CHAPTER TWO

Human T-cell receptor inborn
errors of immunity shed light on
the real-life role of yo vs af8

T lymphocytes

Ana V. Marin, Daniel Chacon-Arguedas, Ilvan Estevez-Benito,

Angela Zarco-Cuadrillero, Miguel Mufoz-Ruiz, and Jose R. Regueiro”
Department of Immunology, Ophthalmology and ENT, Complutense University School of Medicine and 12
de Octubre Health Research Institute (imas12), Madrid, Spain

*Corresponding author. e-mail address: regueiro@ucm.es

Contents
1. Human T-cell receptor (TCR) isotypes 54
2. Real-life role of human ap vs y& T cells 55
2.1 Human af T cells are crucial for defense against infections, not tumors 55
2.2 Human af T cells are capable of tumor clearance when modified 56
2.3 Human y& T cells are involved in, but not crucial for, defense against 56
infections or tumors
2.4 Human yd T cells are capable of tumor clearance when modified 58
3. Human T-cell receptor (TCR) inborn errors of immunity (TCRIEI) 59
3.1 TCRIEI teach us that aB T cells are critical to sustain normal immune 60
responses
3.2 TCRIEI teach us that y& T cells alone are unable to sustain normal immune 63
responses

4. vy5, but not a3, T cells are absent in certain species with T lymphocytes and are 66
dispensable in all tested KO animals

5. Conclusions 68
Funding and acknowledgments 68
References 69
Further reading 71
Abstract

T lymphocytes are critical components of adaptive immunity. They are involved,
together with other leucocytes, in defense against pathogens, including viruses,
bacteria, fungi and parasites. Mature T cells include two subsets, af and VS,
depending on the variable T-cell receptor (TCR) expressed on their surface. a3 T cells,
the largest subset in blood, are well characterized in terms of their functions in
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defense against infections. Their central role in protective immunity is dramatically
clear in rare human inborn errors of immunity (IEl) causing selective a3 T-cell lym-
phopenia. Such defects frequently associate to early-onset health-threatening infec-
tions and autoimmunity (rather than cancer) and require hematopoietic stem cell
transplantation for survival. y& T-cell function, by contrast, is still not well understood,
as we review here. Human [El affecting several invariant and variable TCR chains
(TCRIEI) have been reported, in some cases with a different impact in a3 vs y& T-cell
numbers. By comparing them, we show that clinical severity, as a proxy of importance
for survival, associates with the absence of a3 T cells, irrespectively of yo& T-cell
numbers. Several species and animal knock-out models which naturally or artificially
lack y& T cells support this contention. Thus, TCRIEI teach us that af T cells are crucial
for defense against infections, whereas y5 T cells may have a comparatively marginal
role in real-life human immunity.

1. Human T-cell receptor (TCR) isotypes

The human TCR is a cell surface protein ensemble expressed by

T cells or their precursors with a variable recognition domain and multiple

invariant signaling domains. There are three TCR isotypes (Fig. 1): pre-
TCRaf, TCRap and TCRYS. All share two invariant heterodimers called
CD3ye and CD3d¢ and a single invariant homodimer termed { or CD247
(Call et al., 2002) and difter in the invariant pre-Toa chain or the variable
TCRa and TCRP for aff, and TCRYy and TCRS for v T cells.

pre-TCRop TCRap

Fig. 1 Human T-cell receptor (TCR) isotypes. Note that extracellular domains of
variable chains in the TCRyS are more flexible than in other isotypes (Gully et al., 2024)
and may show clonotype-dependent propensity for dimerization (Hoque et al., 2025),
supporting higher diversity of antigen recognition than the HLA-restricted TCRaf.
TCR: T-cell receptor.
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2. Real-life role of human ap vs y& T cells

