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LCK’ed in: Inborn errors of immunity in LCK reveal 
how TCR signaling is calibrated
Ahmet Eken1,2�, Sara A. Johnson3�, Serife Erdem4�, and Elena W.Y. Hsieh5�

TCR signaling must be precisely calibrated to guide thymic selection, lineage commitment, and immune homeostasis. LCK, the 
dominant proximal Src-family kinase in T cells, functions as a volume dial governing initial TCR signal amplitude. Human inborn 
errors of immunity affecting LCK (LCK-IEI) demonstrate that graded reductions in LCK translate into distinct developmental 
and clinical outcomes. Null or near-null variants silence αβ thymocyte output, resulting in profound immunodeficiency, 
whereas hypomorphs permit limited thymopoiesis but selectively impair regulatory T cell development, skew TCR repertoires, 
and drive autoimmunity. Notably, γδ T cells are preserved, underscoring lineage-specific signaling thresholds. Signaling 
defects downstream of LCK produce overlapping phenotypes, confirming T cell fate reflects signal strength, not molecular 
identity. Here, we synthesize insights from human LCK-IEI and emerging spatial views of thymic microenvironments to define 
how quantitative and contextual regulation of TCR signaling shapes selection, tolerance, and immune balance. We highlight 
unresolved questions and experimental strategies aimed at restoring immune sufficiency while avoiding immune 
dysregulation.

Introduction
Decades of work using both cell lines and mouse models have 
firmly established the Src-family kinase LCK as essential for 
T cell development, selection, differentiation, activation, and 
function, reviewed by Bommhardt et al. (2019), De Sanctis et al. 
(2024), Rudd (2021), and Zhang et al. (2023). The high degree of 
conservation between murine and human LCK—approximately 
95% amino acid identity with complete preservation of all major 
functional domains and regulatory residues—makes these sys
tems powerful tools for dissecting LCK biology (Perlmutter et al., 
1988; Veillette et al., 1988; Zamoyska et al., 2003). Studies of Lck 
knockout mice (Lck−/−), which show a near-complete block in αβ 
T cell development, were instrumental in defining early check
points of thymic selection (Denzel et al., 2003; Eberl et al., 1999; 
Hernández-Hoyos et al., 2000; Legname et al., 2000; Levin et al., 
1993; Molina et al., 1992; Penninger et al., 1993; Rudd et al., 2006; 
Van Oers et al., 1992; van Oers et al., 1996c; Wei et al., 2020; 
Michel et al., 2012). Similarly, kinase-inactive and co-receptor– 
uncoupled Lck mutants have illuminated the importance of 
catalytic activity and CD4/CD8 association (Levin et al., 1993; 
Horkova et al., 2023; Van Laethem et al., 2007; Zhang et al., 2025; 
Seavitt et al., 1999). However, these experimental strategies— 

complete gene deletion, kinase-dead knock-in alleles, or intro
duction of transgenes—create signaling states that are often 
binary; that is, fully functional or WT versus complete loss-of- 
expression or function. These reductionist approaches incom
pletely model the spectrum of LCK function encountered in 
human disease, precluding insights into how LCK calibrates TCR 
signaling in T cells at different developmental stages, in distinct 
cellular contexts, and within discrete microenvironments across 
thymic and peripheral lymphoid organs.

Human LCK variants offer a nuanced way forward, occupy
ing intermediate positions on the “volume dial.” The biological 
stakes of this dial are high, as T cell development is exquisitely 
sensitive to the strength and duration of TCR signals—signals 
that are too weak result in death by neglect, while excessively 
strong signals trigger negative selection (Gascoigne et al., 2016). 
Between these extremes lies a narrow window in which TCR 
signal amplitude must be precisely calibrated to generate the 
diverse T cell subsets required for adaptive immunity while 
ensuring lack of self-reactivity. This calibration governs the 
bifurcation between αβ and γδ lineages and subsequently directs 
αβ thymocytes toward conventional CD4+ or CD8+ T cells, Foxp3+ 
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regulatory T cells (Tregs), or innate-like lineages such as natural 
killer T cell (NKT) and mucosal-associated invariant T cell 
(MAIT) cells (Molina et al., 1992; Penninger et al., 1993; Van 
Laethem et al., 2007; van Oers et al., 1996b; Zhang et al., 2025; 
Wei et al., 2020). Importantly, optimal signaling thresholds 
differ across developmental checkpoints: positive selection, 
negative selection, Treg induction, and lineage diversification 
operate over partially overlapping but nonidentical signal 
ranges. When mutations lock the dial at a particular amplitude, 
only cell fates accessible at that set-point emerge—a restriction 
that can manifest as immunodeficiency, autoimmunity, or both 
(immune dysregulation). As naturally occurring mutations, 
these variants arise in their native genomic and developmental 
context, where thymocyte fate depends on sequential encoun
ters with distinct stromal microenvironments. This complexity 
generates a range of dysfunctional signaling states that neither 
mouse knockouts (all or nothing) nor transformed cell lines 
(lacking tissue context) can replicate. Recently identified hu
man inborn errors of immunity (IEI) affecting LCK (Hauck et al., 
2012; Keller et al., 2023; Lanz et al., 2023; Lui et al., 2024) 
uniquely enable the dissection of proximal TCR signaling in vivo 
across an allelic series of varying severity (Table 1). These var
iants reveal that different T cell subsets exhibit distinct signaling 
thresholds and that modest residual LCK activity may be suffi
cient for limited thymic output while remaining inadequate for 
Treg differentiation and/or immune tolerance. Additionally, 
they also illustrate the different TCR signaling thresholds re
quired for selection in different T cell subsets. These human 
genotypes/phenotypes underscore that LCK operates as an an
alog dial rather than a binary switch.

In this review, we synthesize classical models of LCK mod
ulation with emerging findings from human inborn errors of 
LCK (LCK-IEI). Central to this synthesis is the recognition that 
LCK is the most proximal point at which TCR signal strength and 
microenvironmental context converge to shape T cell fate. We 
begin by exploring the molecular regulation of LCK and its re
lationship to other proximal signaling molecules, then examine 
how LCK-IEI reveal what happens when the volume dial is mis- 
set—altering TCR signal strength, which in turn disrupts se
lection thresholds, lineage decisions, and immune homeostasis. 
Throughout, we focus on the cellular and physiological con
sequences of LCK dysfunction in humans, illustrating how nat
urally occurring genetic mutations complement and refine 
insights learned from in vitro cell line and in vivo murine models.

Inside the volume dial: Molecular regulation 
of LCK
Molecular regulation of LCK occurs at multiple levels— 
transcriptional, posttranscriptional, and posttranslational— 
each offering distinct opportunities for calibration. Fig. 1
depicts the basic structure of the LCK protein, including spe
cific residues that govern its function. For a comprehensive 
review of LCK biochemistry and signaling, see Bommhardt 
et al., 2019, De Sanctis et al., 2024, and Rudd, 2021.

At the transcriptional level, LCK expression is regulated by 
two developmentally controlled and conserved promoters—a 

distal (D) and a proximal (P) promoter—that drive alternative 
first exons and distinct 5′ UTRs, generating multiple annotated 
transcripts (Brenner et al., 2002; Shimizu et al., 2001; Yamada 
et al., 2001). Expression from these promoters is shaped by 
lineage-specific transcription factors and chromatin accessibil
ity that varies with T cell developmental stage (Brenner et al., 
2002; Shimizu et al., 2001). This differential expression pattern 
supports LCK’s role in T cell development, as its actions modu
late TCR signal strength to determine T cell fate. In mice and 
humans, proximal promoter activity predominates in early 
thymocytes coinciding with TCR upregulation during positive 
selection (Wang et al., 2001; Finco et al., 1998), whereas the distal 
promoter is upregulated at later thymic stages and in mature 
T cells. Beyond promoter-driven mRNA diversity, alternative 
splicing generates additional LCK isoforms. The most well- 
characterized is LckΔexon7, a naturally occurring splice vari
ant detected in human and murine cell lines (Germani et al., 
2003) and in at least one human severe combined immunode
ficiency (SCID) patient (Goldman et al., 1998). This isoform ex
hibits reduced kinase activity and acts as a negative regulator of 
full-length p56LCK (Germani et al., 2003). Altered ratios of LCK 
splice variants have also been reported in certain tumors, sug
gesting context-dependent functional relevance (Rouer et al., 
1993).

LCK function is regulated by a variety of posttranslational 
modifications that control membrane localization and enzy
matic activity. Myristoylation at Gly2 and dual palmitoylation at 
cysteines 3 and 5 in the N-terminal SH4 domain enable mem
brane/lipid-raft targeting and influence cytoplasmic sequestra
tion (Kabouridis et al., 1997; Yurchak and Sefton, 1995; Rossy 
et al., 2013; Ventimiglia and Alonso, 2013). Enzymatic activity 
is determined by posttranslational tyrosine phosphorylation 
events that induce conformational changes in the protein. At 
rest, LCK is maintained in an inactive conformation (closed) by 
phosphorylation of the inhibitory tyrosine residue Y505 by 
C-terminal Src kinase (Csk), which stabilizes intramolecular 
binding between its SH2 domain and the phosphorylated 
C-terminal tail (Abraham and Veillette, 1990). Dephosphoryla
tion of Y505 by the receptor-like tyrosine phosphatase CD45 
relieves this inhibitory interaction, partially activating the ki
nase (Ostergaard et al., 1989). Full activation requires auto
phosphorylation of the activation loop tyrosine Y394, stabilizing 
the active (open) conformation and maximizing catalytic activity 
(Turner et al., 1990; Veillette et al., 1988). Phosphorylation of 
Y192 in the SH2 domain also inhibits LCK activity by preventing 
it from adopting an open active conformation (Courtney et al., 
2017). Finally, CBL E3 ubiquitin ligases target active LCK for 
proteasomal degradation, both directly and via adaptor net
works, thereby modulating its half-life and availability at the 
immunological synapse (Nath and Isakov, 2024; Rao et al., 2002).

