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Abstract

The question as to why some hosts can eradicate their tumors whilst others succumb to tumor-

progression remains unanswered. Here, I propose a provocative concept that intrinsic differences 

in the T cell receptor (TCR) repertoire of individuals may influence the outcome of anti-tumor 

immunity by affecting the frequency and/or variety of tumor-reactive CD8 and/or CD4 tumor-

infiltrating lymphocytes. This idea implicates that the TCR repertoire in a given patient might not 

provide sufficiently different TCR clones that can recognize tumor antigens, namely, “a hole in the 

TCR repertoire” might exist. This idea may provide a novel perspective to further dissect the 

mechanisms underlying heterogeneous anti-tumor immune responses in different hosts. Besides 

tumor-intrinsic heterogeneity and host microbiome, I also discuss the various factors that may 

constantly shape the dynamic TCR repertoire. Elucidating mechanistic differences in different 

individuals’ immune systems will allow us to better harness immune system to design new 

personalized cancer immunotherapy.

Graphical Abstract:

Underlying mechanisms that dictate the immunological heterogeneity in cancers remain elusive. 

Besides tumor-intrinsic heterogeneity and environmental factors, intrinsic differences in the T-cell 

receptor (TCR) repertoire may play a role. “A hole in the TCR repertoire” hypothesis is proposed 

to explain heterogeneity of anti-tumor responses that may significantly impact cancer 

immunotherapy.
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Introduction

Tumor heterogeneity presents a huge challenge when it comes to treating cancer patients. 

Intertumoral heterogeneity is frequently observed between patients who often do not 

respond to the same treatments. Even within the same tumor and the same patient, subclones 

with different mutations exist [1], so called intratumoral heterogeneity, which can mean that 

certain cells can resist treatments, and the cancer can relapse. Such flexibility displayed by 

tumors is probably the reason why cancer immunotherapy has become so popular – the 

adpative immune system can fight tumors’ flexibility with equal adaptability and specificity. 

Cancer immunotherapy works by enhancing the powers of the host’s own immune system to 

fight cancers [2]. Such an approach is advantageous, because immune cells can attack cancer 

cells systemically throughout the body, which is particularly relevant in metastatic cancers 

that can no longer be targeted by surgical intervention. Also, immune cells have great 

specificity – they can be trained to recognize and target cancer cells, which means fewer and 

less serious side effects against other cells in the body. Lastly, immune cells can develop 

memory responses against cancer cells, which means long-term, durable protection. In the 

case of melanoma treatment, some patients are in remission for more than 5 to 10 years [3–

5]. Thus, if successful, immunotherapy can potentially eliminate cancers for a lifetime.
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Our adaptive immune system includes T and B cells. T cells can be divided into two types: 

CD8 and CD4 T cells. CD8 T cells can be activated and differentiate into cytotoxic T 

lymphocytes (CTLs) that can directly kill cancer cells. CD4 T cells are also called helper T 

lymphocytes, and these cells have many accessory functions (e.g., secreting cytokines or 

helping B cells to produce antibodies). To prevent uncontrolled immune responses and 

collateral tissue damage, our immune system develops mechanisms to intrinsically shut 

down immune responses, which include the expression of co-inhibitory receptors on 

activated T cells, such as programmed death 1 (PD-1) [6–8]. Immune checkpoint inhibitors 

(ICIs), such as anti-PD-1 (a monoclonal antibody against PD-1), can block co-inhibitory 

receptors on activated T cells and unleash T cells that have become dysfunctional in the 

suppressive tumor microenvironment (TME) [6,9,10]. In turn, these “re-activated” T cells 

themselves can kill the cancer cells (Figure 1). While ICIs have become popular, 

unfortunately, they do not work in all patients; it remains poorly understood why some 

patients respond while others do not. One of the predictive indicators of anti-PD-1 therapy 

involves how infiltrated the tumor was in the first place [11]. Cancer patients without 

sufficient T cell infiltration before treatment were much less likely to respond to anti-PD-1 

[11]. Thus, it is important to better understand what factors determine whether and how our 

T cells recognize cancer cells.

Anti-tumor immune responses are highly heterogeneous in different individuals.