2.1 Human af3 T cells are crucial for defense against
infections, not tumors

af T lymphocytes are adaptive leucocytes involved, as all other immune
system cells, in defense against pathogens, including viruses, bacteria, fungi
and parasites (Table 1). They are equipped to respond to inflammatory
signals caused by them, to detect and eliminate such organisms using their
Human Leukocyte Antigen (HLA)-restricted TCR, to signal for help
against infection from non-resident leucocytes and for help in tissue repair
from many other cells. These functions are deployed while maintaining
self-tolerance. aff T lymphocytes record each infection in the form of
memory cells to be better prepared, should it occur again. Inborn errors of
immunity (IEI) affecting o T lymphocytes show severe lethal infections
early in life, rather than cancer, that frequently require hematopoietic stem
cell transplantation (HSCT) for survival (Notarangelo et al., 2020). Cancer
rate in all IEI is 40-fold higher than in the general population (12 vs 0,3 %,
respectively, Fekrvand et al., 2024), but most of the cancer cases affect
patients with DNA repair defects. Also, most of the cancers in IEI are
hematologic (EBV+ B-cell lymphomas) or gastrointestinal rather than
breast, lung, or prostate, which are the most common in the general
population. This suggests differential oncogenic mechanisms in IEI, mostly
lymphocyte DNA repair or apoptosis defects, and chronic infections
(HBV, HPV, EBV), rather than impaired cancer immune surveillance. A
recent case report maps a common skin cancer to congenitally impaired of
T-cell recognition of HPV-infected cells, as it was resolved after TCR
signaling restoration by HSCT (Ye et al., 2025).

Table 1 Ligands and biological roles of af3 vs y6 T-cell subsets. BTN: BuTyrophiliN;
phAgs: phosphoantigens; pHLA-I/II: peptide-human leukocyte antigen complex class
I/ll molecule.

TCR Subset Normal ligand Origin Role Function

aff CD4  Non-self pHLA-II Exogenous  Cooperation Defense, repair

CD8  Non-self pHLA-I  Endogenous Cytolysis Defense

yé Vol Stress, non-self Endogenous Cooperation Defense, repair
lipids

Vo2 BTN/non-self Endogenous Cytolysis Defense
phAgs
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2.2 Human af T cells are capable of tumor clearance when
modified

While the main biological role of aff T cells is not to detect and eliminate
cancer cells, they are well equipped to do so when they are manipulated in
different ways (Waldman et al., 2020), although relapses are frequent
(Table 2). In certain instances, aff T cells eliminate cancer cells by virtue of
non-cancer features, such as allogeneic HLA molecules (as in HSCT) or
enforced tumor-associated self-antigen recognition by autologous off
T cells (as with CD19-targeted Chimeric Antigen Receptor or CAR)
which are otherwise tolerant to such self-antigens. In other cases, muta-
tion-dependent tumor-specific HLA-restricted peptides termed neoanti-
gens are targeted by blocking natural T-cell self-tolerance using checkpoint
inhibitors, a proof that cancer cell tolerance is evolutionarily more
important than cancer cell elimination in normal conditions (Ghorani et al.,
2023). A similar mechanism (blocking natural T-cell self~tolerance) is likely
at play in BCG-induced vesical cancer immunotherapy (Hilligan et al.,
2025). Indeed, tolerance must exist to the frequent long-term DNA lesions
steadily occurring throughout life in nonmalignant somatic cells from all
tissues in normal individuals (Spencer Chapman et al., 2025). Note that
with CAR, checkpoint inhibitors or even BCG, off-target Immune
Related Adverse Effects (IRAE) are notorious, as expected from a non-
tumor-specific iatrogenic breach in systemic self-tolerance (Table 2).
Conversely, natural autoimmunity may protect from cancer, suggesting
that loss of self-tolerance causing damage to nonmalignant tissues extends
to malignant cells sharing target self-molecules (Ghanem et al., 2023).

