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T-cell receptor (TCR) repertoire diversity is a determining factor for the immune system
capability in fighting infections and preventing autoimmunity. During life, the TCR
repertoire diversity progressively declines as a physiological aging progress. The
investigation of TCR repertoire dynamics over life represents a powerful tool unraveling
the impact of immunosenescence in health and disease. Multiple Sclerosis (MS) is a
demyelinating, inflammatory, T-cell mediated autoimmune disease of the Central Nervous
System in which age is crucial: it is the most widespread neurological disease among
young adults and, furthermore, patients age may impact on MS progression and
treatments outcome. Crossing knowledge on the TCR repertoire dynamics over MS
patients’ life is fundamental to investigate disease mechanisms, and the advent of high-
throughput sequencing (HTS) has significantly increased our knowledge on the topic.
Here we report an overview of current literature about the impact of immunosenescence
and age-related TCR dynamics variation in autoimmunity, including MS.

Keywords: multiple sclerosis, T cell receptor (TCR), disease modifying therapies (DMTs), aging,
autoimmune diseases
INTRODUCTION

Immunosenescence is a natural consequence of the biological process of aging. The immune system
progressively declines throughout life: the involution of thymic activity begins with puberty and, as
age advances, the regenerative potential of immune cells decreases, skewing the T- and B-cell
compartment (1, 2). Such changes reduce the immune system reactivity, making the individual
more prone to infections and developing cancer.

T lymphocytes are profoundly impacted by immune aging. Over time, the T-cell compartment
gradually switches towards a homeostatic maintenance of the existing cells rather than generating
new ones, as reflected by the reduction of naïve cells (3, 4). In these circumstances memory T cells
become prevalent, showing changes in either immunophenotype (5, 6) and gene expression (7, 8).
The composition of the memory T-cell compartment in advanced age is closely linked to the
individual immunological history, e.g. the infections acquired during childhood and adolescence.
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Viruses that infect the organism and then become lifelong latent
have a major role in shaping the T-cell response and building-up
the memory T-cell repertoire (9, 10). Cytomegalovirus (CMV)
and Epstein-Barr virus (EBV) are two examples of pathogens
that infect a massive part of the human population (global
prevalence is up to 80% and 95% for CMV and EBV,
respectively) (11, 12), leaving a signature within the immune
system that is common to most of individuals and that, in some
cases, alters the immune system composition as age progresses.

The application of high-throughput sequencing (HTS)
demonstrated that age-dependent T-cell compartment
depletion reflects the impairment of the T-cell receptor (TCR)
repertoire diversity that appears reduced, leading to a narrowed
antigen recognition potential breadth (4, 9, 13). Albeit this
process naturally occurs in both health and disease, in the
latter case it may exacerbate the pathological condition,
weakening immune defense and capability of recovering (e.g.
hampering to repair tissue damage and to heal from acute
infections) and contributing to disease progression (14). This is
particularly crucial in autoimmune disorders, in which the
disruption of immune tolerance and immune aging are
mutually related, as it has been observed in patients with
Rheumatoid Arthritis (RA), who showed a disease-dependent
premature and accelerated immunosenescence process (15).

Multiple Sclerosis (MS) is an inflammatory, systemic,
heterogeneous disease in which autoreactive T cells migrate from
the periphery to the central nervous system (CNS), leading to
myelin disruption. MS is widely considered an autoimmune
disease, however the antigen that triggers the abnormal immune
response is still unknown. HTS is greatly contributing to our
understanding of MS pathogenesis being a powerful tool to bridge
molecular and clinical data, such as detecting longitudinal
treatment-dependent signatures in the TCR repertoire of patients
(16, 17). The relationship between aging and MS pathogenesis and
progression is well known: immunosenescence and skewed T-cell
compartment diversity in MS patients have been linked to a higher
risk of developing a potentially fatal neurological disorder, the
Progressive Multifocal Leukoencephalopathy (PML) (18);
furthermore, patient’s age differentially impacts treatment
outcome (19, 20). A recent study investigated the TCR repertoire
dynamics in MS patients of different ages and enlightened
interesting results showing that, despite the physiological decline
of TCR repertoire diversity with age, this does not significantly differ
between MS and healthy people (21).

In this Review, we summarize the current knowledge about
immunosenescence and age-related TCR repertoire dynamics in
autoimmune diseases, with emphasis on MS, and how HTS
shaped the scientific perspective on this investigation.
T-CELL RECEPTOR AGING IN HEALTH:
OVERVIEW OF HIGH-THROUGHPUT
SEQUENCING INVESTIGATION

The imprecise V-J genes rearrangement generates the TCRb
chain, for a theoretical amount of about 1015 TCRb sequences
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and a real estimate ranging between 106-108 (2, 22). The high
variability of the TCRb molecule mainly lies in the
complementarity-determining region 3 (CDR3), the first
responsible of the bond, with variable affinity, between the
receptor and the cognate antigen. For this reason, the amino
acid CDR3 sequence (CDR3-a.a.) is the target of election of
HTS investigation.

The process of thymic involution begins in the first years of
life and progresses over puberty and adulthood (23, 24),
determining a contraction of the T-cell compartment and a
decrease of newly generated T cell: thus, naïve cells decline,
memory T cells become prevalent, and TCR repertoire diversity
dwindles (4, 25, 26). TCR repertoire richness starts to narrow
noticeably from the age of about 40 (4); the naïve repertoire
significantly declines in 70 years old (y.o.) adults, with 8-57
million different nucleotide sequences compared to the range of
60-120 million in young adults (20-35 y.o.) (2) (Figure 1:
summary of aging’s impact on TCRb repertoire in health).