The presence of tumor infiltrating lymphocytes (TILs) indicates an on-going anti-tumor 

immune response in that T cells have already recognized tumor-associated or tumor-specific 

antigens, which appears to be necessary, but not always sufficient, for clinical benefit of anti-

PD-1 [11]. It has been increasingly recognized that a higher level of CD8 TIL infiltration 

correlates with better clinical parameters [12,13]; however, the infiltration pattern of TILs in 

human cancers is highly variable [14,15]. It remains poorly understood why anti-tumor 

immune responses vary so much in different individuals. Basically, anti-tumor immunity 

appears to be heterogeneous and individual-dependent. This poses a huge challenge for us to 

dissect the underlying mechanisms.

Many mouse tumor models that attempt to replicate human tumors do not adequately 

demonstrate tumor heterogeneity [16–18]. Other groups attempt to look into tumor 

heterogeneity by making a collection of different models, with different origins and different 

mutations, then comparing those models to each other [19]. However, such approaches 

examine too many variables at once (e.g., different oncogenic mutations); thus, many aspects 

of the tumor and TME can vary. With such confounding variables, it becomes difficult to 

study what the immune system might be doing differently in each situation. Ideally, we need 

a model system in which the tumor cells are derived from the same primary tumors driven 

by the same oncogenic mutations, yet these tumor cells could behave differently when 

transplanted into recipient mice with identicial genetic background. By controlling the 

tumors, we could largely minimize the effects of tumor-intrinsic factors, thus, be able to 

understand the mechanisms that immune cells use to respond to tumors, namely, whether 

host-intrinsic differences in immune surveillance make a difference in anti-tumor immune 

responses.
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Several ICIs (e.g., anti-PD1) have been approved for various cancers including melanoma, 

lung cancers, and head and neck cancers but efficacy varies considerably in different patients 

[3,20–23]. In addition, effective rate remains low in patients of certain cancer types such as 

prostate or pancreatic cancers that usually exhibit low tumor immunogenicity [24]. Variable 

responses to therapies in cancer patients may be partially attributed to the fact that anti-

tumor immune responses are heterogeneous in patients, evidenced by a highly variable level 

of T cell infiltration before treatment. However, it is very difficult to model such 

heterogeneity due to too many uncontrollable variables in human patients. Ideally, we need 

to establish a model system in which the same tumor cells can be transplanted into recipient 

mice with identical genetic background that exhibit different levels of T cell infiltration and 

respond differentially to anti-PD-1 treatment. A model as such may allow us to identify the 

fundamental principles shared between human and mouse that govern the heterogeneous 

anti-tumor immune responses in different individuals.

What tumor-intrinsic or tumor-extrinsic mechanisms can dictate heterogeneous anti-tumor 
immune responses?

An obvious question is whether heterogeneous anti-tumor immune responses depend on 

tumor-intrinsic (i.e. differences in tumor cells) or host-intrinsic factors. While active 

research is still on-going to address how different types of tumors influence the immune 

profile within the TME, many recent studies have focused on the tumor-intrinsic 

mechanisms, such as differentiation and different oncogenic drivers, that dictate 

heterogeneity [19]. Furthermore, human carcinogenesis is a highly complex process, even 

within the same type of cancers, there are many different subtypes caused by different 

mechanisms. For instance, head and neck squamous cell carcinomas (HNSCCs) can be 

associated with mutagens (e.g., smoking or alcohol) or human papilloma virus (HPV) [25]. 

Studies suggest that HPV− and HPV+ HNSCCs exhibit different levels of immune 

infiltration or respond to ICI treatment differentially [14,26]. Additionally, it is important to 

consider tumor heterogeneity in the context of immunological responses since tumor cells 

express different classes of tumor antigens. Neoantigen (NeoAg) is a distinct class of tumor 

antigens that are derived from somatic mutations in the cancer genome [27,28]. The critical 

role of neoAgs in ICI-based immunotherapy has been extensively reviewed elsewhere [29–

31]. Individual tumor cells may harbor different genetic mutations that can lead to distinct 

expression pattern of different neoAgs; furthermore, tumor cells may evolve during 

metastasis or treatment and lose or acquire different neoAgs, which may in turn affect T 

cell-mediated anti-tumor immune responses [32]. Hence, tumor-intrinsic heterogeneity 

probably contributes to heterogeneous anti-tumor immune responses.