2.3 Human yé T cells are involved in, but not crucial for,
defense against infections or tumors

vO T cells are also involved in defense against pathogens, including viruses,
bacteria, fungi and parasites. They are believed to have ontogenically earlier
roles in immune responses compared with the other two adaptive lym-
phocytes (aff T and B cells). Due to their anatomical locations in epithelial
barriers (skin and mucosal surfaces), Y0 T cells are believed to provide a first
line of defense in a tissue-specific fashion, by virtue of both innate and
adaptive (TCR) surface receptors (Gray et al., 2024). However, in contrast
to aff T cells, ¥ T cells are believed to recognize and respond with their
highly flexible variable extracellular domains to a great diversity of
pathogen-induced non-peptide changes in self-ligands (cellular stress),
rather than to rigid non-self HLA-restricted peptides (Fig. 1 and Table 1).
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Indeed, y0 T cells can kill infected cells, recruit and activate other leu-
cocytes and tissue cells to promote tissue repair and wound healing in
response to danger signals by means of cytokine secretion (Ribot et al.,
2021). Mouse and human y8 T cells and TCRY9 are notoriously different
(Qu etal., 2022; Siegers et al., 2007), and thus mouse studies poorly predict
their role in humans (Kim, 2024). However, TCRYyd composition governs
vO T-cell distribution in both species. In humans, Y8 T cells early in life are
polyclonal and adaptive (TCR-dependent) in blood and tissues, with repair
(V81) and cytolytic (V82) functions. Antigenic exposures later drive their
clonal expansion, functional differentiation and tissue homing. In adults,
V82 cells predominate in blood, whereas V&1 cells are enriched in tissues
and express residency profiles (Gray et al., 2024). Inflammation attracts
blood V82 cells to distressed tissues, where they can display both cytolytic
and antigen-presenting-cell properties. Indeed, Vy9V82 yd T cells likely
provide early innate defense against microbial phosphoantigen-containing
self-cells, whereas V&1 yd T cells expand to provide early adaptive defense
against virus-infected self-cells (by HCMV particularly) and tissue repair
features (Table 1).

2.4 Human yé T cells are capable of tumor clearance when
modified

One of the hypothesized biological roles of Y8 T cells is immune sur-
veillance against some tumors, as they can recognize stressed cells inde-
pendently of HLA molecules (Wiesheu & Coffelt, 2024). However, Y0
T-cell contribution to cancer surveillance in humans remains speculative
due to a lack of clinical studies linking y8 T-cell dysfunction with increased
cancer incidence. Although the biological role of y8 T cells may not
include to detect and eliminate cancer cells, they are, like aff T cells, well
equipped to do so when they are manipulated in different ways (Schamel
et al., 2024; Table 2). Indeed, yO T cells expressing CD19-targeted con-
structs are expectedly capable of such self-antigen recognition (Guerrero-
Murillo et al., 2024), although clinical efficacy still favors aff T cells.
Checkpoint inhibitors can unleash dormant/tolerant antitumoral activity
by V81 yd T cells in rare cases (Lien et al., 2024), particularly when af
T cells are not competent (as in tumors lacking HLA-I) (de Vries et al.,
2023). The mechanism remains unclear, likely induced non-peptide
changes in self-ligands (cellular stress). Potential advantages of y0 T cells
include their poor allogeneic responses (which allow for allogeneic
immunotherapy including CAR), their innate recognition of stressed
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tumor cells and their tissue homing capabilities. However, the use of 8 T
cells for human cancer immunotherapy is still at its infancy, and the clinical

results to date are very poor, compared with aff T cells (Mensurado et al.,
2023; Table 2).

E 3. Human T-cell receptor (TCR) inborn errors of
immunity (TCRIEI)

Inborn errors of immunity (IEI), formerly called primary immuno-
deficiencies (PID), are rare monogenic disorders of the immune system that
cause immunodeficiency, but also autoinflammation, autoimmunity, allergy
and/or certain cancers (see above, Section 2.1). IEI of TCR components
(TCRIEI) are low-prevalence autosomal recessive diseases that result from
inherited mutations in genes codifying certain TCR chains (Fig. 2) (Marin
et al., 2015).