LCK operates at the most proximal step of the TCR signaling 
cascade, as a free molecule or bound to the co-receptors CD4 and 
CD8 (Barber et al., 1989; Veillette et al., 1988) or to CD3ε itself 
(Hartl et al., 2020) (Fig. 2). Murine Lck can also function as an 
adaptor that mediates kinase-independent signal transduction 
(Fukushima et al., 2006; Legname et al., 2000; Briones et al., 
2024; Xu and Littman, 1993). Accumulating evidence supports 
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a model in which TCR signaling is initiated by a pool of enzy
matically active LCK that is not constitutively tethered to CD4 or 
CD8, with co-receptor–associated LCK primarily modulating 
TCR signal efficiency and sensitivity and thereby T cell lineage 
specification (Casas et al., 2014; Hui and Vale, 2014; Nika et al., 
2010; Wei et al., 2020). Classical studies demonstrated that CD3 
engagement can induce tyrosine phosphorylation and down
stream signaling in the absence of CD4 (Granja et al., 1994). A 
substantial fraction of LCK (up to 40%) is phosphorylated at its 
activating tyrosine (Y394) in resting T cells, and half of this pLCK 
is not bound to CD4/CD8 (Nika et al., 2010). More recently, 
single-molecule and super-resolution imaging approaches have 
revealed that active LCK resides in dynamic nanoclusters and 
undergoes rapid transitions between free and confined diffusion 
states, enabling transient access to engage TCR complexes prior 
to stable co-receptor recruitment (Hilzenrat et al., 2020; Mørch 
et al., 2022; Roh et al., 2015; Rossy et al., 2013). Biochemical 
separation of free versus co-receptor–bound LCK has further 
shown that the free pool is enriched for catalytically active ki
nase, whereas CD4/CD8-associated LCK is comparatively re
strained (Wei et al., 2020). LCK’s catalytic output is also 
modulated by the opposing actions of CD45 and CSK (Brdicka 
et al., 2000; Donovan and Koretzky, 1993; Rheinländer et al., 
2018; Veillette et al., 1988) (Fig. 2 A). Notably, CD45 is ex
cluded from the immunological synapse due to the large size of 
its extracellular domain (Chang et al., 2016; Davis and van der 
Merwe, 2006) and cytoplasmic sequestration (Nath and Isakov, 
2024). Finally, a zinc-clasp interface—formed by coordination of 
a zinc ion with LCK cysteines 20 and 23 and specific cysteines in 
the CD4 (420) or CD8 (421) cytoplasmic tails—tethers LCK and 
positions it adjacent to the signaling machinery (Kim et al., 2003; 
Turner et al., 1990). Engagement of TCR with the major histo
compatibility complex (MHC) concentrates and stabilizes LCK at 
the synapse (Kabouridis et al., 1997; Kim et al., 2003) (Fig. 2 B).

Upon antigen engagement of TCR, activated proximal LCK 
(free or bound) phosphorylates immunoreceptor tyrosine-based 
activation motifs (ITAMs) in the cytoplasmic domains of CD3ε, ζ, 
δ, and γ chains (Wu et al., 2020; Chan et al., 1994; Straus and 
Weiss, 1992; van Oers et al., 1996a; van Oers et al., 1996b). The 
phosphorylated ITAMs serve as docking sites for zeta chain– 
associated protein kinase 70 (ZAP-70), a Syk-family kinase es
sential for downstream TCR signaling. LCK phosphorylates 
CD3-bound ZAP-70, activating its full enzymatic activity (van 
Oers et al., 1996a). ZAP-70 propagates the signal via its phos
phorylation of adaptor proteins—linker for activation of T cells 
(LAT) and SH2-domain-containing leukocyte protein of 76 kDa 
(SLP-76) (Fig. 2 B). These proteins coordinate crucial down
stream events, including calcium mobilization, MAPK activa
tion, and transcriptional programs dependent on nuclear factor 
κ-light chain enhancer of activated B cells (NF-κB)/nuclear 
factor of activated T cells (Finco et al., 1998). LCK also phos
phorylates CD28 and other co-stimulatory molecules that pro
vide secondary signals (signal 2) required for T cell activation 
(Raab et al., 2001; Acuto and Michel, 2003; Holdorf et al., 1999). 
LCK’s dual role in both initiating and amplifying TCR signals 
positions it as a critical control point where small changes in 
LCK action can profoundly influence T cell fate decisions.

Collectively, the highlighted studies demonstrate that precise 
calibration of TCR signal amplitude is largely governed by co
ordinated regulation of LCK expression, phosphorylation state, 
co-receptor coupling, localization to membrane microdomains, 
and ubiquitin-mediated protein degradation. These layered 
regulatory mechanisms, briefly summarized above and re
viewed by Bommhardt et al. (2019), De Sanctis et al. (2024), Rudd 
(2021), Zhang et al. (2023), and Mohapatra et al. (2013), ensure 
that LCK is available, enzymatically active, and in the proper 
location to “dial-in” the right TCR signal amplitude at the right 
developmental stage. When any of these layers is disrupted by 

Figure 1. Domain organization of human LCK and positions of pathogenic variants. The schematic illustrates LCK structural domains: SH4 and unique 
regions (N-terminal membrane localization), SH3 and SH2 domains (substrate binding), linker region, kinase domain, and C-terminal tail. Key regulatory 
residues are indicated: Y192 and Y505 (inhibitory), Y394 (activating), and K273 (engineered kinase-dead). Reported human disease–associated variants (red 
asterisks) are mapped to their respective domains. SH, Src homology; Y, tyrosine; K, lysine.
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Figure 2. Regulation and signaling functions of LCK in proximal TCR signaling. (A) LCK exists in co-receptor–bound and free pools, each cycling among 
active, primed, and inactive conformations. CD45 dephosphorylates the inhibitory Y505, promoting activation, whereas CSK (recruited via PAG) phosphorylates 
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genetic mutation, the consequences for T cells and human health 
can be profound—as revealed by the growing catalog of human 
LCK-IEI and other proximal TCR genetic defects.

Damaged at the factory: Human LCK-IEI
The five autosomal-recessive LCK-IEI described to date are all 
homozygous for distinct mutations in the kinase domain, three 
as missense mutations and one as a frameshift mutation that 
results in a premature stop codon (Table 1 and Fig. 1 B). To
gether with the intronic exon-3–skipping variant described by 
Li et al. (2016), these mutations exemplify the concept of allelic 
heterogeneity—one gene, many phenotypes. Complete loss of 
LCK, whether through lack of expression (p.C465R) or abol
ished catalytic function (p.L341P; p.S377KTer14), causes SCID- 
like disease dominated by infections (Lanz et al., 2023; Hauck 
et al., 2012; Keller et al., 2023). Partial reduction of LCK ex
pression, function, or location (p.P440S; c.188-2A>G) produces 
“leaky” or incomplete SCID-like disease with infections and 
prominent immune dysregulation (Li et al., 2016; Lui et al., 
2024). To date, no gain-of-function mutations have been re
ported in humans; however, a transgenic mouse expressing 
constitutively active Lck (Y505F) arrests thymopoiesis at the 
CD4+CD8+ double-positive (DP) stage due to premature TCR 
activation (Seavitt et al., 1999; Abraham et al., 1991), demon
strating that excessive signal amplitude can also be disruptive. 
A summary of comparisons and contrasts between mouse and 
human mutation in LCK are summarized in Table S1.

Hauck et al. described the first LCK-IEI in a child with a ho
mozygous missense mutation (L341P) in exon 9 that rendered 
LCK catalytically inactive despite residual protein expression 
(Hauck et al., 2012). In vitro, the L341P allele behaves as kinase- 
null, failing to restore phosphorylation of proximal or distal 
signaling intermediates in LCK-deficient cell lines. Yet in the 
patient, this apparently null allele permits limited thymic out
put, likely via LCK’s adaptor functions and/or compensatory 
actions of other SRC-family kinases, e.g., FYN (Fukushima et al., 
2006; Legname et al., 2000; Briones et al., 2024; Xu and Littman, 
1993). This results in reduced but detectable CD3+ T cells with a 
skewed peripheral profile marked by CD4+ T cell lymphopenia, 
relatively preserved CD8+ T cell numbers, decreased Treg 
counts, enrichment of memory-phenotype cells (CD4+ central 
memory (TCM) and CD8+ terminally differentiated effector 
memory (TEMRA), and increased TCRγδ+ T cell frequency. 
Clinically, the patient exhibited both susceptibility to in
fection and striking autoinflammation/autoimmunity. This 
pathological convergence illustrates a recurring theme in 
LCK-IEI. Residual TCR signaling above a minimum threshold 
seems to preferentially support effector over regulatory line
ages, enabling escape of autoreactive clones while failing to 
generate adequate Tregs.

Li et al. (2016) reported three young adults with an intronic 
splice-site mutation (c.188-2A>G). This mutation causes exon 3 
skipping, which shifts the reading frame and triggers nonsense- 
mediated mRNA decay, markedly reducing mature transcript 
levels. The predicted 75-amino acid product should lack both the 
N-terminal unique domain—which tethers LCK to CD4/CD8 co- 
receptors—and the kinase domain, yielding a protein that is 
both uncoupled and catalytically dead (Li et al., 2016). Impor
tantly, work by Horkova et al. (2023) in engineered mice 
(LckCA/KR) established that co-receptor coupling and kinase ac
tivity make separable contributions to LCK function, helping 
explain why the Li mutation, which eliminates both on a single 
protein, might produce a severe phenotype even if some trun
cated product escapes mRNA decay. Clinically, all three patients 
presented with CD4+ T cell lymphopenia, recurrent respiratory 
infections, broad human papillomavirus susceptibility, and 
atypical epidermodysplasia verruciformis, indicative of im
paired T cell–mediated antiviral and barrier immunity. Al
though protein expression and detailed T cell subset analyses 
were not performed on peripheral blood mononuclear cells 
(PBMC) from the c.188-2A>G patients, their clinical phenotype 
combined with the predicted molecular defects is consistent 
with findings from the LckCA/KR mouse model demonstrating 
that spatial positioning of LCK relative to the TCR/CD3 complex 
and enzymatic activity each contribute to TCR signal amplitude.

In 2023–2024, three additional kinase-domain variants were 
reported, collectively illustrating how different degrees of LCK 
disruption produce distinct perturbations in T cell compartments 
(Keller et al., 2023; Lanz et al., 2023; Lui et al., 2024). Keller et al. 
identified an exon 11 frameshift variant (p.S377KTer14) in two 
siblings, which generates a truncated protein lacking the kinase 
domain but retaining the unique, SH3, and SH2 domains— 
potentially preserving co-receptor binding and adaptor function, 
as proposed for the Hauck variant (Keller et al., 2023; Hauck et al., 
2012). Both children presented with leaky SCID characterized by 
profound immunodeficiency (viral and fungal infections) 
alongside immune dysregulation with mucosal manifestations 
(skin in Keller; gastrointestinal in Lui; Table 1) (Keller et al., 
2023; Lui et al., 2024). The patients exhibited CD4+ and CD8+ 

T cell lymphopenia, a marked reduction in naive CD4+ and CD8+ 

populations, relative enrichment of TCRγδ+ cells, and hypo
gammaglobulinemia with minimal class-switched memory 
B cells. The near-absence of naive CD4+ helper T cells, coupled 
with contraction of class-switched memory B cells, under
scores how severe LCK insufficiency collapses both thymic 
output and T cell–dependent B cell maturation.