It remains possible that differences in environmental factors such as the host microbiome 

also affect tumor growth or tumor responses to ICI treatment. Prior studies in mouse models 

showed that host microbiome may influence their responses to ICI treatment [33]. Recent 

clinical studies using fecal samples collected from responders vs. non-responders also 

showed that patient microbiome correlated to their responses to ICI treatment [34–36]. 

However, it is unclear what composition of human microbiome favors clinical response to 

ICI treatment since different studies identified different groups of bacteria that were 
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associated with responders or non-responders. Nevertheless, it is possible that differences in 

human microbiome likely contribute to heterogeneous anti-tumor immune responses.

However, there is a potentially very important factor that has received little attention 

previously, namely, the intrinsic differences in the TCR repertoire of an individual host. I 

propose a novel idea that intrinsic differences in the TCR repertoire of individuals may 

influence the outcome of anti-tumor immunity by affecting the frequency and/or variety of 

tumor antigen-reactive CD8 and/or CD4 TILs. This is due to the stochastic nature of TCR 

generation, which leads to a scenario in that some patients’ repertoires may be intrinsically 

deficient in harboring TCRs suitable for mounting efficient responses against a given tumor 

antigen. While antigen-specific T cells are known to influence the outcome of anti-tumor 

immunity or ICI treatment efficacy, this is a novel and provocative idea that does not have 

any support from experimental data yet. In addition, it may be difficult to test this idea 

because it can always be argued that tumors are different instead of TCR repertoire. There 

are technological and economic restrictions for testing whether the tumors are indeed 

“identical” in terms of their transcriptional or mutational profile in each individual clone; 

furthermore, it is possible that tumor cells diverge in their antigen profile as a function of 

time and in vivo outgrowth in different individuals. This idea does not exclude the 

contribution of tumor-intrinsic factors to heterogeneous anti-tumor responses; however, it 

may provide a novel perspective to test whether intrinsic differences in TCR repertoire 

contribute to heterogeneous anti-tumor responses in different hosts.

TCR repertoire is generated stochastically via random V(D)J recombination.

T and B cell development requires V(D)J recombination, a somatic DNA recombination 

process that generates antigen receptors for T and B cells [37,38] (Figure 2). V(D)J 

recombination occurs in a random and stochastic manner in different individuals (Figure 2). 

The TCR of most conventional T cells consists of two different protein chains, an alpha (α) 

chain and a beta (β) chain (encoded by TRA and TRB, respectively), linked via disulfide 

bonds. During T cell development, which normally occurs in the thymus [39] (Figure 2), 

progenitor T cells start as a double negative (DN) (CD4−CD8−) population that undergoes 

V(DJ) recombination of the TCRβ locus. The DN population then progresses to double 

positive (DP) (CD4+CD8+) population that undergoes V(D)J recombination of the TCRα 
locus. Successfully rearranged DP T cells will undergo thymic selection (positive and 

negative selection) and differentiate into single positive (SP) CD4+ or CD8+ T cells [39]. A 

TCR clonotype consists of unique TCRα and TCRβ chains that have unique VDJ usage and 

complementarity-determining region 3 (CDR3). CDR3 encompasses the highly divergent 

junction of V(D)J recombination that determines TCR specificity; its unique nucleotide 

sequences can act as a barcode for individual TCRs.

However, our knowledge of formation of the human TCR repertoire is rather limited because 

it is difficult to access human thymus samples and impossible to manipulate the variables in 
vivo. Recent studies used the humanized mouse model to study formation of the human 

TCR repertoire that was generated by transplanting immunodeficient mice with human 

thymus and hematopoietic stem cells (HSCs) from the same or different donors [40]. The 

study concluded that formation of the human TCR repertoire is largely stochastic and the 
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TCR repertoires can be totally divergent in thymi of animals with identical HSCs, thymus, 

genetic background, and environment [40]. Basically, this means that each individual has an 

almost completely different TCR repertoire – even in the case of identical twins − a fact that 

may explain the incomplete penetrance of genetically controlled autoimmune diseases in 

monozygotic twins [41].

