYKKLF   TRAV29/DV5 *DD2DD3**DJ1 CAASSPIRGYTGSDKLIF% 
F 2# TRGV4*GJ1 CATWDGPPYYKKLF TRDV3 *DD2*DD3*DJ1 CASSYTLKLGDTPGRVRDWKLIF 
F 3 TRGV4*GJ1 CATWDDYYNLILF TRDV1 *DD3*DJ1 CALGEPSYWGTLYTDKLIF 
F 4# TRGV2GJ1 CATWDGQKKLF TRDV1*DD3*DJ1  CALGELRYWGIVDKLIF 
F 80 TRGV9*GJP CALWELHYLGKKIKVF TRDV3*DD2*DD3*DJ1 CAFPAFRSRGLTDKLIF 
F 103 TRGV8GJ1 CATWDRLRYKKLF TRDV3DD2DJ1 CAFSPPSYPIRFANLIF 
G 9 TRGV8*GJ1 CATWDRSYKKLF TRDV1*DD3*DJ1 CALGDLLGDHFYKLIF 
K 15 TRGV3*01  CATWDRRYKKLF TRDV3*DD3*DJ1 CAFIEPDTGYTDKLIF 
Z 12i TRGV8*GJ1 CATWDRYKKLF TRDV3*DD3*DJ1 CAELWPIRYTDKLIF 
Z e11# TRGV8*GJ1 CATWDNYKKLF TRDV1*DD3*01DJ1 CALGDYLGDKYPSYDLLGDTTDKLIF 
Z i11# TRGV8*GJ1 CATWDNYKKLF TRDV1*DD1*DD2*DD3*DJ1 CALGELRGQISFLYLLGDTTDKLIF 

 
 

Table S4. Overview of paired sequences of γδ TILs found in patients with TNBC. Grey 

scale colors indicate identical sequences, # indicates that these clones were used to generate 

TEG’s for functional essays, $ indicates the clone published by Lafarge et al. (4), % indicates 

the δ chain published by Lafarge et al. (4) and & indicates the γ chain published by Uldrich et 