Before the advent of HTS, aging’s impact on T-cell compartment
was investigated in a large cohort of 156 healthy donors (HD) of
different ages, by analyzing the frequency variation of T-cell receptor
excision circles (TRECs), small molecules of circular DNA
generated by thymic TCR genes rearrangement thus meaningful
of T-cell maturation and used as markers of immunosenescence
(27). The study reported that CD4+ cell compartment tends to be
stable until the age of 70 years, then declines alongside with TCR
diversity and TRECs frequency. Recent HTS studies (2, 4, 13) agree
that the contraction of TCR repertoire richness, including a skewed
peripheral Vb family expression (8), is mainly observable in the
naïve T-cell compartment. On the other side, effector memory CD8
+ cells number increases with age, especially those cells that likely
recognize latent viruses encountered over life by the majority of the
population, such as CMV (2, 3, 28). Qi et al. showed that the age-
dependent variation of effector memory T cells number in HD does
not mirror the TCR repertoire richness dynamics, that does not
significantly differ between young and elderlies, dissimilarly from
what observed for naïve T cells (2). Accordingly, a previous study
documented a linear decline of TCR repertoire diversity with age in
peripheral blood naïve T cells of 39 HD (4). In fact, this decline was
directly correlated with the percentage of naïve T cells, but not with
the total count of circulating CD3+ cells, which did not show any
age-dependent shrink. Britanova et al. observed that the oldest
group of HD (average age of 82) was characterized by a broader
TCR repertoire diversity compared to the group with average age of
62, suggesting that this molecular feature might be related with
longevity. More recently, a longitudinal study (29) tracked the TCR
repertoire dynamics over 20 years, in 6 HD of age ranging between
23-50 at the enrollment. The TCRb gene was sequenced by HTS
from peripheral blood CD4+ and CD8+ T-cell subsets for three
times, about 10 years apart. According to other findings, TCR
repertoire diversity dwindled more prominently in CD8+ cells,
whereas CD4+ cells maintained a higher diversity constantly over
time. Furthermore, authors found that the top of most frequent
CDR3s-a.a. persisted over the whole period of observation (20
years), thus suggesting that a part of the TCR repertoire
composition tends to remain stable over aging. Such findings may
December 2021 | Volume 12 | Article 799380
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indicate that the TCR repertoire is strongly impacted by the
encounter of specific antigens, that contribute to skew the
repertoire towards a higher clonality and predominance of some
Vb clones rather than others (where a “clone” is a V-J-CDRb3 a.a.
sequence); this may be particularly marked in CD8+ cells, first
actors in pathogen epitopes recognition, whereas peripheral CD4+
cells could be mostly sustained by homeostatic proliferation. Egorov
et al. (13) performed HTS on HD peripheral blood TCRb repertoire
and, according to Qi et al. (2), observed a reduction of TCR
diversity. In addition, authors detected an age-dependent
reduction of the average CDR3 length and of the number of N
nucleotides that are randomly added during TCRb generation, and
such decrease was correlated with the age-dependent involution of
naïve T-cell proportion. Interestingly, authors suggest that a
contracted CDR3 length may impact peptide antigen interaction,
shrinking the antigen recognition breadth of the elderly
immune repertoire.

Less is known about the TCRgd repertoire dynamics over life.
TCRgd cells account for about 4% of human circulating T cells
and are mainly enriched in intestine and spleen tissue as
intraepithelial lymphocytes (IELs) (30). Different Vg families
alternate from birth until advanced age, varying in proportion
Frontiers in Immunology | www.frontiersin.org 3
over different stages of life (31, 32). Similarly to TCRab, TCRgd
repertoire encounters a contraction of diversity and an increased
clonality with age, especially in some Vgd families such as Vg9
+Vd2+, and this is even prominent in naïve cells (33, 34). Since T
gd cells have important effector function in defense against
pathogens and in bridging innate and adaptive immunity, their
decline with age may contribute, along with T ab cells, to a less
active and less responsive immune system later in life.
SENESCENT T-CELL RECEPTOR
REPERTOIRE IN AUTOIMMUNE
DISORDERS: PROGRESSES AND
PERSPECTIVES

T lymphocytes stage as main actors in a wide range of
autoimmune diseases. Rheumatoid arthritis (RA), Celiac
disease (CD), Diabetes Type 1 (T1D) and Multiple Sclerosis
(MS) are main examples of autoimmune disorders in which T
cells are crucial. In these diseases, the immune-mediated
inflammation targets and damages different tissues, e.g. synovia
in RA, small intestine in CD. Despite being a typical sign of
autoimmunity, inflammation has been recently suggested to have
a role in degenerative diseases as well, such as Alzheimer’s
disease (AD) and Parkinson’s disease (PD) (35). HTS greatly
contributed to characterizing the TCR repertoire in T-cell driven
diseases and neurodegenerative ones (Figure 2).

Rheumatoid arthritis. Modifications in the T-cell compartment
and TCR dynamics in RA are known since pre-HTS age (36).
Synovial lesions infiltrates include mainly CD4+ T cells, that are
characterized by an oligoclonal TCR repertoire and a narrowed
TRBV families distribution (37–39). These findings have been
recently implemented by HTS: Jiang et al. showed that RA
patients share common features in their TCR repertoire, e.g.
clonal expansion in the effector memory T-cell compartment and
in T helper 17 (Th17) cells, and TCR diversity has been correlated
with RA disease activity (40). Furthermore, authors detected
abnormalities in the V-J gene usage that are shared between
peripheral blood and synovial TCR repertoires, suggesting that
autoreactive T cells might be activated and selected in the
periphery and then infiltrate joints and in situ expand and
contribute to inflammation. Immune aging has been discussed as
a key factor in RA, despite contradictory findings being reported
(41). T-cell compartment involution seems to be accelerated in RA
patients, with increase of senescent CD28- T cells, characterized by
declined proliferation and telomerase activity (42–44). In RA
patients it was also documented a reduction of TRECs frequency;
however, this was observed to be age-independent (45, 46), stressing
the need for further investigation.