Like the human TCR repertoires, I predict that each individual mouse will have an almost 

completely different thymic TCR repertoire from another mouse even if they have identical 

genomes. The initially formed TCR repertoire is continuously shaped by additional factors. 

For instance, certain clones of peripheral T cells will encounter antigens and undergo clonal 

expansion; thus, the number of such T cells that share the same TCR clonotype will increase 

compared with their thymic CD4 or CD8 SP counterparts. Nonetheless, the peripheral TCR 

repertoire will still be divergent in each individual mouse. Taken together, it is likely that the 

intrinsic differences in diverse TCR repertoire may also contribute to heterogeneous anti-

tumor immune responses in different hosts, which may offer a new explanation for why 

some hosts would harbor T cells that can eradicate tumors, while others would not.

T cells recognize antigens in the context of major histocompatibility complex (MHC). MHC 

class I or class II molecules present peptides derived from self- or foreign-antigens to CD8 

or CD4 T cells, respectively. Hence, there is a tripartite interaction among MHC/peptide and 

individual TCRs. Of note, the aforementioned model system investigated formation of the 

TCR repertoire in identical genetic background of the same donors [40], which means that 

the MHC alleles are identical in the thymic environment. However, cancer patients harbor 

vastly different alleles of human leukocyte antigen (HLA), the human version of MHC 

genes. The diversity of HLA constitutes another important aspect of formation of the TCR 

repertoire in humans. Different HLA types between individuals may influence the TCR 

repertoire through positive and negative selection during T cell development in the thymus. 

Prior studies reported a strong association between genetic variation in the MHC locus and 

usage of the TCR V-genes in a large human cohort, suggesting that MHC genotypes may 

influence the profiles of V-gene usage in each individual’s TCR repertoire [42]. However, 

the precise nature of this evolutionarily ancient MHC-TCR interaction remains 

controversial, and the functional significance of different MHC alleles and their influence on 

TCR diversity remain poorly understood [42–46]. Besides influencing formation of the TCR 

repertoire, different HLA alleles can present different epitopes, derived from either mutated 

or non‐mutated tumor antigens, to T cells, thereby leading to the differences in clonal 

expansion of T cells and affecting the TCR repertoire of CD8 or CD4 TILs in the TME. 

Consistently, it has been shown that HLA alleles were associated with clinical outcomes of 

ICI treatment [47,48]. In conclusion, the highly divergent TCR repertoires in different 

cancer patients likely contribute to heterogeneous anti-tumor immune responses.

Anti-tumor immune responses can occur in an antigen-specific manner.

Antigen-specific anti-tumor immunity plays an essential role in eradicating cancers. Apart 

from the well-studied model antigens, recent studies also highlight the potential application 

of neoAgs. NeoAgs are tumor-specific antigens that are absent in the normal host tissues and 

can be generated by somatic mutations in cancers [27,49–51]. NeoAgs are capable of 
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inducing cancer-specific immune responses that not only eradicate cancers but also spare 

normal tissues, leading to less severe side-effects. Despite this potential, neoAgs are not 

always useful for anti-tumor immune surveillance. While some neoAgs are useful and 

induce robust T cell responses, other neoAgs resemble normal proteins too closely, and T 

cells do not bind them with an appropriate affinity and/or do not get activated properly. It is 

well-known that a fraction of human cancer samples lack immune cell infiltration, so-called 

“immune-excluded or immune desert tumors” [52,53]. However, it remains less well-

understood whether this is because tumor cells lack any antigenicity, for example, they do 

not express tumor-specific neoAgs, or because the host lacks the proper TCRs that can 

recognize such tumor-specific antigens. Overall, these are fundamental questions in the field 

of cancer immunology that remain to be addressed.

It remains unknown how TCRs with different affinities to neoAgs dictate T cell responses in 

an in vivo tumor model. Moreover, enhancing affinity excessively impaired T cell function 

and diminished their killing activity [54–56]. Overall, successful anti-tumor immunity may 

require optimal-affinity TCRs, which cannot be too high or too low. Using a diabetes/

ovalbumin (OVA) mouse model, TCR affinity was shown to dictate not only the magnitude 

of T cell activation but also the differentiation status of responding T cells [57]. Similar 

phenotypes were observed for pathogen-specific TCRs [58,59]. However, it remains to be 

determined how TCRs with different affinities dictate T cell activation, proliferation, and 

differentiation status in the context of successful vs. failed anti-tumor responses in vivo. I 

propose that a key determinant of successful anti-tumor immunity is the ability of a host to 

develop a “selected diverse” anti-tumor immune response, which means that robust anti-

tumor responses may require a “right” combination of multiple T cell clones that are 

selected with optimal affinity of antigen/TCR interaction.