The p.C465R missense mutation reported by Lanz et al. lies in 
exon 13 and causes near-complete loss of LCK protein (Lanz 
et al., 2023). This expression-null variant produces the most 
severe infectious clinical symptoms described to date—global 
CD3+ T cell lymphopenia with reduced CD4+ and CD8+ T cells, 

Y505 to maintain the inactive state. Autophosphorylation of Y394 stabilizes the active conformation. Zn2+ coordinates LCK binding to CD4/CD8 co-receptors. 
(B) Upon TCR engagement, the free, active pool of LCK initiates TCR signaling via phosphorylation of ITAMs within CD3 chains, while co-receptor–bound LCK 
modulates sensitivity, efficiency, and lineage calibration. ITAM phosphorylation enables ZAP-70 recruitment and activation of downstream effectors, including 
LAT, SLP-76, and ITK.
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severe naive T cell depletion, and relative γδ T cell enrichment. 
The infant succumbed to overwhelming viral and fungal in
fections before inflammatory complications could manifest. 
This implies that when TCR signal amplitude falls below the 
threshold required for sustained positive selection and pe
ripheral homeostasis, the clinical picture is dominated by im
munodeficiency rather than immune dysregulation.

By contrast, the hypomorphic P440S mutation described by 
Lui et al. reduces but does not abolish LCK protein expression 
and function (Lui et al., 2024). Patients presented with leaky 
SCID—recurrent viral and fungal infections alongside chronic 
diarrhea and pulmonary disease suggestive of immune dysre
gulation. Whether gut and lung pathology arose from recurrent 
infection or mutation-intrinsic immune dysregulation could not 
be resolved clinically. Comparison of knockout (Lck−/−) and hy
pomorphic (LckP440S/P440S) mice provided mechanistic insight, 
indicating that residual LCK expression and/or activity drive the 
gastrointestinal inflammation. This paired research strategy— 
human reveals, mouse dissects—allows the field to move beyond 
binary models and begin to map graded TCR signaling thresholds 
across cell types and tissue niches, clarifying how signal ampli
tude shapes both antimicrobial defense and tolerance in humans.

Patients expressing the Lui hypomorphic P440S mutation 
displayed immunophenotypic features similar to those in the 
Keller and Hauck cases, including decreased CD4+ and CD8+ 

T cell numbers, with effector memory skewed phenotype, oli
goclonal TCR repertoires, and preservation or enrichment of γδ 
T cells. Importantly, Lui et al. (2024) demonstrated that although 
both Lck−/− and LckP440S/P440S mice show reduced T conventional 
(Tconv) and Treg numbers, Tconv effector function and prolif
erative capacity persisted only in the hypomorph (albeit at re
duced levels as compared with WT), whereas Treg function was 
compromised in both. Together with the pronounced gastroin
testinal tissue inflammation, these data indicate that an inter
mediate level of TCR signal amplitude suffices for limited thymic 
output but remains inadequate for robust central tolerance and 
peripheral regulatory control.

These functional perturbations may be compounded by a 
molecular one. Across reports, LCK dysfunction consistently 
destabilizes CD4 and CD8 surface expression (Hauck et al., 2012; 
Keller et al., 2023; Lanz et al., 2023; Lui et al., 2024; Van Laethem 
et al., 2013). Stable CD4 expression (and to a lesser extent CD8) 
depends on association with LCK (Horkova et al., 2023). 
Whether this reflects loss of LCK kinase activity, impaired co- 
receptor binding, or both remains unclear, but data from both 
murine models and human variants indicate that either defect 
reduces surface CD4. In four patients, CD8 expression was also 
diminished, though to a lesser degree, demonstrating in vivo that 
CD8 can better maintain TCR synapse stability despite weaker 
LCK binding. Notably, heterozygous family members of the Lanz 
patient (LCK-null) showed subtle reductions in CD4 surface 
expression; the families of other LCK-IEI patients have not been 
tested. Together, these findings reveal an allelic hierarchy in 
which CD4 stability is exquisitely sensitive to LCK quantity and/ 
or quality.

Strikingly, these LCK-IEI also share the preservation—or 
expansion—of γδ T cells. Unlike αβ T cells, γδ T cells largely 

bypass canonical LCK-dependent TCR signal amplification dur
ing thymic development, with many subsets undergoing agonist 
selection via innate-like, ligand-restricted interactions rather 
than graded TCR signal strength (Contreras and Wiest, 2020; 
Hayes et al., 2005; Alizadeh et al., 2023; Marin et al., 2017). 
Consequently, when αβ T cell development collapses below a 
critical threshold, γδ lineages fill the resulting homeostatic 
vacuum (van Oers et al., 1996b; Salmond et al., 2011). This rela
tive enrichment reflects not only their reduced dependence on 
LCK, but likely their capacity to expand in response to epithelial 
stress and inflammatory cytokines (e.g., IL-7 and IL-15) (Michel 
et al., 2012; Durum et al., 1998; Huck et al., 2009). Expansion of 
γδ T cells intersects with mucosal disease prominent in hypo
morphic LCK-IEI. Many γδ subsets, particularly which reside in 
gut and skin, serve as first responders that sense epithelial 
damage, dysbiosis, and barrier disruption (Alizadeh et al., 2023). 
In LCK hypomorphism, insufficient Tregs and limiting numbers 
of naive CD4+ T cells fail to support balanced mucosal immunity, 
often allowing γδ T cells to become disproportionately activated 
and adopt inflammatory effector programs (IL-17A, GM-CSF, 
and IFN-γ) (Lui et al., 2024). Without adequate regulatory con
tainment, these responses amplify epithelial injury, propagate 
barrier breakdown, and sustain a feed-forward inflammatory 
circuit. Thus, the enriched γδ compartment is not merely a by
product of αβ lymphopenia; it plausibly contributes to mucosal 
autoimmunity—including colitis—through heightened respon
siveness to epithelial distress signals and unchecked effector 
differentiation.

The convergence of deficient Treg and naive CD4+ (LCK-de
pendent) selection, skewed αβ T cell homeostatic expansion 
toward effector phenotypes, and hyperreactive γδ responses at 
mucosal barriers creates a permissive environment for chronic 
inflammation. This mechanistic triad may explain why patients 
with hypomorphic LCK alleles (Hauck et al., 2012; Lui et al., 
2024) frequently develop early-onset colitis and mucocutane
ous disease despite having relatively preserved γδ T cell num
bers, demonstrating why loss of LCK-modulated signal fidelity 
affects both systemic tolerance and barrier-site immune ho
meostasis (Hauck et al., 2012; Lui et al., 2024). Similar immu
nological disturbances namely altered αβ:γδ ratios and Treg 
dysfunction, occur in inflammatory bowel disease, even without 
monogenic etiology (Chandwaskar et al., 2024). Finally, while αβ 
TCR repertoire analysis in LCK-IEI reveals oligoclonality, the γδ 
TCR repertoire remains largely unexplored, yet distinct muta
tions may shape γδ repertoire composition, tissue-specific dif
ferentiation, and functional fates in ways that account for why 
autoinflammatory and immune complications vary widely 
across these variants.

In summary, LCK-IEI demonstrate that LCK does not operate 
as a binary switch, but rather as a finely adjustable dial that 
modulates TCR signal amplitude to differentially shape CD4+, 
CD8+, Treg, and γδ T cell compartments. At very low effective 
TCR signal strength (Lanz et al., 2023), thymic αβ T cell output is 
greatly reduced, producing profound CD4+/CD8+ lymphopenia 
and overwhelming infection without time for development of 
autoimmunity (Lanz et al., 2023). At intermediate LCK levels— 
whether from reduced catalytic function (Lui et al., 2024) or 
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kinase-dead with preserved co-receptor binding and adaptor 
capacity (Hauck et al., 2012; Keller et al., 2023)—residual LCK 
function supports limited thymic export but skews the reper
toire toward oligoclonal, antigen-experienced, or homeostati
cally expanded cells; hallmarks of almost all leaky SCID patients 
(Bosticardo et al., 2025; Lui et al., 2024; Hauck et al., 2012; Keller 
et al., 2023). Hypomorphic levels of TCR signaling support T 
effector homeostatic proliferation, including activation and cy
tokine production, but fails to support Treg function (Lui et al., 
2024). LCK-independent signaling, likely mediated by FYN, 
permits some CD8+ and residual CD4+ effector-memory pop
ulations to emerge even when LCK is functionally absent (Hauck 
et al., 2012; Keller et al., 2023; Lui et al., 2024). Although not yet 
demonstrated in humans, experiments in mice show that Fyn 
can partially support thymocyte development in the absence of 
Lck (Zamoyska et al., 2003; Groves et al., 1996; van Oers et al., 
1996b). In these patients, impaired Treg output combined with 
leaky positive selection results in immune dysregulation and 
autoimmunity alongside infection. Each LCK mutation thus 
shapes the TCR signal landscape differently, exposing the 
distinct amplitude thresholds required for thymic output, 
subset balance, and tolerance.

Alterations in subset balance are a fundamental feature of 
LCK-IEI. Rather than uniformly reducing all T cells, each allelic 
variant resets multiple ratios: CD4+:CD8+, naive:memory, αβ:γδ, 
and Treg:Teffector. Just as adjusting bass, mid, and treble 
changes the character of a radio broadcast without changing the 
station, altering LCK rebalances these cellular compartments 
while preserving some overall T cell presence. Null-leaning 
alleles flatten the thymic output entirely, nearly eliminating 
naive CD4+ cells and Treg and leaving only sparse effector and 
γδ cells. Hypomorphs, on the other hand, preferentially de
press Treg and naive CD4+ output while relatively sparing CD8+ 

and γδ subsets. These distorted ratios help explain why some 
patients present predominantly with infection (insufficient 
naive helper output), others with autoimmunity/inflammation 
(disproportionate Treg loss and oligoclonal effector expan
sion), and many with both.

Despite these insights, a comprehensive understanding of 
LCK deficiency in humans remains incomplete. Published re
ports have focused primarily on αβ T cell defects, leaving critical 
gaps regarding γδ T cells, NKT cells, MAIT cells, NK cells, and 
B cell subsets in vivo. A coordinated collaborative effort to 
studying LCK-IEI patients (and those with other genetic 
defects that affect thymic T cell development, selection, and 
differentiation) is urgently needed, incorporating deep im
munophenotyping (cell numbers, subset ratios, and activation 
markers), multi-omic profiling (transcriptomics and proteo
mics), TCR and BCR repertoire sequencing, and, where feasible, 
tissue biopsies to assess lymphoid architecture and resident 
immune populations. Such characterization would clarify LCK’s 
role in human immune development and identify molecular and 
cellular defects amenable to targeted intervention. Hematopoi
etic stem cell transplant (HSCT) is currently the only curative 
therapy for these patients, but given its morbidity and mortality, 
defining these lesions more precisely could reveal less invasive 
therapeutic strategies. Small-molecule kinase modulators, gene 

therapy approaches, or pathway-specific immunomodulation 
may be able to restore immune function without the risks that 
accompany transplantation. Hence, understanding the immu
nological consequences of naturally occurring LCK mutations 
advances our fundamental knowledge of human immunity and 
enables development of precision therapeutics for affected in
dividuals and those facing similar immunological challenges due 
to other TCR signaling proximal defects (reviewed below).