TCRIEI patients suffer from severe combined ID (SCID) and/or
autoimmunity due to peripheral blood T-cell lymphopenia and/or
impaired TCR function, and often require HSCT for survival. Carefully
studying TCRIEI can thus help to understand the real-life role of
T lymphocytes in cancer vs infection surveillance. Human TCRIEI in
some cases have a different impact in (estimated) aff vs yO T-cell numbers.
By comparing their clinical features, we can address the relative impact of
each subset in infection vs cancer susceptibility.

Fig. 2 Reported human T-cell receptor (TCR) inborn errors of immunity (IEl). Red
color marks chains of human TCR isotypes where mutations have been reported to
cause immunodeficiency and (or) autoimmunity (see Tables 3-5). Note that no
mutations have been reported for TCR@3, TCRy or TCRS genes yet. TCR: T-cell receptor.
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More than 80 TCRIEI patients have been reported to date (Table 3,
summarized in Table 4 for non-leaky cases). TCRIEI lacking CD247,
CD38, or CD3e show very low or undetectable y8 T cells in peripheral
blood, as indicated by cell numbers, whereas TCRIEI lacking TCRa or
preTa show normal or even high numbers of Y8 T cells. Expectedly,
TCRIEI lacking TCRa show selective aff T cell lymphopenia (Table 3
and Table 4). CD3y and CD247 TCRIEI show partial defects in T-cell
development which allow for selection of some T cells that are poorly
functional in the case of CD247 TCRIEL

These results can be represented in a linear diftferentiation model from
early thymus progenitors to mature peripheral T cells as shown in Fig. 3.
Unexpectedly, compared to TCRa TCRIEI, pre-Too TCRIEI patients
show normal to low levels of functional af T cells, likely due to increased
non-canonical differentiation from early thymic progenitors (ETP).

We analyzed the ClinVar database to address the fact that mutations
have been reported in all invariant TCR chains and in the constant region
of TCRa, but not of TCRP or TCRJ. Germline single nucleotide variants
(SNV, Table 5) are frequent in the invariant genes (around 30-250/gene),
with 7-15 % of them predicted as pathogenic, like in other IEI genes such
as ATM (16 % pathogenic). In contrast, SNV in the constant region of
variable TCR chains are extremely rare or absent (0—2/gene). As both
variable and invariant TCR chains are required for T-cell selection and
function, we believe such resistance to germline variation in the constant
region genes of variable TCR chains may be due to intrinsic mechanisms
related to the generation of diversity.

3.1 TCRIEI teach us that ap T cells are critical to sustain
normal immune responses

Human TCRIEI lacking most blood af T cells (such as CD30, CD3e or
TCRo TCRIEI, Table 3) suffer from severe immunodeficiency character-
ized by life-threatening infections by viruses, bacteria, fungi or parasites very
early in life (<3 years of age in most cases, Fig. 4) that abundant y8 T cells
cannot prevent in the case of TCRa TCRIEIL Only replacing off T cells by
HSCT is curative, thus they are clearly non-redundant. Autoimmune fea-
tures are relatively rare because all types of T-cell-dependent functions and
dysfunctions are absent. When some (dysfunctional) aff T cells are present
(as in TCRa, pre-Toa, CD3y or CD247 TCRIEI), they tend to lose self-
tolerance, and autoimmunity disorders ensue. When close to normal num-
bers of functional aff T cells are present (as in CD3y or pre-Ta TCRIEI),
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Table 3 Summary of TCRIEI patients reported, grouped by mutated gene and ordered
by higher (TRAC, PTCRA) to lower (CD3D, CD3E) mean y& T-cell numbers. Pale blue and
orange boxes highlight values below or above age-matched normal ranges, respec-
tively. Age-matched normal ranges are from Schatorjé et al., 2011. TCRIEI T cells may
show impaired surface anti-CD3, -TCRaf3 or -TCRyS antibody binding (Garcillan et al,
2015), which may underestimate such subsets. Thus, highest CD3+ T-cell numbers were
also estimated as total lymphocytes - B — NK cells (Total lymph - B — NK), and highest af8
T-cell numbers as either CD4* + CD8* (CD4+ CD8) lymphocytes or as T — TCRyS™ cells
(T - TCRyS), where highest T cell numbers were estimated as CD3* or as Total lymph - B
- NK, whichever was larger (estimation columns are marked in yellow). ID: patient
identification; NML: nonmalignant lymphoproliferation; GLILD: granulomatous lym-
phocytic interstitial lung disease; TP: Tinea Pedis; TB: tuberculosis; HPV: human papil-
loma virus; EBV: Epstein-Barr virus; HHV6: human herpesvirus 6; C. alb.: C. albicans; CMV:
cytomegalovirus; HSV: Herpes simplex virus; Sequence variations in italics: reported as
leaky, thus associated with milder clinical features.
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Fig. 3 TCRIEI cause complete (solid T's) or partial (dashed T) impairments of
human aff and/or y8 T-cell development. Isolated Greek letters stand for CD3,
(CD247), or TCRa TCRIEI. +indicates non-canonical biased differentiation (Materna
et al.,, 2024). ETP: Early Thymic Progenitor.