al.(5).  
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Supplementary Table 5. Unique TCRγ and δ sequences in TNBC patients 
Patient CDR3δ Patient CDR3γ Patient CDR3γ 
A CACDTVCGTHDKLIF A CATWRQAPGISKLF D CATWDNYMKLF 
B CALGNGNHIGYWRYTDKLIF A CATWDRPLCISKLF D CATWDSLYIKLF 
B CALGDHVRRQPTDKLIF A CALWDPEFYYKKLF D CATWDSPNYYKKLF 
B CALGDEDGASRPINSSF A CALWEVQELGKKIKVF E CALKKLF 
B CACDPLGETSDKLIF A CALWEVQMGKRAIYKPTVF E CALWELHYLGKKIKVF 
B CACDPLGDRGADKLIF A CARMRHYYKKLF E CATWDGPPYYKKLF 
B CAASSPIRGYTGSDKLIF A CATGRVDWIKTF E CATWDGQKKLF 
C CALGELSHSTETGWPPAITDKLIF A CATWDDETPLYYKKF E CATWDILFHYQKLF 
C CALGELGASYTDKLIF A CATWDGPSYYKKLF E CATWDNYKKLF 
C CALGDLTIPPRLGWPPRRYTDKLIF A CATWDNYKKLF E CATWDRRYKKLF 
C CALGDLTFHRPGRPPSITDKLIF A CATWDRLF E CATWDYGVFLYYKKLF 
C CALGDLTAPPTEEVIF A CATWDRLYYKKLF E CATWVITYYMNYYKKLF 
C CAFSVGILGDTTDKLIF A CATWDRRGKLF E CATWYNYLKLF 
C CAASSPIRGYTGSDKLIF A CATWDTLYFILKLF F CALWELHYLGKKIKVF 
C CAALRTGGYWLTTDKPIF A CATWDVELGKKIKVF F CATWDDYYNLILF 
D CALGDYLGDKYPSYDLLGDTTDKLIF A CEKLF F CATWDGPPYYKKLF 
D CACDALGGFTDGLSTADKILF B CALWEVPSNYYKKLF F CATWDGPRKNYYKKLF 
D CAASSPIRGYTGSDKLIF B CATWAFGYKKLF F CATWDGQKKLF 
E CAMREDRGGSARLGDTRTDKLIF B CATWDDSRVGGKKIKVF F CATWDPVYKKLF 
E CALVWGILGYTDKLVF B CATWDGFYYKKLF F CATWDRLRYKKLF 
E CALGEGVSLGDYTDKLIF B CATWDKGGYYKKLF G CALWEAYYKKLF 
E CALGDLISYWGISELIF B CATWDNYKKLF G CALWEPWNYYKKLF 
E CAFKGYVVGNYNTDKLIF B CATWDRKYIMTKLF G CALWERYKKLF 
E CACDLLGDPGYTPKLIF B CATWDRLVRKLF G CALWEVLCYNKLF 
E CAASSPIRGYTGSDKLIF B CATWDRLYYKKLF G CATWDGPGGKLF 
E CAASLDSEDVLGTDKLIF B CATWDRPGYKKLF G CATWDRLLYHNKLF 
F CASSYTLKLGDTPGRVRDWKLIF B CATWDRYNKLF G CATWDRSYKKLF 
F CASSKLSNSGDTPGRVRYWKLIF C CAHREKLF G CATWDRVPTGWFKIF 
F CALGEPSYWGTLYTDKLIF C CALWDPEFYYKKLF G CATWEHYYKKLF 
F CALGELRYWGIVDKLIF C CALWEGQGELAKKSRGF I CATWDNYKKLF 
F CAFSPPSYPIRFANLIF C CALWELLRYTKLF I CATWDRLLYHKKLF 
F CAFSDSNYGLGDAKLIF C CALWEVQGELGKKIKVF K CATWDRRYKKLF 
F CAFPAFRSRGLTDKLIF C CALWEVRAELGKKIEVF Z CATWDNYKKLF 
F CAASSPIRGYTGSDKLIF C CATWDGEL Z CATWDRYKKLF 
G CALGDPRTGGYITDKLIF C CATWDGFYYKKLF     
G CALGDLLGDHFYKLIF C CATWDGLLFYKLF     
G CAFRSPRVLLGLTDKLIF C CATWDGTTKKLF     
G CACDTVLGSRNGQTQPRVTDKLIF C CATWDRAYYCATWTARIKLF     
G CAASSPIRGYTGSDKLIF C CATWDRCATWDTRNKKLF     
H CALGNGNHIGYWRYTDKLIF C CATWDRQENLAKKIKVF     
H CAFRLNDTGYTDKLIF C CATWDRQKLLF     
K CAFIGRYGYTDKLIF C CATWDRTDYKKLF     
K CAFIEPDTGYTDKLIF C CATWDVELGKKIKVF     191



 

Z CALGDYLGDKYPSYDLLGDTTDKLIF D CALWELQELGKKIKVF     
Z CALGDLGDKYSSYDLLGDTTDKLIF D CALWGGMGKKIKVF     
Z CAELWPIRYTDKLIF D CATCKSYKKLF     
Z CALGELRGQISFLYLLGDTTDKLIF D CATWDGQKKLF     

 

 
Supplementary Table 6. Overview of shared amino acid and nucleotide sequences 

 Shared amino acid 
sequences 

Shared nucleotide 
sequences 

% aa sequences with exact 
nucleotide match 

Dataset 1, 3, 4 and 5 222 29 13 
Dataset 2 (between donors) 3 3 100 
Dataset 3 (between donors) 18 7 39 
Dataset 4 (between donors) 29 13 45 
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Supplementary Figure 1. 

 

Supplementary Figure 1. Spectratyping of TCRγ (A) and δ (B) of γδ TILs from five 
representative patients. Medullary breast carcinoma: patients B and E. Invasive ductal 
carcinoma patients C, E, F, G. Related to Figure 2.   
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Supplementary Figure 2 
 

 

Supplementary Figure 2. Shared TCRδ and γ sequences from γδ TILs. Overview of shared 

(A) TCRγ and (B) TCRδ sequences found in tumor samples from TNBC patients (dataset 2). 