Celiac disease. CD is an autoimmune disease affecting the small
intestine in which immune cells abnormally react against gluten
proteins, causing inflammation and villous atrophy. Despite being
a multifactorial disease, genetics plays a major role in CD
susceptibility, in particular the human leukocyte antigen (HLA)
DQ2 andDQ8 alleles, that are carried by up to 95% of patients (47,
48). CD4+ Th cells that react against gluten epitopes presented by
FIGURE 1 | Immunosenescence and T-cell receptor repertoire in health. In the
first years of life, the thymus is at its maximum size and activity, and the T-cell
compartment is characterized by abundance of naïve (CD45RA+) CD4+ and
CD8+ cells. Earlier in life, the thymus starts to shrink, and continues to decline
over puberty and adulthood, alongside with changes in the T-cell compartment,
now enriched in memory (CD45RO+) cells (23–27). The TCR repertoire diversity
significantly narrows after the age of 40 years old (y.o.) (1, 2, 4). The strongly
reduced thymic output reflects in a decline of T-cell receptor excision circles
(TRECs) frequency, small molecules of circular DNA representative of T-cell
maturation (27). Furthermore, the naïve T-cell compartment results significantly
dwindled (23–27). Through the latest stages of life, some TCRb clones,
especially across memory repertoires, are definitely predominant; interestingly,
Britanova et al. documented a higher TCR repertoire diversity in older people
(average age of 82 y.o.) compared to 62 y.o. individuals, that may be
suggestive of longevity (4). Parts of the image created using pictures adapted
from Servier Medical Art (https://smart.servier.com/).
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HLA-DQ2.2, HLA-DQ2.5 and HLA-DQ8 are considered as main
actors in CD pathogenesis and have been found in both peripheral
blood and small intestine (49). HTS gave an extensive contribution
gaining insights into T cells pathogenic role and TCR repertoire
dynamics in CD patients. Comprehensive analysis on TCRVb
sequencing from CD patients documented the presence of sharing
Vb clones between peripheral blood and gut TCR repertoires (50)
and the persistence of gluten-specific clones for decades in the
TCR repertoire of patients upon gluten-free diet (GFD) (51). HTS
on single-cell gut IELs TCRgd showed that CD patients, either
under GFD or not, have a biased TRDV pattern compared to
healthy controls, a private CDR3d repertoire, whereas CDR3g
clones are shared between CD and controls (52). A recent
investigation leveraging a large TCRab dataset of data from 63
CD patients (53) identified a number of 325 public TCRab clones
in gluten-specific CD4+ T cells across patient; furthermore, they
observed a biased V-gene usage and conserved CDR3a:CDR3b
motifs across CD repertoires. Taken together, these findings
indicate that TCR repertoire shares common features across CD
patients that may be linked to disease pathogenesis and
progression; however, the association between TCR repertoire
dynamics, T-cell senescence and aging in CD is still not deeply
investigated. First, CD has long been considered almost exclusively
a pediatric illness, whereas it can show an adult-onset; second, due
to the wide variety of symptoms that can be subtle in some cases,
CD remains an underdiagnosed disease (54). Therefore, future
insights on TCR dynamics on CD patient cohorts of different ages
are needed.
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Type 1 Diabetes. T1D is an autoimmune disease of
multifactorial and not yet totally understood etiology, in which
autoreactive T cells attack pancreatic b-cells hampering insulin
production and causing hyperglycemia, with a wide set of signs
and symptoms of variable severity. Increased susceptibility to
T1D is given by environmental (body mass index, nutrition
habits, total weight, etc.) and genetic factors (55), the latter
sustained by the comorbidity in T1D patients with other
autoimmune diseases (e.g. CD) and the association with
certain HLA class II haplotypes, such as HLA-DRB1, HLA-
DQA1, and HLA-DQB1 (56). T1D onset is usually before the age
of 40 years, with a peak between 15 and 20 years old, but it can
occasionally be diagnosed in older patients (57). Notably, older
(>40 y.o.) patients may show aggravated signs and symptoms
compared to younger cohorts, and require special management,
in particular for consequences of hyper- or hypoglycemia,
cognitive impairment, and chronic pain (58). Tong et al. have
been among the first investigating TCR repertoire in T1D
patients by HTS (59), leveraging a TCRb dataset from
peripheral blood of nine T1D, four Type 2 Diabetes (T2D) and
six non-diabetic controls. Authors described a skewed V-gene
usage in T1D and a higher proportion of “highly-expanded
clones” in T1D compared to other groups, considering “highly
expanded” those T-cell clones with a frequency≥1% of total reads
in a repertoire. In the same year, Seay et al. sequenced the TCR
repertoire in different T-cell populations from various
compartments, e.g. peripheral blood and pancreatic draining
lymph nodes (pLN) (60). Differentially from what observed from
Tong et al., Seay et al. did not find any skew of the V-gene usage
in T1D compared to other groups; they described instead a
restricted repertoire in CD4+ cells and a certain proportion
(24%) of shared CD8+ clones among tissues. One year later,
Gomez-Tourino et al. published a study in which the TCR
reper to i re was sequenced f rom per iphera l T-ce l l
subpopulations of 14 T1D patients and 14 HD (61); authors
detected abnormalities in CDR3s-a.a. length of T1D, in
particular highly frequent shortened CDR3s-a.a. shared across
T1D repertoires. This abnormal sequence length, authors
suggested, may depend on early events in thymic selection in
T1D, and shortened CDR3s-a.a. may facilitate the erroneous
recognition of self-antigens. In the abovementioned studies,
however, the enrolled cohorts have a quite homogeneous
average age, and TCR repertoire dynamics is not described
from an age-related perspective.
NEURODEGENERATIVE AND T-CELL
MEDIATED DISEASES AFFECTING
YOUNG OR ELDERLY

Juvenile Idiopathic Arthritis and
Rasmussen Encephalitis
It is worth mentioning a couple of comprehensive and recent
TCR repertoire HTS studies that were performed in diseases
usually affecting the pediatric population and in which T cells
have an established role, despite these diseases are not frankly
FIGURE 2 | T-cell receptor repertoire in autoimmunity and neurological
diseases. Highlights on current knowledge about the TCR repertoire and the
T-cell compartment in autoimmune diseases (Rheumatoid arthritis, Celiac
disease, Type 1 Diabetes, Multiple Sclerosis) and in other disorders in which T
lymphocytes have a role (Rasmussen encephalitis, Juvenile Idiopathic Arthritis,
Parkinson’s and Alzheimer’s disease). Parts of the image created using
pictures from Servier Medical Art (https://smart.servier.com/).
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classifiable among autoimmune ones. This is the case of Juvenile
Idiopathic Arthritis (JIA) and Rasmussen encephalitis (RE). The
first is a rheumatologic disease with usual onset before the age of
16 years and of unknown etiology, in which pathogenesis T cells
surely contribute, as demonstrated by the presence of activated T
cells in synovial fluid and the effectiveness of treatments targeting
T cells (62). RE is a progressive, chronic and inflammatory brain
disease that mainly affects 6-7 y.o. children. RE pathogenesis is
controversial and still under debate; however, it has been
documented the presence of T cells, mainly CD8+, infiltrating
the brain of patients (63, 64).

In JIA patients of age ranging between 4.9 and 15.1 years, the
TCR repertoire of regulatory T cells (Treg) was restricted and
expanded in both peripheral blood and synovial fluid (65). In RE
patients, Schneider-Hohendorf et al. described CD8+ T-cell
expansion in peripheral blood, cerebrospinal fluid (CSF) and
brain biopsy, and Vb clones and V-genes shared across patients
(66). Authors analyzed TCR repertoire dynamics dividing
patients between early (age range of 3-16 years) or adult (age
range of 19-59 years) onset, but did not detect any age-specific
difference between the two groups.

Parkinson’s and Alzheimer’s Disease
PD and AD are two neurodegenerative disorders mainly affecting
the older part of the population, with an average onset of 60 y.o.
for PD and over 65 y.o. for AD, in which the potential pathogenic
role of T cells has been recently discussed (35). The TCR
repertoire was investigated in T cells reactive to self-antigen a-
synuclein (a-syn), associated with the disease, from six PD
patients, and compared with the repertoire of T cells reactive
to pertussis, encountered over life by most of the population (67).
Interestingly, the TCR repertoire diversity of PD was similar to
pertussis-reactive T cells. In AD patients, the TCR repertoire was
recently investigated by Gate et al. who published their data in
2020. By single-cell technology, they sequenced the TCR
repertoire from effector memory terminally differentiated
(Temra) CD45RA+CD8+ T cells of AD CSF and found
clonally expanded clones that are probably responsive to EBV
antigens (68).

It is thus clear that some of the mentioned diseases differ for
incidence, severity and progression based on age ranges within
the population, and that TCR repertoire investigation by HTS
widened our understanding of underlying mechanisms; however,
the link with age is not established or not discussed in most of
TCR studies, and further insights are required.
T-CELL RECEPTOR REPERTOIRE AND
AGING IN MULTIPLE SCLEROSIS

MS is currently the most widespread potentially disabling
neurological disease among young adults, with an average age
of onset of 35 y.o (69). MS can manifest through different
patterns, of which the Relapsing-Remitting (RRMS) is the most
common one (85% of all MS diagnosis) and characterized by a
relatively more benign course compared to Primary-Progressive
Frontiers in Immunology | www.frontiersin.org 5
MS (PPMS) onset. Usually, younger patients show a RRMS
course; furthermore, women are affected more often than men,
with a ratio of approximately 3:1 (70). Despite the undetermined
etiology, it is known that an interplay of environmental and
genetic factors contributes to MS susceptibility, the first
including infections acquired during childhood and
adolescence (e.g. EBV and CMV), smoking, vitamin D
deficiency, whereas HLA genes are well-known among genetic
factors, such as DRB1*15:01 and DRB5*01:01 alleles in European
population (71).