Faulty amplifiers: IEI in downstream 
modulators of TCR signaling
The phenotypic hierarchy observed across LCK-IEI—from pro
found immunodeficiency (Lanz et al., 2023) through leaky SCID 
with immune dysregulation (Hauck et al., 2012; Keller et al., 
2023; Lui et al., 2024)—is not unique to LCK. Similar geno
type–phenotype gradients emerge from IEI affecting other 
proximal TCR signaling components, including ZAP70, CD3 
chains, LAT, SLP-76, and ITK (Table 2 and Fig. 2 B). In each case, 
complete loss of function typically produces SCID, while hypo
morphic variants generate phenotypes characteristic of inter
mediate TCR signaling amplitudes (impaired Treg development, 
narrow naive CD4+ pool, and skewing toward memory-biased or 
unconventional populations). Notably, these IEI each manifest 
with a distinct immune profile and clinical presentation often 
reflective of its position in the signaling cascade (Bosticardo 
et al., 2025). Collectively, these naturally occurring mutations 
provide what artificial knockout and transgenic models cannot: 
a graded, physiologically relevant readout of how quantitative 
changes in TCR signal amplitude shape human immune de
velopment. Understanding this pathway through the lens of 
human genetics not only clarifies mechanism but also identifies 
nodes where therapeutic modulation—rather than complete 
blockade—might restore immune balance.

At the most upstream structural level, mutations in TCRA 
reduce the very capacity of thymocytes to assemble productive 
αβ TCR complexes, thereby attenuating the “input signal” before 
LCK engagement. Reported patients with TCRA defects exhibit 
impaired surface TCR expression, restricted repertoire diver
sity, and combined immunodeficiency with variable autoim
munity (Garkaby et al., 2022; Materna et al., 2025; Morgan et al., 
2011; Rawat et al., 2021). Rather than eliminating signaling en
tirely, these lesions effectively compress the dynamic range of 
TCR engagement, leading to reduced positive selection and oli
goclonal expansion—features that parallel hypomorphic LCK 
states and reinforce the concept that quantitative receptor sig
naling strength sets the ceiling for downstream amplification.

Immediately downstream of LCK, the CD3 complex provides 
the ITAM scaffold required for ZAP-70 recruitment and signal 
propagation. Biallelic defects in CD3D produce classic T−B+NK+ 

SCID or Omenn-like phenotypes due to failure of TCR assembly 
or surface expression (Al-Hammadi et al., 2020; Dadi et al., 
2003; de Saint Basile et al., 2004; Gil et al., 2011; Sonmez et al., 
2025; Takada et al., 2005; Vignesh et al., 2020). Similarly, CD3G 
deficiency spans a broad clinical spectrum—from profound 
immunodeficiency to immune dysregulation—often with se
lective Treg instability and autoimmunity, illustrating that 
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partial ζ/γ chain signaling can permit thymic escape of auto
reactive clones (Arnaiz-Villena et al., 1992; Delmonte et al., 2022; 
Gokturk et al., 2014; Lee et al., 2019; Briones et al., 2024; Recio 
et al., 2007; Rowe et al., 2018; Sonmez et al., 2025; Tokgoz et al., 
2013) (Delmonte et al., 2021). Defects in CD3E similarly disrupt 
TCR complex stability and produce SCID or leaky SCID phe
notypes depending on residual protein expression (de Saint 
Basile et al., 2004; Le Deist et al., 1991; Sonmez et al., 2025; 
Soudais et al., 1993; Thoenes et al., 1990; Thoenes et al., 1992; 
Vignesh et al., 2020). Finally, CD3Z (CD247) mutations impair 
ITAM density and ZAP-70 docking despite intact LCK function, 
yielding combined immunodeficiency with defective signal 
propagation and abnormal activation states (Blazquez-Moreno 
et al., 2017; Briones et al., 2024; Briones et al., 2025; Marin et al., 
2017; Roberts et al., 2007; Vales-Gomez et al., 2016). Collec
tively, CD3 defects demonstrate that when the ITAM scaffold is 
weakened, LCK may be functional but cannot write its signal 
onto a compromised substrate—the volume dial turns, but the 
signal has nowhere to go.

ZAP-70 deficiency provides the clearest parallel to LCK-IEI. 
Initial studies identified autosomal-recessive ZAP-70 deficiency 
as a cause of SCID, demonstrating that complete absence of ZAP- 
70 abolishes effective TCR signal propagation despite intact CD3 
assembly and ITAM phosphorylation by LCK (Chan et al., 1994; 
Monafo et al., 1992; Roifman et al., 1989). Independently, Arpaia 
and colleagues showed that humans lacking functional ZAP-70 
exhibit selective absence of CD8+ T cells, with residual CD4+ 

T cells that are numerically preserved but functionally 
impaired—reflecting subthreshold signaling is insufficient for 
CD8+ positive selection yet permissive for partial CD4+ devel
opment (Arpaia et al., 1994). Subsequent identification of 
hypomorphic ZAP-70 variants revealed that intermediate re
ductions in kinase activity produce some T cells resulting in a 
leaky SCID phenotype with immune dysregulation and autoim
munity (Akar et al., 2015; Ashouri et al., 2022; Chan et al., 2016; 
Mongellaz et al., 2023; Picard et al., 2009; Poliani et al., 2013; 
Sharifinejad et al., 2020; Turul et al., 2009). These human ob
servations are reinforced by SKG mice, which carry a partial 
loss-of-function ZAP-70 mutation that lowers TCR signaling 
thresholds, alters thymic selection, and drives systemic auto
immunity (Sakaguchi et al., 2003). Notably, the SKG model— 
derived from a spontaneous mutation rather than an engineered 
deletion—demonstrates that mouse models mimicking the 
graded defects seen in human IEI can reveal pathogenic mech
anisms invisible to binary knockout approaches. Together, hu
man and murine ZAP-70 studies establish that intermediate 
signal amplitude is uniquely pathogenic, a principle that closely 
parallels hypomorphic LCK-IEI such as the P440S Lui variant.

Farther along the pathway, study of autosomal-recessive 
mutations in LAT, SLP-76 (LCP2), and ITK reveal that adaptor 
and kinase defects also modulate TCR signal amplitude in non
binary ways (Edwards et al., 2023; Delmonte et al., 2022; Ogishi 
et al., 2023; Ghosh et al., 2018; Huck et al., 2009). LAT deficiency 
results in combined immunodeficiency with impaired down
stream signal propagation and abnormal lymphocyte activation 
states (Alizadeh et al., 2023; Bacchelli et al., 2017; Keller et al., 
2016). SLP-76 deficiency can cause combined immunodeficiency 

with thrombocytopenia, impaired calcium flux, and defective 
MAPK activation, producing a phenotype in which some T cells 
develop but fail to amplify TCR signals effectively (Edwards 
et al., 2023; Kim et al., 2009; Keller et al., 2023; Delmonte 
et al., 2022; Ogishi et al., 2023). ITK deficiency, by contrast, of
ten presents with EBV-driven lymphoproliferation, CD4+ lym
phopenia, skewed effector CD8+ populations, and variable NK 
and NKT cell abnormalities (Eken et al., 2019; Ghosh et al., 2018; 
Huck et al., 2009; Linka et al., 2012). In ITK-deficient patients, 
proximal TCR signaling through LCK, CD3, and ZAP70 remains 
intact, but PLCγ1 activation and downstream calcium signaling 
are selectively blunted (Ogishi et al., 2023). The result is a T cell 
repertoire with disproportionate expansion of EBV-specific or 
activated CD8+ T cells and impaired T helper function, again 
reflecting attenuated TCR signal rather than complete silence.

Taken together, human IEI affecting LCK, TCRA, CD3D/G/E/Z, 
ZAP70, LAT, SLP-76, and ITK trace the proximal TCR signaling 
axis, with lesions at each node imposing distinct constraints on 
T cell development and function. The result is node-specific 
distortion of CD4+, CD8+, Treg, and unconventional T cell 
compartments—further evidence that graded reductions in TCR 
signal amplitude guide thymic output, repertoire selection, and 
tolerance. LCK occupies the apex of this cascade—serving as the 
most proximal “volume control knob.” Its allelic variants de
termine not only whether ITAMs can be phosphorylated but also 
the dynamic range over which downstream components oper
ates. Characterizing these IEI in even greater detail will be es
sential for defining the quantitative thresholds that govern 
human T cell development. For affected patients, this knowledge 
informs restorative approaches such as HSCT and gene therapy. 
For the broader field, these naturally occurring hypomorphs 
caution that therapeutic modulation of TCR signaling must re
store immune sufficiency without inducing autoimmunity. Im
portantly, while HSCT restores the hematopoietic compartment 
and T cell progenitor pool, it does not repair a thymic environ
ment already distorted due to the abnormal thymocyte–thymic 
epithelial cell (TEC) cross talk. The role of this cross talk in health 
and disease—and how LCK and other TCR proximal defects 
perturb it—is discussed in the following section. Understanding 
this interplay has direct therapeutic relevance. Recognition that 
thymocyte–TEC cross talk is essential for T cell development, 
selection, and differentiation underpins the recent Food and 
Drug Administration (FDA) approval of cultured thymus tissue 
implantation (CTTI). While currently approved only for 
congenital athymia (CA), CTTI holds promise as adjunctive 
or primary therapy for genetic defects in which T cell lesions 
secondarily disrupt thymic architecture. Beyond this, the 
mechanistic clarity that rare monogenic disorders provide 
may guide therapeutic strategies for reshaping effector and 
Treg balance in far more prevalent autoimmune and onco
logic conditions.

Setting the dial: Signal amplitude across 
thymic microenvironments
Recent advances in spatial and single-cell mapping have re
framed thymopoiesis as a spatially organized process rather than 
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a uniform selection arena (Fig. 3 A). High-resolution thymic 
atlases demonstrate that cortical, medullary, and mesenchymal 
compartments generate distinct antigenic landscapes, cytokine 
gradients, and cellular neighborhoods that guide thymocyte 
migration and fate decisions along the corticomedullary axis 
(Yayon et al., 2024; Gustafsson et al., 2025). TECs—divided into 
cortical and medullary subtypes—provide thymocytes with es
sential developmental signals via IL-7, Notch ligands (DLL1 and 
DLL4), and self-peptide–MHC complexes (Kadouri et al., 2020). 
In turn, developing thymocytes reciprocally deliver TCR- 
dependent signals required for TEC maturation and spatial or
ganization (Lopes et al., 2015; Stephen et al., 2012). Together 
with foundational work by Yayon and colleagues, these studies 
substantiate that TCR signal strength, dwell time, and spatial 
context jointly shape both thymocyte fate and thymic structure 
itself (Yayon et al., 2024). Not surprisingly, perturbation of this 
critical bidirectional cross talk can result in variety of clinical 
affects, from mild to severe.