New ideas to explain the heterogeneous responses of anti-tumor immunity

While the “starting point” of T cells for each individual is highly different as a result of the 

stochastic nature of V(D)J recombination in TCRα and TCRβ loci, the TCR repertoire in 

mice and humans are also dynamic [60]. Because naïve T cells could be produced by the 

thymus continuously and lead to accumulative production of a variety of T cells [60]. 

However, in aged human patients, thymic atrophy has already occurred and a majority of 

their CD8 T cells do not exhibit naïve T cell phenotypes anymore due to constant antigen 

stimulation in periphery of a lifetime [61]. Therefore, the number of TCR clonotypes in an 

aged individual presumably would be much smaller. This means that the TCR repertoire in a 

given patient might not provide sufficiently different TCR clones that can recognize tumor 

antigens, namely, “a hole in the TCR repertoire” might exist. Of course, there are 

technological and economic restrictions for comprehensively studying the TCR repertoire: 

repertoire sequencing is a subsampling, especially for the naïve T cell population, whose 

clonal frequency is very low. Currently, there is no data to support the possibility of “any 

hole” in the TCR repertoire when this repertoire is considered to be dynamic and constantly 

shaped by various factors.

Another factor that needs to be considered is the characteristics of tumor-specific antigens in 

that the tumor-specific antigens are usually not that different from endogenous proteins, 
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which make them more difficult to distinguish from endogenous self-peptides. In contrast, 

foreign antigens are very different from endogenous proteins in general. While it may be 

true that there is hardly “any hole in the TCR repertoire” of an immunocompetent mouse or 

human in the context of recognizing foreign peptides, it is likely that the TCR repertoire of 

aged human patients run out of their choices at recognizing tumor-specific antigens that have 

only one amino acid difference from their endogenous counterparts. This is especially 

relevant to tumorigenesis, which takes time to develop, and the tumor clones that can be 

recognized easily by T cells will presumably be eliminated during the early stage of tumor 

development.

One additional factor that could potentially shape the TCR repertoire in cancer patients is 

the different therapeutic regimens applied to the patients. Apart from immunotherapy, cancer 

patients may receive chemotherapy or radiation therapy. It is well-known that chemotherapy 

has detrimental effects on the adaptive immune system and causes T-cell immunodeficiency 

[62,63]. Radiation therapy is also highly toxic to radiosensitive T cells that are killed by 

ionizing radiation (IR) [64]. For instance, prior studies showed that the numbers of 

lymphocytes (CD4 and CD8 T cells) and leukocytes were reduced in the blood and spleen of 

C57BL/6 mice treated with IR with doses up to 3 Gy [65]. Hence, the T cell compartment 

has to be reconstituted after such therapies; as a result, the TCR repertoire in cancer patients 

may change, depending on the type, dose, and duration of different therapies. Furthermore, 

high doses of IR led to a loss of spleen and thymus mass in mice [65]. High-dose or low-

dose IR can also damage hematopoietic progenitor cells [64]. Given that T cell development 

occurs in thymus and requires hematopoietic progenitor cells, IR may also negatively impact 

the reconstitution phase of T cell compartment. After chemotherapy, the numbers of both 

CD4 and CD8 T cells can recover in patients; however, recovery mechanisms differ greatly 

for CD4 and CD8 T cells [63,66,67]. Thymic-dependent pathways are required for an 

efficient recovery of CD4 T cells; however, these pathways undergo an age-dependent 

decline, thereby leading to prolonged CD4 T cell depletion in aged adults [63]. While the 

number of total CD8 T cells can recover relatively quickly post-chemotherapy, the 

disruption of different CD8 subsets often persists for a long time [63]. In particular, the 

subpopulation of CD8 T cells with reconstitution capacity exhibited elusive phenotypes 