T lymphocytes have an established role in MS pathogenesis
(72). It is believed that T cells activated in the periphery migrate
through the blood-brain barrier (BBB) into the CNS, leading to
demyelination. Since the antigen that triggers the autoreactive T-
cell response is still unknown, the investigation of TCR
repertoire has been a great point of interest years before the
advent of HTS. The first TCR studies were conducted exploiting
flow cytometry analysis on Vb families or spectratyping
technology, that allowed to investigate TRBV families clonal
prevalence in terms of CDR3 length distribution, but not at
sequence level. Pre-HTS studies detected a skewed TRBV
families distribution in MS peripheral blood (73), clonally
expanded CD8+ T-cell clones in MS brain lesions (74), CSF
(75, 76) and blood (76). Later HTS studies allowed to track the
presence of shared CDR3s-a.a., in MS across peripheral blood
and CNS compartments (CSF and brain) (77–79). In particular,
researchers found expanded Vb clones, especially in the CD8+
cell compartment, being shared across blood, CSF and brain
lesions of patients (78, 79). Accordingly, a recent comprehensive
analysis pooling MS TCR sequencing data from published and
unpublished studies (80) showed that blood, CSF and brain
lesions share sequences, despite CSF repertoire is overall more
private compared to the periphery; furthermore, CSF and blood
are quite similar in terms of TCR repertoire diversity, that does
not significantly differ between the two compartments.

Several studies suggested that MS pathogenesis may be linked
to premature immunosenescence, and that aging could in turn
impact disease progression, severity, and treatment outcome.
This topic has been extensively reviewed by Dema et al. (81), who
recapitulated recent findings about aging and MS: patients
showed signs of premature immunosenescence such as
shortened telomeres (82), thymic dysfunction (83), decreased
TRECs frequency (84), and accumulation of CD4+CD28- T cells
(85). In this frame, Dema et al. also discussed therapeutic
strategies based on rejuvenating senolytics that showed
promising results in mice (86, 87).

Recently, Hayashi et al. (21) characterized the TCR repertoire
by HTS in peripheral blood of 39 MS and 19 HD by using the
newly developed Grouping of Lymphocyte Interactions by
Paratope Hotspots (GLIPH), a clustering method that allows to
group data based on chosen parameters, e.g. TCRVb chain
distribution or HLA haplotype. To avoid any potential
treatment-dependent bias on the TCR repertoire, authors
excluded from the study patients undergoing treatments that
may perturbate the TCR repertoire, such as fingolimod and
natalizumab. These two treatments act specifically on T cells:
December 2021 | Volume 12 | Article 799380
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the target of fingolimod is the sphingosine-1-phosphate receptor
(S1PR), that is fundamental for T cells egress from lymph nodes
and interacts with the C-C chemokine receptor type 7 (CCR7),
involved in T cells homing to secondary lymphoid organs.
Fingolimod induces the internalization of the S1PR, that binds
CCR7+ T cells and causes their retention within lymph nodes.
Natalizumab is a humanized monoclonal antibody targeting the
integrin a4b1, or very late antigen-4 (VLA4), and blocking
transmigration of T lymphocytes across the BBB. Both
treatments are known to have immunomodulatory effects on T
cells phenotype and TCR repertoire (ref. par. 5). In Hayashi et al.,
most (66.7%) of the enrolled patients were free from any therapy;
the rest were under interferon-beta (20.5% of patients),
prednisolone (10.5%) and azathioprine (2.6%). Authors
analyzed data with regard to age, comparing MS with HD (age
ranges of 40-63 and 43-59, respectively), and showed that older
participants were characterized by lower TCRab and gd
diversity, with no significant differences between HD and MS.
Interestingly, MS repertoires showed an overall age-independent
broader TCR diversity compared to HD; such findings are in
agreement with a previous study reporting a higher TCR
diversity in MS in respect to HD and to a group of patients
affected with a non-autoimmune neurological inflammatory
disease, the Human T-cell leukemia virus type 1 associated
myelopathy/tropical spastic paraparesis (HAM/TSP) (88).
DISEASE-MODIFYING THERAPIES AND
T-CELL RECEPTOR REPERTOIRE IN
MULTIPLE SCLEROSIS

Disease-modifying therapies (DMTs) for MS encompass
immunomodulatory or immunosuppressive treatments
reducing the auto-reactivity of the immune system and
promoting an anti-inflammatory environment (89, 90). Main
data collected so far on DMTs, TCR repertoire and MS are
summarized in Table 1.

Data on the impact of DMTs on TCR repertoire were first
provided by studies on patients treated with autologous
hematopoietic stem cell transplantation (AHSCT). AHSCT is a
one-shot treatment (e.g. the administration of any DMTs is not
required following the procedure, unless a disease reactivation is
observed) consisting of four main steps. Briefly, hematopoietic
stem cells (HSCs) are mobilized from the bone marrow by the
administration of granulocyte-colony stimulating factor
associated with cyclophosphamide (mobilization). The
hematopoietic stem cells are then collected with leukapheresis
and reinfused following the administration of high-dose
chemotherapy (conditioning). Different drugs can be
administered as a conditioning protocol, and conditioning
regimens are classified in three grades of intensity (low,
intermediate or high), according to the increasing grade of
immunoablation induced (100). The immunoablation and the
subsequent reconstitution promoted by the reinfusion of the
HSCs induce a renewal of the immune system with a restoration
Frontiers in Immunology | www.frontiersin.org 6
of the immune tolerance. This latter phenomenon explains the
long-term suppression of new inflammatory disease activity
(relapses, and new T2 or gadolinium enhancing lesions)
observed following transplant, in the absence of any
maintenance therapy (101, 102). AHSCT has recently been
endorsed as “standard of care” for the treatment of highly
active RRMS failing DMTs by the European Committee for
Blood and Marrow Transplantation (EBMT) guidelines (100),
and its superior effectiveness compared to DMTs in RRMS
patients was recently demonstrated by a randomized clinical
trial (103). Younger age at treatment was independently
associated with a reduced risk of disability progression
following AHSCT in a retrospective multicenter cohort study
(17), but this association is probably due to the predominance of
different main drivers of disability progression according to age
at treatment (i.e. disability accrual mostly inflammatory-driven
in younger individuals than neurodegeneration driven in older
individuals), rather than to a potential age-related variations in
immune reconstitution following AHSCT.