LCK essentially functions as a molecular interpreter in T cell 
development, translating TCR engagement into graded intra
cellular responses that must be correctly matched to the local 
thymic microenvironment. A key determinant of LCK’s inter
pretive capacity is its dynamic stoichiometry with CD4/CD8 co- 
receptors. Developmental shifts in co-receptor expression from 
early thymocytes to mature peripheral T cells govern the balance 
between free and co-receptor–bound LCK pools, thereby mod
ulating both TCR signal amplitude and duration at each stage 
(Douglass and Vale, 2005; Nika et al., 2010). Human LCK var
iants that reduce LCK protein abundance, disrupt co-receptor 
coupling, or impair catalytic activity lock TCR signal ampli
tude, preventing thymocytes from both giving and receiving 
appropriate microenvironmental-specific cues. Thus, T cell fate 
depends not only on the amplitude at which the dial locks but 
also on which developmental stages and thymic niches that set- 
point can sustain (Granja et al., 1994; Irles et al., 2003; Van 
Laethem et al., 2007).

Human LCK-IEI reveal what happens when LCK interpreta
tion of TCR engagement fails in patients. As illustrated in Fig. 3 
A, right, individuals with LCK-IEI exhibit thymic atrophy, pro
found depletion of cortical CD4+CD8+ (DP thymocytes and re
duced mature single-positive (SP) populations, consistent with a 
developmental block at the positive selection checkpoint (Lui 
et al., 2024). Impaired LCK function flattens TCR signaling 
gradients, blurring the distinction between weak self-peptide: 
MHC interactions that normally permit CD4+ and CD8+ matu
ration and stronger signals that enforce central tolerance. The 
consequence is not merely reduced thymic output, but a qualita
tively distorted TCR repertoire, with preferential loss of inter
mediate signal–dependent Treg differentiation, erosion of diverse 
CD4+ lineages, and relative preservation of clones selected under 
low-signal or homeostatic conditions. While conventional αβ 
T cells and Tregs are severely affected—often with differential 
impacts on subset number and function—consequences for un
conventional T cell populations (γδ T, NKT, and MAIT) and the 
thymus itself remain insufficiently characterized. Further, thymic 
architectural abnormalities observed in CD3δ-deficient patients 
demonstrate that disruption of TCR signaling can result in thymic 

niche disorganization (de Saint Basile et al., 2004). Although de
tailed assessment of human thymic tissue in LCK-IEI has not been 
performed, this finding suggests that similar secondary niche 
disorganization may occur in LCK deficiency and other disorders 
characterized by aberrant TCR signaling.

Murine models illustrate this principle—that TCR signal 
strength and microenvironmental context converge to shape 
both T cell fate and thymic integrity—with more granularity 
(Fig. 3 B). Lck−/− mice exhibit a partial block at the DN3–DN4 
transition and impaired positive selection at the DP stage, re
sulting in pronounced thymic atrophy with a sparsely populated 
cortex and severely diminished medulla (Molina et al., 1992). 
Mutations in other proximal signaling components produce 
comparable effects, with architectural consequences tied to the 
stage of developmental arrest. CD3ε-overexpressing mice arrest 
at DN1, the earliest double negative (DN stage), and display 
disturbed cortical epithelial architecture (Holländer et al., 1995). 
Rag1−/− and Rag2−/− mice arrest at DN3, retaining cortical 
structure but exhibiting defective medullary development. 
Zap70−/− and Tcrα−/- mice similarly accumulate DP thymocytes 
that fail positive selection, showing cortical expansion or no 
change and medullary collapse (Negishi et al., 1995; Philpott 
et al., 1992; Surh et al., 1992). Finally, Cd3ζ−/− mice display im
paired β-selection with incomplete DN–DP blockade, yielding 
small thymuses with markedly reduced DP thymocytes, near- 
absent mature SP cells, and diminished medullary regions 
(Ardouin et al., 1998; Love et al., 1993; Malissen et al., 1993). In 
each of these models, thymic abnormalities almost certainly 
arise from impaired thymocyte development rather than in
trinsic stromal abnormalities, as expression of these proteins is 
restricted to lymphoid lineage cells (Heng et al., 2008; Liu et al., 
1993). Notably, thymic damage caused by thymocytes with de
fective TCR-signaling is reversible in mice. Transplantation of 
T cell–depleted bone marrow into SCID models restores thymic 
architecture, while transfer of mature T cells alone promotes 
medullary recovery (Shores et al., 1991; Surh et al., 1992). 
However, timing is important—medullary restoration early 
after HSCT is critical for re-establishing tolerance (Takahama, 
2022).

These murine findings have clinical implications for patients 
with LCK-IEI. If prolonged LCK dysfunction has damaged the 
thymic medulla before transplant, HSCT may not fully restore 
architecture—potentially compromising reconstitution and 
predisposing to autoimmunity even after successful engraft
ment. Clinical observations support this concern. Patients with 
hypomorphic LCK defects who underwent HSCT—including one 
diagnosed in infancy—failed to achieve sustained T cell recon
stitution or a diverse TCR repertoire (Manfred Hoenig, personal 
communication). Findings in other IEI patients with TCR sig
naling defects reinforce this pattern. Among 60 patients with 
hypomorphic RAG1/RAG2 mutations, 15% developed new-onset 
autoimmunity after HSCT, preexisting autoimmunity persisted 
in approximately half, and resolution occurred in only 75% 
(Schuetz et al., 2023). Delmonte et al. further showed that poor 
TCR β diversity early after HSCT predicts reconstitution failure 
in patients with leaky SCID—consistent with the hypothesis that 
distorted, rather than absent, T cell development inflicts thymic 
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Figure 3. Impact of proximal TCR signaling defects on thymic development. (A) Left: Spatial organization of thymic microenvironments from cortex to 
medulla, with zones of positive and negative selection indicated. Right: Comparison of normal versus null/hypomorphic LCK thymi (in cross section). LCK 
deficiency impairs αβ lineage output (CD4 SP, CD8 SP, and Treg), while γδ T and NKT cells are reduced but preserved; MAIT cell status remains uncertain. 
(B) Mouse models of proximal TCR signaling defects, showing stage of developmental block and resulting thymic architecture. CMJ, corticomedullary junction.

Eken et al. Journal of Experimental Medicine 19 of 27 
TCR signaling and LCK-IEI https://doi.org/10.1084/jem.20241046 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
e
m
/
a
r
t
i
c
l
e
-
p
d
f
/
2
2
3
/
6
/
e
2
0
2
4
1
0
4
6
/
2
0
3
3
1
2
3
/
j
e
m
_
2
0
2
4
1
0
4
6
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
0
9
 
M
a
y
 
2
0
2
6



damage that hematopoietic stem cell replacement alone cannot 
repair (Delmonte et al., 2022). At present, HSCT remains the 
only definitive therapy for LCK-IEI, albeit with limited and un
predictable success (Hauck et al., 2012; Keller et al., 2023; Lanz 
et al., 2023; Lui et al., 2024). In some SCID/CID settings, suc
cessful HSCT can restore thymic output and sustain long-term 
immune competence (Berteloot et al., 2021; Marrella et al., 2014; 
Patel et al., 2000). Yet peripheral immune reconstitution does 
not necessarily equate to restoration of thymic niche architec
ture or durable tolerance, particularly when preexisting damage 
is substantial.

CTTI offers a complementary approach that directly ad
dresses the thymic niche and provides a powerful platform for 
investigating how LCK-calibrated TCR signals influence stromal 
architecture. CTTI, currently FDA-approved only for CA, dem
onstrates that hematopoietic progenitors can undergo thymo
poiesis on an allogeneic thymic scaffold and generate functional, 
self-tolerant T cells (Hale et al., 2026). In CTTI recipients, host- 
derived thymocytes are selected on donor thymic epithelium, re- 
establishing a diverse αβ TCR repertoire capable of supporting 
antimicrobial immunity, vaccine responses, and T cell help— 
despite persistent lymphopenia and MHC mismatch (Markert 
et al., 2022). Importantly, the variable emergence of autoim
munity following CTTI mirrors the unpredictability observed 
after HSCT in LCK-IEI and leaky SCID/CID, underscoring that 
restoration of thymic output alone is insufficient for durable 
tolerance (Hauck et al., 2012; Keller et al., 2023; Lanz et al., 2023; 
Lui et al., 2024). Instead, tolerance appears to depend on 
successful reconstitution of medullary niches that enforce ap
propriate TCR signal thresholds—particularly those intermediate- 
strength signals required for Treg differentiation. Viewed through 
the lens of LCK-dependent signal interpretation, CTTI may enable 
a biological “reset” of thymic spatial organization. For patients 
with LCK-IEI specifically, CTTI raises the possibility that pro
viding a functional thymic niche—rather than simply replacing 
hematopoietic progenitors—may be necessary to overcome the 
architectural damage inflicted by prolonged TCR signaling 
dysfunction.

Together, these observations establish LCK as a regulator 
not only of thymocyte-intrinsic signaling thresholds but also of 
how developing T cells engage, traverse, and are instructed by 
spatially organized thymic niches. HSCT and CTTI represent 
complementary natural experiments revealing that immune 
reconstitution and immune tolerance can be uncoupled—and 
that LCK-dependent signal interpretation may be central to 
both. Future investigations integrating human LCK genetics 
with spatially resolved thymic analyses (spatial transcriptomics, 
multiplexed imaging, and microdomain-resolved single-cell 
mapping) will be essential to define which niches fail in each 
LCK mutant allele and how impaired LCK alters thymocyte mi
gration, residence time, and signal decoding. CTTI recipients 
offer a unique opportunity for such studies, as thymic tissue can 
be directly analyzed before implantation and T cell output 
monitored longitudinally thereafter. Such investigations will 
clarify how LCK and thymic microenvironments collaborate to 
establish the signaling thresholds that govern T cell fate, self- 
tolerance, and immune homeostasis—and may point toward 

therapeutic strategies that restore not just thymic output but the 
architectural integrity on which durable tolerance depends.