vary late onsets are common (up to 24 or 66 years, respectively, Fig. 4), the
clinical course is milder or even asymptomatic (Materna et al., 2024), and
HSCT is not required normally for survival. But when close to normal
numbers of non-functional aff T cells are present (as in CD247 TCRIEI),
age of onset and clinical course resemble those of TCRIEI with no blood aff
T cells, and HSCT is again required for survival. Taken together, these
results show that clinical severity measured as exitus or HSCT in TCRIEI
associates with the absence of functional aff T cells, irrespectively of yd
T-cell numbers.

Note that cancer in such TCRIEI patients is rarely a cause of death
(Haas, 2018, Table 4), indicating that pathogen rather than cancer
immunosurveillance is the real-life biological role of aff T cells. Indeed, for
the larger group of IEI, the most likely cause of their increased risk of
lymphoma is impaired DNA repair or poor response to viruses, whereas
they show a lower risk of the most frequent cancers (breast, lung, colon)
compared to the general population. Thus, cancer is not caused by
immunodeficiency. Rather, it is a genetic disorder causing growth dysre-
gulation in self-cells, which in most cases goes unnoticed by adaptive
immunity or, in other cases, induces self-tolerance (see 2.1 and 2.2 above).

3.2 TCRIEI teach us that y T cells alone are unable to sustain
normal immune responses

Humans selectively lacking y8 T cells have not been reported to date.

However, there are patients who have been found to have absent Y0 T cells

due to loss-of-function mutations in nuclear factor kappa B inhibitor kinase

subunit beta (NFKBIKB) or gain-of-function mutations in nuclear factor
kappa B inhibitor alpha (NFKBIA), but these conditions are a broader and
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Kruskal-Wallis test was performed, (**** = p < 0.0001).
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more complex immunodeficiency syndrome, rather than TCRIEI (Sagar
and Ehl, 2025). This may indicate that such cells are critical, or, alternatively,
dispensable for survival. Humans selectively lacking normal aff T cells are
extremely rare (TCRa deficiency, Tables 3 and 4) but offer the chance to
evaluate the isolated role of ¥0 T cells in patient survival. The data show that,
compared to af, y0 T cells are unable to sustain normal immune responses,
as patients are diagnosed very early (1-9 years, Fig. 4) and require HSCT for
survival. Of note, age at diagnosis in TCRa deficiency is slightly higher than
in CD247, CD3d, or CD3¢e deficiencies (Fig. 4), which could be due to
compensatory functions by the high numbers of normal y& T cells or by the
low numbers of dysfunctional aff T cells observed only in TCRa deficiency.
A recent report has shown that complete, rather than leaky, TCRa defi-
ciency is a SCID, thus supporting the non-redundant role of aff T cells and
the lack of compensatory functions by Y8 T cells in such cases (Materna et al.,
2025). Rare cases of leaky CD38 deficiency with normal numbers of yd
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T cells in an aff T-cell-deficient background showed similar clinical features
(Gil et al., 2011, P64 and P65 in Table 3). Unexpectedly, humans with pre-
Ta deficiency, predicted to be TCRa deficiency phenocopies, showed a
very mild clinical course and late diagnosis (2—66 years), likely because they
show in peripheral tissues diverse functional memory off T cells that were
rescued through a pre-To-independent developmental pathway (Fig. 3).
These TCRIEI show that af§, but not yd T cells, are critical for survival to
infections in humans, since only afj T-cell-deficient, but not -sufficient,
patients require HSCT for survival, irrespectively of the presence of yd
T cells.