The extensive study of variation of the TCR repertoire in
patients treated with AHSCT provided valuable insights into the
mechanism of action of the procedure, suggesting that the
procedure was able to induce a re-booting of the immune
system. Analysis of TRECs suggested that thymic reactivation
could take place in adult individuals undergoing AHSCT, with
the generation of new T cells following positive selection and
maturation in reactivated thymus. Moreover, the reconstitution
of an overall broader clonal diversity and an extensive renewal of
clonal specificities compared with the pre-transplant assessment
was first reported adopting CDR3 spectratyping (92). In a more
recent study, HTS was applied to sequencing the TCRb chains of
1 million sorted CD4+ and CD8+ T cells from each patient
before transplant and 1 year after transplant (91). Impact of the
procedure was different on CD4+ and CD8+ T cells: in CD4+ T
cells, dominant TCR clones present before treatment were
undetectable following the reconstitution, and patients largely
developed a new repertoire. In contrast, dominant CD8+ clones
were not effectively removed, and the reconstituted CD8+ T cell
repertoire derived from clonal expansion of cells already
detectable before treatment. Notably, patients who failed to
respond to treatment showed less diversity in their TCR
repertoire early during the reconstitution process, suggesting
that this step is crucial for the successful outcome of the
procedure. More recently, HTS was applied in paired blood
and CSF samples from patients treated for active RRMS,
comparing the reconstitution of T cell composition in both
compartments before AHSCT and up to 4 years following
transplantation (104). More than 90% of the pre-existing CSF
repertoire was removed following AHSCT and replaced with Vb
clones predominantly generated from engrafted HSCs. Of the
pre-existing clones in CSF, approximately 60% were also
detected in blood before therapy, and concordant treatment
effects were observed for Vb clones in both compartments
following AHSCT. Overall, these results indicate that
replacement of the pre-existing TCR repertoire in active RRMS
is a mechanism for AHSCT efficacy, suggesting that TCR analysis
December 2021 | Volume 12 | Article 799380
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might be adequately performed in peripheral blood as a
surrogate for CSF.

The impact of AHSCT on TCR repertoire was furtherly
investigated and compared with natalizumab in a recent HTS
study (16): 15 RRMS patients’ TCR repertoire dynamics was
monitored longitudinally, before and after 24 months from
AHSCT or under natalizumab, in peripheral naïve and memory
T-cell subpopulations. The investigation detected treatment-
specific signatures in RRMS TCR repertoire; in particular,
authors found that AHSCT and natalizumab differentially
impacted on TCR clonal expansion state, clonal persistence over
time, and TCR repertoire architecture, and that such effects are
traceable by comprehensive molecular approaches.

Accordingly with findings in MS (91, 104), successful AHSCT
outcomes were correlated to an increased TCR repertoire diversity
also in systemic sclerosis (SSc) (105, 106), a skin autoimmune
disease, whereas SSc patients who experienced post-AHSCT relapse
showed a reduced TCR repertoire diversity (107).

A few studies investigated the variation of TCR repertoire in
MS patients treated with other DMTs such alemtuzumab,
Frontiers in Immunology | www.frontiersin.org 7
fingolimod, natalizumab and glatiramer acetate. Two studies
reported data on thymic output and TCR repertoire in patients
treated with alemtuzumab (93, 94, 108, 109). Alemtuzumab is a
humanized monoclonal antibody targeting CD52, a surface
marker primarily expressed on T and B lymphocytes, and
inducing lymphocytic depletion followed by subsequent
repopulation (109). Alemtuzumab is administered in two
cycles, one year apart, and a re-treatment during year 3 might
be administered in cases with persistent disease activity. In both
the studies on alemtuzumab, TREC numbers were reduced
following each course of treatment. The TCR repertoire was
explored by CDR3 spectratyping and a more pronouncedly
constricted TCR repertoire compared to baseline was detected
following each cycle, and this was more pronounced in CD8+
cells (93). These data indicate that repopulation of T cells
following the depletion induced by alemtuzumab is promoted
by homeostatic proliferation of cells that have escaped depletion,
rather than by newly generated cells from the thymus, suggesting
that thymopoies is i s not s ignificant ly induced by
alemtuzumab treatment.
TABLE 1 | Disease-modifying treatments, TCR repertoire and immunosenescence in Multiple Sclerosis.

Treatment Route of administration Mechanism of
action

Effect on TCR repertoire Link with immunosenescence

AHSCT One-shot treatment consisting in (1)
mobilisation of HSC from bone marrow (2);
conditioning: leukapheresis and reinfusion of
HSC after immunoablation by chemotherapy.

Immune system
renewal and immune
tolerance restoration.

- Broader TCR diversity (16, 91);
- Effective reconstitution of CD4+ TCR
repertoire (91);
- Persistence of clonally predominant CD8+
T-cell clones (91);
- Narrowed TCR diversity (91) and lower
clonal persistence at 24 months from
transplantation (16) correlated with treatment
outcome and disease activity;
- Public TCRb clones shared across AHSCT
patients after 24 months from treatment
(16).

Increase of TRECs frequency and
thymus reactivation after AHSCT
(91, 92).

Alemtuzumab Infusion in two cycles, one year apart. Binding of CD52
with depletion of T
and B cells and
consequent
repopulation.

Restricted TCR repertoire, especially in CD8
(93, 94).

- Reduction of TRECs frequency
at 6 months of treatment, then
return to basal levels; no TRECs-
age correlation detected (95).

Glatiramer
acetate

Subcutaneous injection daily or thrice a
week.

Immunomodulant
mimetic of myelin
basic protein,
attracting
autoreactive T cells

No significant differences in TCR repertoire
restriction compared to HD or pre-treatment
(95).

Not documented.

Fingolimod Oral, daily. Causes S1PR
internalization and
retains T cells within
lymph nodes.

Increasing TCR restriction over 12 months
of treatment (spectratyping analysis (96);

Reduction of TRECs and KRECs
frequency (95, 96); KRECs
frequency, but not TRECs, was
positively correlated with age (97).

Natalizumab Infusion every four weeks. Binding of VLA-4
integrin, blocking T-
cell migration
through the BBB.

- Oligoclonal TCR repertoire in CSF of
treated patients (spectratyping analysis (98);
possible connection with impaired CNS
immuno surveillance and higher risk of PML;
- Persistence of clones, especially memory
CD8+, in peripheral blood of RRMS afer 24
months of treatment (16);
- Broader TCR sequence similarity
architecture in peripheral blood compared to
one-shot treatment (AHSCT) after 24
months of natalizumab (16).

- Increase of TRECs frequency at
6 and 12 months of treatment,
positively correlated with age (95);
- Restricted TCR repertoire and
decreased expression of CD49d,
more pronounced in older
patients (99).
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Similarly, a narrowed TCR diversity in peripheral CD8+ cells
of alemtuzumab-treated RRMS patients has been recently
confirmed by a HTS study (94); these patients were
characterized for the presence of highly active CD8+ cells in
peripheral blood and infiltrating derma and developed vitiligo
14, 18 and 52 months after starting the treatment, therefore
suggesting that the kinetics of B cells reconstitution and
narrowing of the TCR repertoire might be involved in the
development of secondary autoimmunity observed following
alemtuzumab treatment (93, 94).

Fingolimod is a DMT that successfully reduces relapse rate
and disease activity in relapsing MS (110). A longitudinal CDR3
spectratyping investigation detected the presence of TCR
restrictions in peripheral blood of MS patients even before
starting the treatment, which were then increased after 12
months of fingolimod (96). Furthermore, the study reported a
significant reduction, over treatment, of TRECs and K-deleting
recombination excision circles (KRECs) frequency in peripheral
blood of patients.