Scanning for new stations: Emerging 
questions in LCK biology
Despite decades of research establishing the critical role of LCK 
in TCR signaling, many important questions await resolution. 
Although phosphorylation/dephosphorylation of the core regu
latory sites—Y394 (activating) and Y505 (inhibitory)—are well 
defined, how membrane/lipid raft localization, co-receptor as
sociation, and other posttranslational modifications (ubiquiti
nation, palmitoylation, and acetylation) jointly fine-tune LCK 
function is incompletely understood (Nath and Isakov, 2024). 
Advances in proteomics, base-editing screens, and high- 
resolution structural analyses are beginning to reveal hetero
geneity in LCK activation states (Salter et al., 2018; Walsh et al., 
2025). Future work integrating single-cell phosphoproteomics 
and quantitative modeling will be critical to uncover how sto
chastic differences in LCK state drive tolerance, exhaustion, or 
robust effector responses. Further, the recognition of LCK as 
an analog modulator of TCR signaling—rather than a binary 
switch—reframes long-standing questions in T cell biology and 
opens a new set of conceptual and experimental frontiers. In
sights from human LCK-IEI, together with advances in spatial, 
single-cell, and systems immunology, now compel a shift from 
asking if LCK is required to how, where, and to what extent LCK 
modulates TCR signaling across developmental stages, tissue 
niches, and immune contexts. Of particular importance, in ad
dition to what is happening in the thymus, is whether LCK sig
naling is modulated differently in tissue-resident memory T cells 
compared with circulating effector or central memory subsets. 
Given the metabolic and spatial distinctions of these compart
ments, determining whether LCK phosphorylation dynamics, 
half-life, or co-receptor dependence differ across memory pop
ulations represents an important direction for defining context- 
dependent immune responses. Addressing these gaps will refine 
our mechanistic knowledge and guide translational applications.

What are the precise LCK signaling thresholds for distinct 
thymic fates?
Human LCK-IEI reveal that different T cell lineages operate 
within partially overlapping but nonidentical signaling ampli
tudes. Minimal residual LCK activity may suffice for limited αβ 
thymopoiesis, whereas higher thresholds appear necessary for 
stable CD4 lineage commitment and, critically, for Treg differ
entiation and function. In contrast, γδ T cell development is 
relatively preserved—or even expanded—across a wide range of 
LCK dysfunction, underscoring their reduced dependence on 
LCK. Defining these thresholds will require allele-series mod
eling that moves beyond knockout versus WT comparisons. 
CRISPR-engineered hypomorphic alleles, allelic replacement 
systems, and patient-derived induced pluripotent stem cell– 
based thymopoiesis models offer opportunities to titrate LCK 
expression and/or function across a continuous range and di
rectly link TCR signal amplitude to fate decisions. Coupling such 
systems with quantitative readouts of proximal signaling, e.g., 
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ITAM, ZAP-70, LAT phosphorylation, and downstream tran
scriptional activation (via single-cell RNA sequencing) will en
able more precise mapping of developmental checkpoints as a 
function of TCR signal strength.

How does thymic spatial context shape LCK-mediated 
signaling and vice versa?
As discussed, human T cell development unfolds within highly 
structured thymic microenvironments along the cortico
medullary axis, with distinct stromal, epithelial, and myeloid 
niches. These niches differ in cytokine availability, antigen 
presentation, and co-stimulatory landscapes—factors that are 
likely to modulate LCK localization, activation state, and dwell 
time at the TCR. Limited access to human thymus tissue (a 
constraint that does not apply to mouse models) restricts re
search in this area and obscures where along the spatially par
titioned landscape T cell development arrests. Current LCK-IEI 
studies rely almost entirely on peripheral blood as a proxy, 
capturing only the output of thymic selection, not the process 
itself. Fortunately, clinical thymus implantation programs may 
change this by providing a feasible source of human thymic 
tissue for spatially resolved studies that pinpoint where LCK 
dysfunction disrupts T cell development.

While HSCT alone restores hematopoiesis but not thymic 
architecture, thymus implantation provides the stromal scaffold 
necessary for physiologic selection. For LCK deficiency and re
lated IEI where repertoire distortion, Treg insufficiency, and 
impaired central tolerance are dominant drivers of pathology, 
adjunct thymus implantation could, in principle, correct the 
site of selection failure, not only the hematopoietic input. 
This approach could help restore a diverse naive CD4+/CD8+ 

pool, normalize selection thresholds, and re-establish Treg 
development—addressing defects that HSCT alone may not fully 
repair. Maximizing this therapeutic potential will require 
defining niche-specific signaling thresholds. Spatial phospho- 
omics could provide that resolution, revealing whether a locked 
LCK set-point yields constant TCR signal strength across niches 
or shifts depending on stromal context.

What determines subset-specific vulnerability to LCK 
perturbation?
Across LCK-IEI, CD4+ T cells—particularly naive and regulatory 
subsets—are consistently more affected than CD8+ T cells, 
suggesting differential dependence on LCK dosage, co-receptor 
coupling, or compensatory Src-family kinase usage. Whether 
this reflects stronger reliance on CD4-associated LCK, distinct 
tonic signaling requirements, or lineage-specific thresholds for 
survival and proliferation remains unresolved. Our under
standing of LCK function remains heavily skewed toward 
conventional αβ T cells, with unconventional/innate-like 
T cells—γδ, NKT, and MAIT cells—poorly characterized in 
humans despite evidence that LCK activity influences lineage 
commitment during thymic development. Recently described 
autosomal-recessive LCK mutants clinically present along a 
continuum from SCID to combined immunodeficiency with 
autoimmunity and immune dysregulation (Hauck et al., 2012; 
Keller et al., 2023; Lanz et al., 2023; Lui et al., 2024; Li et al., 

2016), yet fundamental questions about unconventional T cell 
development and function in these patients are unaddressed. 
Do γδ T cells, NKT cells, and MAIT cells successfully exit the 
thymus in LCK-deficient individuals, and if so, at what fre
quencies and in what ratios compared with healthy controls? 
For those subsets that do develop, what are their functional 
capabilities—can they respond to cognate antigens, produce 
cytokines, mediate cytotoxicity, and contribute to immune 
surveillance? Unconventional T cell subsets, γδ T, NKT, and 
MAIT, account for ∼10% of circulating T cells and can comprise 
the bulk of tissue resident cells, particularly in the liver and 
barrier tissues such as the skin, gut, and lungs (Constantinides 
and Belkaid, 2021). Although the basic requirement for LCK for 
proximal signaling events in human γδTCR signaling is ex
pected based on the studies in murine γδ T cells, intriguingly, 
across reported human LCK deficiency cases, patients exhibit 
profound αβ T cell lymphopenia yet show relative enrichment 
of γδ T cells in peripheral blood, consistent with the differential 
LCK dependence observed in mice and implying altered selec
tion thresholds when LCK is globally limiting (Hauck et al., 
2012; Keller et al., 2023; Lanz et al., 2023; Lui et al., 2024). 
However, comprehensive characterization of human γδ T cells 
in LCK-IEI patients, including TCR repertoire analysis, detailed 
functional studies comparing tissue-resident subsets across 
anatomical sites and absolute γδ counts, remains incomplete. 
Emerging evidence places γδ T cells at the nexus of mucosal 
immune surveillance and pathology in colitis as well as skin. In 
the human gut, γδ T cells reside in the epithelial and lamina 
propria compartments, where they regulate barrier integrity, 
epithelial repair, and microbial interactions. Studies of human 
LCK-IEI have shown that altered TCR signaling skews T cell 
development and function, suggesting that even subtle per
turbations in LCK action could modify γδ T cell fate decisions. 
Defining how LCK-dependent signaling thresholds govern γδ 
T cell homeostasis may reveal mechanisms driving their 
pathogenic versus reparative roles in colitis and guide thera
peutic strategies that selectively target inflammatory γδ T 
subsets while preserving tissue-protective ones. Dissecting 
these differences will benefit from thymic organoid systems 
that allow controlled manipulation of stromal composition, 
cytokine gradients, and co-receptor engagement while pre
serving key aspects of thymic architecture. Organoids seeded 
with allele-defined progenitors can be used to test how graded 
LCK activity intersects with lineage-specific cues, providing 
a reductionist but physiologically grounded complement to 
in vivo studies.

How do graded defects in LCK reshape immune tolerance 
and dysregulation?
One of the most striking lessons from LCK-IEI is that partial— 
not complete—loss of LCK function is most permissive for im
mune dysregulation. Intermediate TCR signaling levels support 
effector differentiation and homeostatic expansion while failing 
to enforce central and peripheral tolerance, particularly 
through impaired Treg development and function. This raises 
broader questions that extend beyond monogenic disease: do 
subtle reductions in proximal TCR signaling—whether genetic, 
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epigenetic, or environmentally induced—contribute to com
mon autoimmune and inflammatory disorders? Addressing 
this will require integrative approaches linking thymic selec
tion to peripheral tissue immunity, including paired thymus 
and PBMC analyses with longitudinal immune profiling in 
patients and model systems with graded signaling defects.

Can thymocyte TCR signaling be restored or 
recalibrated therapeutically?
Finally, conceptualizing LCK as a volume dial rather than a bi
nary switch has direct translational implications. Rather than 
global inhibition or activation, future therapeutic strategies may 
aim to re-establish appropriate signaling bandwidths. Ap
proaches such as CTTI, co-transplantation of thymic tissue with 
hematopoietic progenitors, or niche-targeted modulation of 
stromal support cells offer potential avenues to restore TCR di
versity and tolerance in settings of disrupted thymic architec
ture. In parallel, precision therapies informed by allele-specific 
signaling defects—such as stabilizing hypomorphic LCK pro
teins, modulating co-receptor coupling, or enhancing compen
satory pathways—may allow selective correction of immune 
insufficiency without precipitating autoimmunity. Human ge
netic variation thus provides not only mechanistic insight, but 
also a roadmap for therapeutic recalibration of TCR signaling.

Moving forward, LCK research must bridge mechanistic 
studies in conventional αβ T cells with investigations in un
conventional T cells, tissue-resident subsets, and human genetic 
immunodeficiencies. A combined approach integrating mouse 
genetics, patient cohorts, thymic organoid systems, and trans
lational immunotherapy models will be required to fully define 
the breadth of LCK’s roles in immunity and disease. Ultimately, 
fine-tuning TCR signaling remains the goal, with LCK repre
senting one critical lever among many. Human LCK-IEI offer 
what reductionist models could not—a window into how graded 
dysfunction at one node ripples through the entire signaling 
network as signal amplitude and tissue context converge to 
shape immune outcomes. With the field poised to move from 
signal detection to signal design, these naturally occurring var
iants will help show us not just how to read the volume dial but 
how to adjust it. Stay tuned.

Online supplemental material
Table S1 shows a comparison of LCK genetic variants (mouse 
versus human).
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Allende, L.M., G.A. Garcı́a-Pérez, A. Moreno, J. Ruı́z-Contreras, and A. Ar
naiz-Villena. 2000. Fourteen years’ follow-up of an autoimmune pa
tient lacking the CD3 gamma subunit of the T-lymphocyte receptor. 
Blood. 96:4007–4008.