In summary, the biological role of y0 T cells in humans is still unclear,
but as judged by available TCRIEI cases, they seem to be early but gen-
erally redundant sentinels for epithelial barrier surveillance against patho-
gens by means of both innate and adaptive TCR-mediated recognition of
non-HLA proteins present in infected cells.

E 4. y§, but not apf, T cells are absent in certain species
with T lymphocytes and are dispensable in all tested
KO animals

There is a great diversity of y8 T-cell presence in different taxonomic
groups. Studies in Cyclostomes (jaw-less fish) have proved that in addition
to the VCRA+ and VCRB+ lymphocytes (analogues of T and B cells,
respectively) they have a third lineage, VCR C+ lymphocytes, which are
also T-cell-like. These findings suggest that functional specialization of
distinct T-cell-like lineages was an ancient feature of primordial immune
systems (Hirano et al.,, 2013). In tetrapods the landscape becomes more
complex and diverse. On one hand, there are the traditional TCRY9 in all
Gnathostomes; NAR (New Antigen Receptor)-TCR 1in cartilaginous fish;
the TCRO with VHS domain in amphibians, birds and platypus and even
the TCRO-related TCRp in marsupials and monotremes (Parra et al.,
2012). On the other hand, Squamata, but not Archosaurs reptiles, naturally
lack y0 T cells altogether due to genomic deletions (Morrissey et al., 2022),
although potential ae T cells may have compensated their loss (Sampson
et al.,, 2024). Squamata is the largest order of reptiles, including geckos,
lizards, iguanas, and snakes, whereas Archosaurs includes turtles, crocodiles,
and birds. Lastly, a family of teleost fish (Gobiesocidae) also lack the Y8 T-cell
lineage (Table 6). These interesting reports suggest that the yd T-cell
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lineage is an evolutionary branch of immunity which can remain or not
depending on the species, with no apparent consequences for adaptation.

In the absence of reports of humans with selective deficiency of Y8
T cells, available animal Knock-Out (KO) models may offer inter-
esting insights into the real-life functional roles of these cells as
compared to af T cells in species where yd T cells are normally
present. A caveat must be raised: human and animal immunity show
large differences (Mestas & Hughes, 2004). Published data indicate that
severe phenotypes (intestinal inflammation) map to off, but not ¥8,
KO chicken and mice (Table 6). Also, af KO animals require
pathogen-free housing. In sharp contrast, KO chicken, mice and pigs
with no yO T cells all share a very mild phenotype, and at least mice
and pigs (chicken were not tested) can be grown in standard housing
facilities. In these studies, aff T cells or innate lymphoid cells seem to
undertake most yO T cell roles (Sandrock et al., 2018), so we believe
this can be the case in humans too.

Taken together, evolution and animal KO models suggest that if
humans selectively lacking y& T cells exist, they may show no salient
clinical features and thus would not be analyzed for immunodeficiency.

5. Conclusions

Clinical severity in human TCRIEI associates with the absence of aff
T cells, irrespectively of ¥ T-cell numbers. Thus, TCRIEI teach us that
af T cells are crucial for defense against infections, whereas Y0 T cells may
have a comparatively marginal role in real-life human immunology. Several
species and animal knock-out models which naturally or artificially lack ¥
T cells support this contention.
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