(CD8+CD28−CD57−) that persisted for several months after chemotherapy [68,69]. The 

recovery of CD8 T cells may be mediated by a process termed “peripheral expansion” 

involving the proliferation of mature T cells [63]. While this process can increase CD8 T 

cell number, it may not restore the diversity of the TCR repertoire. As suggested by prior 

studies, while peripheral homeostatic process appears to be intact, the naïve TCR repertoire 

is not completely restored in aged patients [63,67]. Thus, I propose that such therapeutic 

interventions may cause contraction and reduce diversity of the TCR repertoire, further 

supporting the possibility of “a hole in the TCR repertoire” in the context of anti-tumor 

immunity.

I propose that intrinsic differences in the TCR repertoire of individual hosts may influence 

the outcome of anti-tumor immune responses by affecting the number and/or composition of 

TCR clones against tumor antigens. While heterogeneity of responses to ICI is a general 

phenomenon observed in many cancer types, the underlying mechanisms remain elusive. 

While T cell-inflamed tumors likely contain a selected diverse TIL repertoire that can 
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successfully eliminate tumors upon ICI treatment, I speculate that the most effective and 

tumor-reactive T cell clones may pre-exist in hosts at higher frequencies by a random chance 

in the central or peripheral TCR repertoire before tumor development. In contrast, tumors 

that present as an “immune desert” lack the necessary diversity of TIL TCR repertoire to 

recognize tumor antigens; furthermore, these hosts may also lack the most useful clones in 

their central and peripheral TCR repertoires, namely, these hosts do not have the needed T 

cells generated in the first place or the frequency of such T cell clones is too low, and thus 

cannot respond effectively to ICI immunotherapy.

Conclusions and outlook

While formation of the human TCR repertoire is largely stochastic and can be totally 

divergent in individuals that have identical genetic background [40], it remains unknown 

how the stochastically generated TCR repertoire and the selection of TME cooperatively 

shape the outcome of anti-tumor immunity. It is critical to better understand whether and 

how differences in the TCR repertoire of individual hosts contribute to TIL responses 

because this may provide a completely new explanation for why certain hosts can eradicate 

tumors while others fail to do so. In addition, such studies may fundamentally influence 

overall strategies of cancer immunotherapy by increasing focus on either enhancing tumor 

antigenicity or diversifying TCR repertoire of the host. Further understanding the 

mechanistic basis of heterogeneous anti- tumor immune responses may profoundly impact 

the development of more effective personalized cancer immunotherapy.
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Figure 1. Mechanisms of action of immune checkpoint inhibitors.
(A) PD-1/PD-L1 interaction leads to exhaustion of CD4 and CD8 TILs. MHC class II or 

class I presents antigens to CD4 or CD8 T cells, respectively. PD-1 is expressed on activated 

CD4 or CD8 TILs, which can interact with PD-L1 expressed on cancer cells or other 

immune cells in the TME (e.g., myeloid cells). PD-1 engagement results in CD4 or CD8 TIL 

dysfunction. (B) Immune checkpoint inhibitors rescue CD4 or CD8 TILs. Anti-PD-1 or anti-

PD-L1 blocks the interaction between PD-1/PD-L1, thereby leading to the reactivation of 

CD4 or CD8 TILs.
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Figure 2. Overview of T cell development and V(D)J recombination.
(A) V(D)J recombination during T cell development. TCRβ gene rearrangement occurs in 

double negative (DN) (CD4−CD8−) progenitor T cell (Pro T) population. TCRα gene 

rearrangement occurs in double positive (DP) (CD4+CD8+) pre-T cell population. CD4 or 

CD8 SP immature T cells undergo thymic selection before their emigration of thymus. In 

peripheral lymphoid organs, 95% of human T cells are αβ T cells, whereas about 5% of 

human T cells are γδ T cells. (B) Schematics of V(D)J recombination in TCRβ locus. Top: 

germline configuration of human TCRβ locus. RAGs (recombination activating genes) 

initiate V(D)J recombination by generating DNA breaks at the V, D or J gene segments. 
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Non-homologous end-joining (NHEJ) DNA repair pathway joins the broken V, D, J gene 

segments and completes V(D)J recombination.
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