Ardouin, L., J. Ismaili, B. Malissen, and M. Malissen. 1998. The CD3- 
gammadeltaepsilon and CD3-zeta/eta modules are each essential for 
allelic exclusion at the T cell receptor beta locus but are both dispensable 
for the initiation of V to (D)J recombination at the T cell receptor-beta, 
-gamma, and -delta loci. J. Exp. Med. 187:105–116. https://doi.org/10 
.1084/jem.187.1.105

Arnaiz-Villena, A., M. Timon, A. Corell, P. Perez-Aciego, J.M. Martin-Villa, 
and J.R. Regueiro. 1992. Brief report: Primary immunodeficiency caused 
by mutations in the gene encoding the CD3-gamma subunit of the 
T-lymphocyte receptor. N. Engl. J. Med. 327:529–533. https://doi.org/10 
.1056/NEJM199208203270805

Arpaia, E., M. Shahar, H. Dadl, A. Cohen, and C. Rolfman. 1994. Defective 
T cell receptor signaling and CD8+ thymic selection in humans 
lacking Zap-70 kinase. Cell. 76:947–958. https://doi.org/10.1016/ 
0092-8674(94)90368-9

Ashouri, J.F., W.L. Lo, T.T.T. Nguyen, L. Shen, and A. Weiss. 2022. ZAP70, too 
little, too much can lead to autoimmunity. Immunol. Rev. 307:145–160. 
https://doi.org/10.1111/imr.13058

Bacchelli, C., F.A. Moretti, M. Carmo, S. Adams, H.C. Stanescu, K. Pearce, M. 
Madkaikar, K.C. Gilmour, A.K. Nicholas, C.G. Woods, et al. 2017. Mu
tations in linker for activation of T cells (LAT) lead to a novel form of 
severe combined immunodeficiency. J. Allergy Clin. Immunol. 139: 
634–642.e5. https://doi.org/10.1016/j.jaci.2016.05.036

Barber, E.K., J.D. Dasgupta, S.F. Schlossman, J.M. Trevillyan, and C.E. Rudd. 
1989. The CD4 and CD8 antigens are coupled to a protein-tyrosine 

Eken et al. Journal of Experimental Medicine 22 of 27 
TCR signaling and LCK-IEI https://doi.org/10.1084/jem.20241046 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
e
m
/
a
r
t
i
c
l
e
-
p
d
f
/
2
2
3
/
6
/
e
2
0
2
4
1
0
4
6
/
2
0
3
3
1
2
3
/
j
e
m
_
2
0
2
4
1
0
4
6
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
0
9
 
M
a
y
 
2
0
2
6

https://BioRender.com
https://doi.org/10.1073/pnas.88.9.3977
https://doi.org/10.1073/pnas.88.9.3977
https://doi.org/10.1128/mcb.10.10.5197-5206.1990
https://doi.org/10.1038/nri1248
https://doi.org/10.1038/nri1248
https://doi.org/10.1016/j.clim.2015.03.014
https://doi.org/10.1155/2020/8857152
https://doi.org/10.1038/s41435-023-00215-w
https://doi.org/10.1084/jem.187.1.105
https://doi.org/10.1084/jem.187.1.105
https://doi.org/10.1056/NEJM199208203270805
https://doi.org/10.1056/NEJM199208203270805
https://doi.org/10.1016/0092-8674(94)90368-9
https://doi.org/10.1016/0092-8674(94)90368-9
https://doi.org/10.1111/imr.13058
https://doi.org/10.1016/j.jaci.2016.05.036


kinase (p56lck) that phosphorylates the CD3 complex. Proc. Natl. Acad. 
Sci. USA. 86:3277–3281. https://doi.org/10.1073/pnas.86.9.3277

Berteloot, L., T.J. Molina, J. Bruneau, C. Picard, V. Barlogis, V. Secq, C. Abdo, 
N. Boddaert, C. Griscelli, B. Neven, and A. Fischer. 2021. Alternative 
pathways for the development of lymphoid structures in humans. 
Proc. Natl. Acad. Sci. USA. 118:e2108082118. https://doi.org/10.1073/ 
pnas.2108082118

Blazquez-Moreno, A., A. Perez-Portilla, M. Agundez-Llaca, D. Dukovska, M. 
Vales-Gomez, C. Aydogmus, A. Ikinciogullari, J.R. Regueiro, and H.T. 
Reyburn. 2017. Analysis of the recovery of CD247 expression in a PID 
patient: Insights into the spontaneous repair of defective genes. Blood. 
130:1205–1208. https://doi.org/10.1182/blood-2017-01-762864

Bommhardt, U., B. Schraven, and L. Simeoni. 2019. Beyond TCR signaling: 
Emerging functions of Lck in cancer and immunotherapy. Int. J. Mol. Sci. 
20:3500. https://doi.org/10.3390/ijms20143500

Bosticardo, M., K. Dobbs, O.M. Delmonte, A.J. Martins, F. Pala, T. Kawai, H. 
Kenney, G. Magro, L.B. Rosen, Y. Yamazaki, et al. 2025. Multiomics 
dissection of human RAG deficiency reveals distinctive patterns of 
immune dysregulation but a common inflammatory signature. Sci. 
Immunol. 10:eadq1697. https://doi.org/10.1126/sciimmunol.adq1697

Brdicka, T., D. Pavlistova, A. Leo, E. Bruyns, V. Korinek, P. Angelisova, J. 
Scherer, A. Shevchenko, I. Hilgert, J. Cerny, et al. 2000. Phosphoprotein 
associated with glycosphingolipid-enriched microdomains (PAG), a 
novel ubiquitously expressed transmembrane adaptor protein, binds 
the protein tyrosine kinase csk and is involved in regulation of T cell 
activation. J. Exp. Med. 191:1591–1604. https://doi.org/10.1084/jem.191.9 
.1591

Brenner, S., B. Venkatesh, W.H. Yap, C.F. Chou, A. Tay, S. Ponniah, Y. Wang, 
and Y.H. Tan. 2002. Conserved regulation of the lymphocyte-specific 
expression of lck in the Fugu and mammals. Proc. Natl. Acad. Sci. USA. 
99:2936–2941. https://doi.org/10.1073/pnas.032680599

Briones, A.C., A.V. Marin, R. Chaparro-Garcia, M. Lopez-Nevado, D. Abia, I. 
Estevez-Benito, D. Chacon-Arguedas, E. Fernandez-Malave, P.P. Car
denas, and J.R. Regueiro. 2025. Discordant restoration of TCR expres
sion and function by CD247 somatic reversions. J. Clin. Immunol. 45:116. 
https://doi.org/10.1007/s10875-025-01908-9

Briones, A.C., R.F. Megino, A.V. Marin, D. Chacon-Arguedas, E. Garcia- 
Martinez, H. Balastegui-Martin, H.T. Reyburn, S.E. Henrickson, C. 
Rodriguez-Sainz, E. Seoane-Reula, et al. 2024. Nonsense CD247 muta
tions show dominant-negative features in T-cell receptor expression 
and function. J. Allergy Clin. Immunol. 154:1022–1032. https://doi.org/10 
.1016/j.jaci.2024.06.019

Casas, J., J. Brzostek, V.I. Zarnitsyna, J.S. Hong, Q. Wei, J.A. Hoerter, G. Fu, J. 
Ampudia, R. Zamoyska, C. Zhu, and N.R. Gascoigne. 2014. Ligand- 
engaged TCR is triggered by Lck not associated with CD8 coreceptor. 
Nat. Commun. 5:5624. https://doi.org/10.1038/ncomms6624

Chan, A.C., T.A. Kadlecek, M.E. Elder, A.H. Filipovich, W.L. Kuo, M. Iwa
shima, T.G. Parslow, and A. Weiss. 1994. ZAP-70 deficiency in an au
tosomal recessive form of severe combined immunodeficiency. Science. 
264:1599–1601. https://doi.org/10.1126/science.8202713

Chan, A.Y., D. Punwani, T.A. Kadlecek, M.J. Cowan, J.L. Olson, E.F. Mathes, U. 
Sunderam, S.M. Fu, R. Srinivasan, J. Kuriyan, et al. 2016. A novel human 
autoimmune syndrome caused by combined hypomorphic and acti
vating mutations in ZAP-70. J. Exp. Med. 213:155–165. https://doi.org/10 
.1084/jem.20150888

Chandwaskar, R., R. Dalal, S. Gupta, A. Sharma, D. Parashar, V.K. Kashyap, 
J.S. Sohal, and S.K. Tripathi. 2024. Dysregulation of T cell response in 
the pathogenesis of inflammatory bowel disease. Scand. J. Immunol. 100: 
e13412. https://doi.org/10.1111/sji.13412

Chang, V.T., R.A. Fernandes, K.A. Ganzinger, S.F. Lee, C. Siebold, J. Mccoll, P. 
Jonsson, M. Palayret, K. Harlos, C.H. Coles, et al. 2016. Initiation of T cell 
signaling by CD45 segregation at ‘close contacts’. Nat. Immunol. 17: 
574–582. https://doi.org/10.1038/ni.3392

Constantinides, M.G., and Y. Belkaid. 2021. Early-life imprinting of uncon
ventional T cells and tissue homeostasis. Science. 374:eabf0095. https:// 
doi.org/10.1126/science.abf0095

Contreras, A.V., and D.L. Wiest. 2020. Recent advances in understanding the 
development and function of γδ T cells. F1000Res. 9:306. https://doi.org/ 
10.12688/f1000research.22161.1

Courtney, A.H., J.F. Amacher, T.A. Kadlecek, M.N. Mollenauer, B.B. Au- 
Yeung, J. Kuriyan, and A. Weiss. 2017. A phosphosite within the SH2 
domain of lck regulates its activation by CD45. Mol. Cell. 67:498–511.e6. 
https://doi.org/10.1016/j.molcel.2017.06.024

Dadi, H.K., A.J. Simon, and C.M. Roifman. 2003. Effect of CD3delta deficiency 
on maturation of alpha/beta and gamma/delta T-cell lineages in severe 

combined immunodeficiency. N. Engl. J. Med. 349:1821–1828. https://doi 
.org/10.1056/NEJMoa031178

Davis, S.J., and P.A. van der Merwe. 2006. The kinetic-segregation model: 
TCR triggering and beyond. Nat. Immunol. 7:803–809. https://doi.org/ 
10.1038/ni1369

de Saint Basile, G., F. Geissmann, E. Flori, B. Uring-Lambert, C. Soudais, M. 
Cavazzana-Calvo, A. Durandy, N. Jabado, A. Fischer, and F. Le Deist. 
2004. Severe combined immunodeficiency caused by deficiency in ei
ther the delta or the epsilon subunit of CD3. J. Clin. Invest. 114:1512–1517. 
https://doi.org/10.1172/JCI22588