The total identified sequences and the unique sequences in each patient are shown. In the 

overlap figure, only the unique sequences are depicted. The horizontal axis shows the number 

of shared sequences between donors. The shared TCR chains were used in TEGs and tested 

for tumor reactivity in Figure 4. 
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Supplementary Figure 3 
 

 
 
Supplementary Figure 3. Overview of shared TCRδ sequences among different datasets.  (A) 
Overview of shared Vδ2 sequences among different datasets. (B) Overview of shared Vδ1 sequences 
among different datasets. (C) Overview of shared Vδ3 sequences among different datasets. Related to 
Figure 3. 
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Conclusions 
 

 This thesis characterized the TCR repertoires in multiple specialized human T cell 

subsets. Previously developed methods of TCR repertoires sequencing and analysis allowed 

us to pursue fundamental questions in the human immune system physiology, such as: the 

earliest emergence of immune memory (Chapter II), the phenomenon of post-thymic 

selection, and aging in human naive T cells (Chapter I), the role of the T-cell receptor structure 

and its biophysical properties on the helper T cell acquired functions (Chapter III). We studied 

these issues at the systemic level using deep profiling of ex vivo derived TCR repertoires 

instead of individual antigen-specific clones or artificial models used in classical murine 

immunology. Thus, the series of articles that make up this thesis characterized the human T 

cell memory formation from a systemic immunology perspective.  

 Notably, we believe this study to be the first systemic description of helper T cell 

clonal sharing between subsets (plasticity or common clonal origin) and sharing among 

healthy donors (publicity of repertoire) (Chapter III). Further research is needed to find out 

the reason for the common shared TCR clonotypes observed among Th17, Th22 and Th2 

cells, and between Th1, Th1-17 cells. Th1-17 cells could be an adjacent phenotype to Th1, 

with common origin from the naïve T cell state, or these two subsets could be different 

developmental stages of the same lineage. Also, it could be the frequent event of transition 

from one functional state to another with limited overlap in functions, at the stage of activated 

effector cells – such phenomenon we would call plasticity of effector subsets. To distinguish 

between the mechanisms underlying the observed overlap, we need precise clonal tracking 

throughout an individual T cell timeline. It is possible with transgenic TCRs or fluorescently 

tagged T cell clones in mice, but the correct and ethical experimental setting for tracking the 

fate of human T cells is yet to be designed. For now, from TCR beta chain sequencing we 

cannot conclude if the common naïve clonal origin or the actual plastic transition is the correct 

explanation for the shared repertoire. 

 In Chapter I, we showed that physicochemical characteristics of beta TCR change 

with aging in the naive T cell subsets. In the studies of antigen-specific memory T cells, TCRs 

of adult and older individuals usually display longer CDR3 regions than in neonates or in a 

child TCR repertoire. This could be explained partially with postnatal thymic development 

and changes in the thymic rules for TCR rearrangement and selection: neonatal T cells have 

mostly short TCRs, and later thymus starts to produce more longer TCRs which can get 

selected in an Ag-specific manner and gain large clonal expansions in the effector/memory 
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T cell pool, especially in the peripheral organs. However, at the repertoire level of analysis, 

we observed shortening of CDR3 in the naive T cells with aging, both in RTE and mature 

naïve T cell subsets. We link this observation with the hypothesis on preferential survival of 

the naïve T cell clones which were generated in fetal and neonatal thymus. In functional 

analysis of the subsets in Chapter III we observed short CDR3 in Tfh, Th1, Th1-17 and Treg 

cells and hypothesized that shortening of TCR CDR3 region could decrease the chance of 

cross-reactivity among TCRs. Therefore, preferential survival of such naïve T cells could also 

prevent cross-reactivity which can be beneficial in aging and aging-associated inflammatory 

diseases. Altogether, the observations on the individual antigen-specific TCRs and on the 

repertoire level can sometimes be contradictory, and the averaged subset-specific patterns are 

not observed in every single cell belonging to the same subset. 

 The functional T cell subset-specific features were analyzed in Chapter III in healthy 

adult donors. In future studies, it could be assessed in aging, similar to the naïve T cell aging 

in Chapter I. The T cells become more anergic and less functional in aging, and the 

frequencies of Th subsets may change. The accumulation of Tregs can be a feature of 

carcinogenic process, but the lack of functional Tregs is linked to various aging-associated 

inflammatory diseases.  Does aging induce specific changes in TCR frequencies and features 

inside Tregs and other functional subsets? This is yet to be studied. One established aging-

associated feature is the decline in TCR diversity. This metric allows to put an individual TCR 

repertoire on an “immune age” scale. Such estimations re general and do not reflect an actual 

potential of an individual’s immune system to cope with a specific antigenic challenge. Since 

the TCR repertoire sequencing is a rather new field, from a bioethical perspective, the TCR 

repertoire-derived metrics should be used with caution in clinical or diagnostic setting only 

after extensive validation. 