A study adopting CDR3 spectratyping on patients treated
with natalizumab (111) showed that during treatment patients
exhibited a lower proportion of Vb elements with TCR repertoire
expansions in blood compared to non-natalizumab treated MS
patients, but this phenomenon appeared to reverse in cases who
developed PML (98). In the CSF, the TCR repertoire was more
skewed or oligoclonal compared to corresponding blood
samples, and these alterations in CSF were more prominent in
patients treated with natalizumab compared to non-
natalizumab-treated MS patients. The marked restriction of the
TCR repertoire in the CSF of natalizumab-treated patients was
suggested to critically weaken CNS immune surveillance exerted
by patrolling memory T cells, potentially promoting the onset of
PML in a proportion of John Cunningam virus (JCV)
positive patients.

On the other hand, no significant differences by CDR3
spectratyping were detected in TCR repertoire of patients
treated with glatiramer acetate compared to the pre-treatment,
and the small variations reported in MS patients following start
of treatment with glatiramer acetate were similar to those
observed in healthy controls in the same study (112).

The potential additive effect of DMTs on premature
immunosenescence and aging in patients with MS was
evaluated in a few studies, exploring correlations with
adverse events.

Paghera et al. quantified TRECs and KRECs in 122 MS
patients aged from 17 to 60 years who had started therapy
with interferon-beta , fingol imod, alemtuzumab, or
natalizumab, measured in samples obtained before the therapy
and at months 6 and 12 of treatment (95). TRECs and KRECs
were used as surrogate markers of a senescent phenotype, as they
are considered as indicators of thymic and bone marrow output
(97). In therapy-naïve patients, the number of newly produced T
and B cells was inversely correlated with age. The DMTs
analyzed induced opposite changes in the production of new T
and B cells, aligned with the known mechanism of action.
The abovementioned correlation found at baseline was still
Frontiers in Immunology | www.frontiersin.org 8
detectable at month 12 of therapy with interferon-beta or
natalizumab. On the other hand, both the correlations were
lost in patients treated with alemtuzumab due to the reduction in
TRECs and increase in KRECs, while in fingolimod-treated
patients, only the correlation between TRECs and age
disappeared. Overall, these data suggest that some DMTs
might accelerate the immunosenescence of T cells, with
potential increase of side effects mostly in elderly patients,
aligned with the observation of higher risk of opportunistic
infections during treatment in this latter population compared
to young individuals (113).

Furthermore, the potential additional effect of DMTs on
immunological changes induced by ageing has been suggested
to play a role in the development of PML in MS patients
receiving DMTs (18). The restriction of the TCR repertoire
induced by natalizumab, further narrowing the TCR restriction
induced by age, and associated with the impairment of T cells
patrolling the CNS induced by the reduced transendothelial
migration due to a decreased expression of CD49d (99), might
in part explain the higher risk of PML and the worse outcomes
reported in older patients compared to younger ones (114).
Increased risk of PML in patients receiving fingolimod was
associated with immune system changes induced by the
treatment similar to those occurring during aging, as a
predominance of Temra over naïve T cells (115, 116).

Collectively these data suggest that the risk of opportunistic
infectious adverse events is increased in individuals with
evidence of immunosenescence and that DMTs might exert an
additional effect on the immune system of such individuals,
considerably increasing this risk. Moreover, as DMTs might
induce long-term effects on the immune system, persisting also
following drug discontinuation, the actual immunological age of
the individual might be persistently affected by previous
treatments, thus making treatment switches challenging.
DISCUSSION

Autoimmune diseases are widely spread worldwide and affect
people of all ages. Tracking TCR repertoire dynamics in humans
is crucial to shed light on immunosenescence and its role in
disease progression and treatments outcome; in this respect, HTS
is greatly contributing.

To date, the majority of HTS studies on TCR repertoire in
immunosenescence has been performed in healthy individuals.
Recent findings highlighted that the healthy TCR repertoire is
strongly impacted by antigens encountered over lifetime and
consequently dwindles (3, 4, 10, 12), and such variations can be
better appreciated in memory T cells after the age of 40 (4);
furthermore, the shrinkage of TCR repertoire diversity correlates
with the natural involution of the naïve T-cell compartment (4, 7,
13). TCR repertoire analysis in elderly also showed great
potential unrevealing molecular markers of longevity, as
Britanova et al. (4) found that healthy people older than 80
years are characterized by a broader TCR repertoire diversity
compared to individuals of 65 y.o.
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On the other hand, the current knowledge about
immunosenescence and TCR repertoire dynamics in
autoimmune and T-cell mediated diseases is still quite
fragmented. In RA (15, 36–39), CD (49–53) and T1D (59–61)
patients, different compartments (blood, synovia, gut, pancreatic
draining lymph nodes) share TCRb clones and show reduced
TCR repertoire diversity. Furthermore, immunosenescence
seems to be accelerated in RA patients (15, 42–44), and T1D
severity is aggravated in older patients (58); however, most of
these studies are not centered on an age-related perspective,
stressing for further insights. It is worth mentioning that in
Rasmussen encephalitis, a mainly pediatric disease of uncertain
etiology but in which T cells have an established role, no
correlation was found between TCR repertoire dynamics and
patients’ age (66).

In MS, the relationship between the TCR repertoire and aging
is complex and distinguishes patients undergoing treatments that
do not perturbate the TCR repertoire (e.g. interferon-beta) and
patients under DMTs. In the first case, the TCR repertoire
diversity declines with age similarly to HD, suggesting that the
age-dependent involution of the T-cell compartment may not be
among hallmarks of MS (21). On the other hand, variations of the
TCR repertoire are observed during physiological aging and might
be induced by the administration of DMTs in people affected by
MS. The generation of a different and wider TCR repertoire
compared to that one detected prior to treatment has been
widely demonstrated in MS patients treated with AHSCT, and
this is thought to mediate the therapeutic effect of the procedure
through the reconstitution of a newly tolerant immune system,
promoted also by the reactivation of thymopoiesis (91, 92).
Alemtuzumab induces further restriction of the TCR through a
homeostatic proliferation-based immune repopulation (93, 94,
109). Divergent effects on the TCR and TRECs are induced by
other DMTs (96, 98, 112). All these observations were reported in
Frontiers in Immunology | www.frontiersin.org 9
the general MS population; to our knowledge, no data are available
so far on the impact of DMTs on TCR in aging, and the differential
effectiveness of DMTs across classes of age is mainly attributable
to the different mutual relationship between inflammation and
neurodegeneration underlying the accrual of disability.

The effect of DMTs on the immune system of MS patients,
promoting in some cases the development of changes similar to
those induced by physiological immunosenescence, might
increase the risk of potential side effects, mostly concerning
opportunistic infections (18, 99, 114). The long-term effects on
the immune system induced by DMTs and the potential additive
effect on an immune system already showing features consistent
with immunosenescence requires careful consideration of the
individual characteristics to minimize potential detrimental
effects of treatment.