 Next, the research presented in this thesis studied unconventional T cells. We 

expanded and transferred our experience with TCR sequencing of conventional T cells' TCR 

repertoires to the less studied subset of human γδ T lymphocytes (Chapters IV-VI). We 

adapted the sequencing protocol, which allows UMI incorporation to γδ TCR-seq. Moreover, 

we adapted the TCR data processing pipeline to work with both in-house developed and other 

commercially available technologies (e.g., iRepertoire protocol) for gamma/delta TCR-seq. 

We proposed the approach to deal with contamination and estimate clonality in highly 

expanded T cell samples obtained from human donor tissue samples. Accurate data 

engineering allowed us to join efforts with two outstanding research groups in the field of γδ 

T cell biology. Together, we succeeded to characterize new subsets of gamma/delta T cells in 
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human blood and peripheral tissues on examples of liver tissue and biopsy samples from 

breast cancer patients. 

 We have carried out deeper sequencing of the gamma/delta TCR repertoires than 

previously published. Furthermore, we found new fundamental facts about these non-classical 

T cell subsets. Using clonality and publicity analysis of γ and δ TCR chains repertoires, we 

have shown that blood-derived populations are divided into innate-like and adaptive-like 

immune cells. Can we compare the analysis made in this thesis for αβ and γδ TCR repertoires? 

The meta-interpretation is complicated. The observed huge clonal expansions of gamma/delta 

T cells are larger than any CD8+ αβT cell clonal expansion, notwithstanding the smaller CD4+ 

T cell memory expansions. However, we observed similar changes in transcriptomic profile 

concurrent with the clonal expansions; therefore, we concluded that γδ T cells can achieve 

memory phenotype similarly to conventional CD8+ killer T cells. However, to confirm that 

specific γδ T cell subsets undergo clonal selection and memory formation after antigen-

specific recognition and activation through TCR, we need to show direct interaction between 

certain antigens and gamma/delta TCRs. Our repertoire-wide studies of TCRs are not enough 

to fulfill this purpose, and further investigation of clonal γδ T cell biology is needed. 

 Even though we achieved a deeper understanding of functional T cell subsets and 

transitions between subsets, repertoire analysis does not allow us to predict an individual 

potential to react to various immune challenges based only on an individual TCR repertoire 

analysis of βTCR, or δTCR sequencing, or even based on the paired αβ and γδ TCR structural 

data. Expanding field of TCR specificity prediction software development may help in this 

goal together with high-throughput assays to screen TCR antigen specificity. However, γδ 

TCRs could recognize antigens either in CD1, EPCR, and other membrane-bound molecules 

as well as soluble antigens. This variability of gamma/delta TCRs recognition modes 

complicates the specificity identification. There is a need for more high-throughput screening 

systems for gamma/delta TCRs in parallel to effective transduced APC-systems and pMHC-

based assays already available for the αβ TCR screening. 

 This thesis achieved the aims formulated at the beginning of the Ph.D. research and 

allowed for a more comprehensive system of functional T cell diversity in the human adaptive 

immunity landscape, both in systemic and tissue-specific immunity. We were particularly 

interested in the public TCR repertoire, which is less MHC restricted and could be safe to use 

as T cell therapy in patients with different HLA and overall genetic backgrounds. Therefore, 

we described the publicity of functional helper T cell subsets in Chapter III, assessed the 

publicity of gamma/delta T cells in Chapter IV in steady-state, and touched the question of 
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public TCR repertoire function in cancer immunosurveillance in Chapter VI. Interestingly, 

Treg TCR repertoires display more publicity than other subsets, both in human and murine 

samples, in the naive and memory T cell subsets. This suggests that Tregs could be a more 

universal tool than the personalized therapy based on specific CARs of TCRs of killer T cells 

or other helper T cell subsets. Still, an additional functional analysis is needed for each of the 

clones to ensure that public TCR-containing T cells could be used in adoptive cell therapy 

whether the scope of this thesis is only limited to the larger scale view on the repertoire-wide 

and not clonal-specific features of the TCR structure and its role in T cell functionality. 
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