In conclusion, the TCR repertoire investigation by HTS in
healthy individuals has widened our understanding of how the
adaptive immune system dynamics changes over lifetime.
Furthermore, recent findings pointed out that immunosenescence
impacts disease pathogenesis, including MS, and how patients
respond to therapy. However, most of the studies do not focus on
the relationship between aging and TCR dynamics, stressing for
further insights. Deepening this investigation might be, in the
future, an interesting tool for understanding disease mechanisms
and customizing therapies to each individual patient.
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Velásquez MDP, Ortiz Aguirre JP, et al. Immunosenescence Study of T Cells:
A Systematic Review. Front Immunol (2021) 11:604591. doi: 10.3389/
fimmu.2020.604591

26. Goronzy J, Weyand C. Mechanisms Underlying T Cell Ageing. Nat Rev
Immunol (2019) 19(9):573–83. doi: 10.1038/s41577-019-0180-1

27. Naylor K, Li G, Vallejo AN, Lee WW, Koetz K, Bryl E, et al. The Influence of
Age on T Cell Generation and TCR Diversity. J Immunol (2005) 174
(11):7446–52. doi: 10.4049/jimmunol.174.11.7446

28. Newell EW, Sigal N, Bendall SC, Nolan GP, Davis MM. Cytometry by Time-
Offlight Shows Combinatorial Cytokine Expression and Virus-Specific Cell
Niches Within a Continuum of CD8+ T Cell Phenotypes. Immun (2012) 36
(1):142–52. doi: 10.1016/j.immuni.2012.01.002

29. Yoshida K, Cologne JB, Cordova K, Misumi M, Yamaoka M, Kyoizumi S,
et al. Aging-Related Changes in Human T-Cell Repertoire Over 20 Years
Delineated by Deep Sequencing of Peripheral T-Cell Receptors. Exp Gerontol
(2017) 96:29–37. doi: 10.1016/j.exger.2017.05.015

30. Melandri D, Zlatareva I, Chaleil RAG, Dart RJ, Chancellor A, Nussbaumer
O, et al. The gdtcr Combines Innate Immunity With Adaptive Immunity by
Utilizing Spatially Distinct Regions for Agonist Selection and Antigen
Responsiveness. Nat Immunol (2018) 19(12):1352–65. doi: 10.1038/
s41590-018-0253-5

31. Papadopoulou M, Dimova T, Shey M, Briel L, Veldtsman H, Khomba N,
et al. Fetal Public Vg9vd2 T Cells Expand and Gain Potent Cytotoxic
Functions Early After Birth. Proc Natl Acad Sci U S A (2020) 117
(31):18638–48. doi: 10.1073/pnas.1922595117

32. Vasudev A, Ying CT, Ayyadhury S, Puan KJ, Andiappan AK, Nyunt MS,
et al. g/d T Cell Subsets in Human Aging Using the Classical a/b T Cell
Model. J Leukoc Biol (2014) 96(4):647–55. doi: 10.1189/jlb.5A1213-650RR

33. Dimova T, Brouwer M, Gosselin F, Tassignon J, Leo O, Donner C, et al.
Effector Vg9vd2 T Cells Dominate the Human Fetal gd T-Cell Repertoire.
Proc Natl Acad Sci U S A (2015) 112(6):E556–65. doi: 10.1073/pnas.
1412058112
Frontiers in Immunology | www.frontiersin.org 10
34. Clark BL, Thomas PG. A Cell for the Ages: Human gd T Cells Across the
Lifespan. Int J Mol Sci (2020) 21(23):8903. doi: 10.3390/ijms21238903

35. Guzman-Martinez L, Maccioni RB, Andrade V, Navarrete LP, Pastor MG,
Ramos-Escobar N. Neuroinflammation as a Common Feature of
Neurodegenerative Disorders. Front Pharmacol (2019) 10:2019.01008.
doi: 10.3389/fphar.2019.01008

36. Goronzy JJ, Zettl A, Weyand CM. T Cell Receptor Repertoire in Rheumatoid
Arthritis. Int Rev Immunol (1998) 17(5-6):339–63. doi: 10.1002/art.1780390606

37. Waase I, Kayser C, Carlson PJ, Goronzy JJ, Weyand CM. Oligoclonal T cell
proliferation in patients with rheumatoid arthritis and their unaffected
siblings. Arthritis Rheumatol (1996) 39(6):904–13. doi: 10.1002/
art.1780390606

38. Yang H, Rittner H, Weyand CM, Goronzy JJ. Aberrations in the Primary T-
Cell Receptor Repertoire as a Predisposition for Synovial Inflammation in
Rheumatoid Arthritis. J Invest Med: Off Publ Am Fed Clin Res J Investig Med
(1999) 47(5):236–45.

39. VanderBorght A, Geusens P, Vandevyver C, Raus J, Stinissen P. Skewed T-
Cell Receptor Variable Gene Usage in the Synovium of Early and Chronic
Rheumatoid Arthritis Patients and Persistence of Clonally Expanded T Cells
in a Chronic Patient. Rheumatol (Oxford) (2000) 39(11):1189–201.
doi: 10.1093/rheumatology/39.11.1189

40. Jiang X, Wang S, Zhou C, Wu J, Jiao Y, Lin L, et al. Comprehensive TCR
Repertoire Analysis of CD4+ T-Cell Subsets in Rheumatoid Arthritis.
J Autoimmun (2020) 109:102432. doi: 10.1016/j.jaut.2020.102432

41. Bauer ME. Accelerated Immunosenescence in Rheumatoid Arthritis: Impact
on Clinical Progression. Immun Ageing (2020) 17:6. doi: 10.1186/s12979-
020-00178-w

42. Wagner UG, Koetz K, Weyand CM, Goronzy JJ. Perturbation of the T Cell
Repertoire in Rheumatoid Arthritis. Proc Natl Acad Sci U S A (1998) 95
(24):14447–52. doi: 10.1073/pnas.95.24.14447

43. Schönland SO, Lopez C, Widmann T, Zimmer J, Bryl E, Goronzy JJ, et al.
Premature Telomeric Loss in Rheumatoid Arthritis is Genetically
Determined and Involves Both Myeloid and Lymphoid Cell Lineages. Proc
Natl Acad Sci U S A (2003) 100(23):13471–6. doi: 10.1073/pnas.2233561100

44. Weyand CM, Yang Z, Goronzy JJ. T-Cell Aging in Rheumatoid Arthritis.
Curr Opin Rheumatol (2014) 26(1):93–100. doi: 10.1097/BOR.
0000000000000011

45. Thewissen M, Somers V, Venken K, Linsen L, van Paassen P, Geusens P,
et al. Analyses of Immunosenescent Markers in Patients With Autoimmune
Disease. Clin Immunol (2007) 123:209–18. doi: 10.1016/j.clim.2007.01.005

46. Koetz K, Bryl E, Spickschen K, O’Fallon WM, Goronzy JJ, Weyand CM. T
Cell Homeostasis in Patients With Rheumatoid Arthritis. Proc Natl Acad Sci
U S A (2000) 97:9203–8. doi: 10.1073/pnas.97.16.9203

47. Hadithi M, von Blomberg BM, Crusius JB, Bloemena E, Kostense PJ, Meijer
JW, et al. Accuracy of Serologic Tests and HLA-DQ Typing for Diagnosing
Celiac Disease. Ann Intern Med (2007) 147(5):294–302. doi: 10.7326/0003-
4819-147-5-200709040-00003

48. Kim C, Quarsten H, Bergseng E, Khosla C, Sollid L. Structural Basis for
HLA-DQ2-Mediated Presentation of Gluten Epitopes in Celiac Disease. Proc
Natl Acad Sci USA (2004) 101(12):4175–9. doi: 10.1073/pnas.0306885101

49. Lundin KE, Scott H, Hansen T, Paulsen G, Halstensen TS, Fausa O, et al.
Gliadin-Specific, HLA-DQ(alpha 1*0501,Beta 1*0201. Restricted T Cells
Isolated From the Small Intestinal Mucosa of Celiac Disease Patients.
J Exp Med (1993) 178(1):187–96. doi: 10.1084/jem.178.1.187

50. Yohannes DA, Freitag TL, de Kauwe A, Kaukinen K, Kurppa K, Wacklin P,
et al. Deep Sequencing of Blood and Gut T-Cell Receptor b-Chains Reveals
Gluten-Induced Immune Signatures in Celiac Disease. Sci Rep (2017)
7:17977. doi: 10.1038/s41598-017-18137-9

51. Risnes LF, Christophersen A, Dahal-Koirala S, Neumann RS, Sandve GK,
Sarna VK, et al. Disease-Driving CD4+ T Cell Clonotypes Persist for
Decades in Celiac Disease. J Clin Invest (2018) 128(6):2642–50.
doi: 10.1172/JCI98819

52. Eggesbø LM, Risnes LF, Neumann RS, Lundin KEA, Christophersen A,
Sollid LM. Single-Cell TCR Sequencing of Gut Intraepithelial gd T Cells
Reveals a Vast and Diverse Repertoire in Celiac Disease. Mucosal Immunol
(2020) 13(2):313–21. doi: 10.1038/s41385-019-0222-9

53. Dahal-Koirala S, Risnes LF, Neumann RS, Christophersen A, Lundin KEA,
Sandve GK, et al. Comprehensive Analysis of CDR3 Sequences in Gluten-
December 2021 | Volume 12 | Article 799380

https://doi.org/10.1038/s41577-021-00557-4
https://doi.org/10.1016/j.rdc.2010.03.001
https://doi.org/10.1016/j.rdc.2010.03.001
https://doi.org/10.3389/fimmu.2020.00559
https://doi.org/10.1001/jamaneurol.2016.5867
https://doi.org/10.1177/1352458514536085
https://doi.org/10.1177/1352458514536085
https://doi.org/10.1155/2015/451912
https://doi.org/10.1002/acn3.51264
https://doi.org/10.1186/s12979-020-0173-8
https://doi.org/10.1186/s12979-020-0173-8
https://doi.org/10.3389/fimmu.2020.604591
https://doi.org/10.3389/fimmu.2020.604591
https://doi.org/10.1038/s41577-019-0180-1
https://doi.org/10.4049/jimmunol.174.11.7446
https://doi.org/10.1016/j.immuni.2012.01.002
https://doi.org/10.1016/j.exger.2017.05.015
https://doi.org/10.1038/s41590-018-0253-5
https://doi.org/10.1038/s41590-018-0253-5
https://doi.org/10.1073/pnas.1922595117
https://doi.org/10.1189/jlb.5A1213-650RR
https://doi.org/10.1073/pnas.1412058112
https://doi.org/10.1073/pnas.1412058112
https://doi.org/10.3390/ijms21238903
https://doi.org/10.3389/fphar.2019.01008
https://doi.org/10.1002/art.1780390606
https://doi.org/10.1002/art.1780390606
https://doi.org/10.1002/art.1780390606
https://doi.org/10.1093/rheumatology/39.11.1189
https://doi.org/10.1016/j.jaut.2020.102432
https://doi.org/10.1186/s12979-020-00178-w
https://doi.org/10.1186/s12979-020-00178-w
https://doi.org/10.1073/pnas.95.24.14447
https://doi.org/10.1073/pnas.2233561100
https://doi.org/10.1097/BOR.0000000000000011
https://doi.org/10.1097/BOR.0000000000000011
https://doi.org/10.1016/j.clim.2007.01.005
https://doi.org/10.1073/pnas.97.16.9203
https://doi.org/10.7326/0003-4819-147-5-200709040-00003
https://doi.org/10.7326/0003-4819-147-5-200709040-00003
https://doi.org/10.1073/pnas.0306885101
https://doi.org/10.1084/jem.178.1.187
https://doi.org/10.1038/s41598-017-18137-9
https://doi.org/10.1172/JCI98819
https://doi.org/10.1038/s41385-019-0222-9
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Amoriello et al. TCR Repertoire Dynamics During Immunosenescence
Specific T-Cell Receptors Reveals a Dominant R-Motif and Several New
Minor Motifs. Front Immunol (2021) 12:639672. doi: 10.3389/fimmu.
2021.639672

54. Fueyo-Dıáz R, Magallón-Botaya R, Masluk B, Palacios-Navarro G, Asensio-
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Sclerosis: Epidemiology, Genetics, Symptoms, and Unmet Needs. Emerging
Drugs Targets Multiple Sclerosis (2019) 1–32. doi: 10.1039/9781788016070-00001

71. Olsson T, Barcellos LF, Alfredsson L. Interactions Between Genetic, Lifestyle
and Environmental Risk Factors for Multiple Sclerosis. Nat Rev Neurol
(2017) 13(1):25–36. doi: 10.1038/nrneurol.2016.187
Frontiers in Immunology | www.frontiersin.org 11
72. Compston A, Coles A. Multiple Sclerosis. Lancet; (2008) 372(9648):1502–17.
doi: 10.1016/S0140-6736(08)61620-7

73. Laplaud DA, Ruiz C, Wiertlewski S, Brouard S, Berthelot L, Guillet M, et al.
Blood T-Cell Receptor Beta Chain Transcriptome in Multiple Sclerosis.
Characterization of the T Cells With Altered CDR3 Length Distribution.
Brain (2004) 127(Pt 5):981–95. doi: 10.1093/brain/awh119

74. Babbe H, Roers A, Waisman A, Lassmann H, Goebels N, Hohlfeld R, et al.
Clonal Expansions of CD8(+. T Cells Dominate the T Cell Infiltrate in Active
Multiple Sclerosis Lesions as Shown by Micromanipulation and Single Cell
Polymerase Chain Reaction. J Exp Med (2000) 192(3):393–404. doi: 10.1084/
jem.192.3.393

75. Matsumoto Y, Yoon WK, Jee Y, Fujihara K, Misu T, Sato S, et al.
Complementarity-Determining Region 3 Spectratyping Analysis of the
TCR Repertoire in Multiple Sclerosis. J Immunol (2003) 170(9):4846–53.
doi: 10.4049/jimmunol.170.9.4846

76. Skulina C, Schmidt S, Dornmair K, Babbe H, Roers A, Rajewsky K, et al.
Multiple Sclerosis: Brain-Infiltrating CD8+ T Cells Persist as Clonal
Expansions in the Cerebrospinal Fluid and Blood. Proc Natl Acad Sci
U S A (2004) 101(8):2428–33. doi: 10.1073/pnas.0308689100

77. Lossius A, Johansen JN, Vartdal F, Robins H, Jūratė Šaltytė B, Holmøy T,
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