De Sanctis, J.B., J.V. Garmendia, H. Duchova, V. Valentini, A. Puskasu, A. 
Kubickova, and M. Hajduch. 2024. Lck function and modulation: Im
mune cytotoxic response and tumor treatment more than a simple 
event. Cancers. 16:2630. https://doi.org/10.3390/cancers16152630

Delmonte, O.M., J.H. Rowe, A.K. Dobbs, B. Palterer, R. Castagnoli, and L.D. 
Notarangelo. 2021. Complete absence of CD3γ protein expression is 
responsible for combined immunodeficiency with autoimmunity rather 
than SCID. J. Clin. Immunol. 41:482–485. https://doi.org/10.1007/s10875 
-020-00918-z

Delmonte, O.M., R. Castagnoli, J. Yu, C.C. Dvorak, M.J. Cowan, B.J. Davila 
Saldana, S.S. de Ravin, E. Mamcarz, C.K. Chang, S.R. Daley, et al. 2022. 
Poor T-cell receptor β repertoire diversity early posttransplant for se
vere combined immunodeficiency predicts failure of immune recon
stitution. J. Allergy Clin. Immunol. 149:1113–1119. https://doi.org/10.1016/j 
.jaci.2021.07.029

Denzel, A., K.J. Hare, C. Zhang, K. Shokat, E.J. Jenkinson, G. Anderson, and A. 
Hayday. 2003. Cutting edge: A chemical genetic system for the analysis 
of kinases regulating T cell development. J. Immunol. 171:519–523. 
https://doi.org/10.4049/jimmunol.171.2.519

Donovan, J.A., and G.A. Koretzky. 1993. CD45 and the immune response. J. Am. 
Soc. Nephrol. 4:976–985. https://doi.org/10.1681/ASN.V44976

Douglass, A.D., and R.D. Vale. 2005. Single-molecule microscopy reveals 
plasma membrane microdomains created by protein-protein networks 
that exclude or trap signaling molecules in T cells. Cell. 121:937–950. 
https://doi.org/10.1016/j.cell.2005.04.009

Durum, S.K., S. Candeias, H. Nakajima, W.J. Leonard, A.M. Baird, L.J. Berg, 
and K. Muegge. 1998. Interleukin 7 receptor control of T cell receptor 
gamma gene rearrangement: Role of receptor-associated chains and 
locus accessibility. J. Exp. Med. 188:2233–2241. https://doi.org/10.1084/ 
jem.188.12.2233

Eberl, G., B. Lowin-Kropf, and H.R. Macdonald. 1999. Cutting edge: NKT cell 
development is selectively impaired in Fyn- deficient mice. J. Immunol. 
163:4091–4094.

Edwards, E.S.J., S. Ojaimi, J. Ngui, G.H. Seo, J. Kim, S. Chunilal, D. Yablonski, 
R.E. O’Hehir, and M.C. van Zelm. 2023. Combined immunodeficiency 
and impaired PI3K signaling in a patient with biallelic LCP2 variants. 
J. Allergy Clin. Immunol. 152:807–813.e7. https://doi.org/10.1016/j.jaci 
.2023.04.020

Eken, A., M. Cansever, I. Somekh, Y. Mizoguchi, N. Zietara, F.Z. Okus, S. 
Erdem, H. Canatan, S. Akyol, A. Ozcan, et al. 2019. Genetic deficiency 
and biochemical inhibition of ITK affect human Th17, Treg, and innate 
lymphoid cells. J. Clin. Immunol. 39:391–400. https://doi.org/10.1007/ 
s10875-019-00632-5

Elder, M.E., D. Lin, J. Clever, A.C. Chan, T.J. Hope, A. Weiss, and T.G. Parslow. 
1994. uman severe combined immunodeficiency due to a defect in ZAP- 
70, a T cell tyrosine kinase. Science. 264:1596–1599. https://doi.org/10 
.1126/science.8202712

Finco, T.S., T. Kadlecek, W. Zhang, L.E. Samelson, and A. Weiss. 1998. LAT is 
required for TCR-mediated activation of PLCgamma1 and the Ras path
way. Immunity. 9:617–626. https://doi.org/10.1016/s1074-7613(00)80659-7

Firtina, S., Y.Y. Ng, O.H. Ng, S. Nepesov, O. Yesilbas, M. Kilercik, N. Burte
cene, S. Cinar, Y. Camcioglu, U. Ozbek, et al. 2017. A novel pathogenic 
frameshift variant of CD3E gene in two T-B+ NK+ SCID patients from 
Turkey. Immunogenetics. 69:653–659. https://doi.org/10.1007/s00251 
-017-1005-7

Fukushima, A., Y. Hatanaka, J.-W. Chang, M. Takamatsu, N. Singh, and M. 
Iwashima. 2006. Lck couples Shc to TCR signaling. Cell Signal. 18: 
1182–1189. https://doi.org/10.1016/j.cellsig.2005.09.008

Garkaby, J., L.E.A. Fuentes, J.W. Pachul, A. Watts-Dickens, and M. Fraser. 
2022. A novel mutation in TRAC in a patient with abnormal newborn 
screening for severe combined immunodeficiency. LymphoSign J. 9: 
5–10. https://doi.org/10.14785/lymphosign-2022-0001

Gascoigne, N.R., V. Rybakin, O. Acuto, and J. Brzostek. 2016. TCR signal 
strength and T cell development. Annu. Rev. Cell Dev. Biol. 32:327–348. 
https://doi.org/10.1146/annurev-cellbio-111315-125324

Eken et al. Journal of Experimental Medicine 23 of 27 
TCR signaling and LCK-IEI https://doi.org/10.1084/jem.20241046 

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
r
u
p
r
e
s
s
.
o
r
g
/
j
e
m
/
a
r
t
i
c
l
e
-
p
d
f
/
2
2
3
/
6
/
e
2
0
2
4
1
0
4
6
/
2
0
3
3
1
2
3
/
j
e
m
_
2
0
2
4
1
0
4
6
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
0
9
 
M
a
y
 
2
0
2
6

https://doi.org/10.1073/pnas.86.9.3277
https://doi.org/10.1073/pnas.2108082118
https://doi.org/10.1073/pnas.2108082118
https://doi.org/10.1182/blood-2017-01-762864
https://doi.org/10.3390/ijms20143500
https://doi.org/10.1126/sciimmunol.adq1697
https://doi.org/10.1084/jem.191.9.1591
https://doi.org/10.1084/jem.191.9.1591
https://doi.org/10.1073/pnas.032680599
https://doi.org/10.1007/s10875-025-01908-9
https://doi.org/10.1016/j.jaci.2024.06.019
https://doi.org/10.1016/j.jaci.2024.06.019
https://doi.org/10.1038/ncomms6624
https://doi.org/10.1126/science.8202713
https://doi.org/10.1084/jem.20150888
https://doi.org/10.1084/jem.20150888
https://doi.org/10.1111/sji.13412
https://doi.org/10.1038/ni.3392
https://doi.org/10.1126/science.abf0095
https://doi.org/10.1126/science.abf0095
https://doi.org/10.12688/f1000research.22161.1
https://doi.org/10.12688/f1000research.22161.1
https://doi.org/10.1016/j.molcel.2017.06.024
https://doi.org/10.1056/NEJMoa031178
https://doi.org/10.1056/NEJMoa031178
https://doi.org/10.1038/ni1369
https://doi.org/10.1038/ni1369
https://doi.org/10.1172/JCI22588
https://doi.org/10.3390/cancers16152630
https://doi.org/10.1007/s10875-020-00918-z
https://doi.org/10.1007/s10875-020-00918-z
https://doi.org/10.1016/j.jaci.2021.07.029
https://doi.org/10.1016/j.jaci.2021.07.029
https://doi.org/10.4049/jimmunol.171.2.519
https://doi.org/10.1681/ASN.V44976
https://doi.org/10.1016/j.cell.2005.04.009
https://doi.org/10.1084/jem.188.12.2233
https://doi.org/10.1084/jem.188.12.2233
https://doi.org/10.1016/j.jaci.2023.04.020
https://doi.org/10.1016/j.jaci.2023.04.020
https://doi.org/10.1007/s10875-019-00632-5
https://doi.org/10.1007/s10875-019-00632-5
https://doi.org/10.1126/science.8202712
https://doi.org/10.1126/science.8202712
https://doi.org/10.1016/s1074-7613(00)80659-7
https://doi.org/10.1007/s00251-017-1005-7
https://doi.org/10.1007/s00251-017-1005-7
https://doi.org/10.1016/j.cellsig.2005.09.008
https://doi.org/10.14785/lymphosign-2022-0001
https://doi.org/10.1146/annurev-cellbio-111315-125324


Germani, A., S. Malherbe, and E. Rouer. 2003. The exon 7-spliced lck isoform 
in T lymphocytes: A potential regulator of p56lck signaling pathways. 
Biochem. Biophys. Res. Commun. 301:680–685. https://doi.org/10.1016/ 
s0006-291x(02)03000-0

Ghosh, S., I. Drexler, S. Bhatia, H. Adler, A.R. Gennery, and A. Borkhardt. 
2018. Interleukin-2-Inducible T-cell kinase deficiency-new patients, 
new insight? Front. Immunol. 9:979. https://doi.org/10.3389/fimmu 
.2018.00979

Gil, J., E.M. Busto, B. Garcillan, C. Chean, M.C. Garcia-Rodriguez, A. Diaz- 
Alderete, J. Navarro, J. Reine, A. Mencia, D. Gurbindo, et al. 2011. A leaky 
mutation in CD3D differentially affects αβ and γδ T cells and leads to a 
Tαβ-Tγδ+B+NK+ human SCID. J. Clin. Invest. 121:3872–3876. https://doi 
.org/10.1172/JCI44254

Gokturk, B., S. Keles, M. Kirac, H. Artac, H. Tokgoz, S.N. Guner, U. Caliskan, 
Z. Caliskaner, M. van Der Burg, J. van Dongen, et al. 2014. CD3G gene 
defects in familial autoimmune thyroiditis. Scand. J. Immunol. 80: 
354–361. https://doi.org/10.1111/sji.12200

Goldman, F.D., Z.K. Ballas, B.C. Schutte, J. Kemp, C. Hollenback, N. Noraz, and 
N. Taylor. 1998. Defective expression of p56lck in an infant with severe 
combined immunodeficiency. J. Clin. Invest. 102:421–429. https://doi 
.org/10.1172/JCI3205

Granja, C.B., C.S. Gozashti, and J.D. Dasgupta. 1994. CD4-independent signal 
transduction through the T-cell receptor (TCR/CD3). Immunology. 83: 
414–419.

Groves, T., P. Smiley, M. Cooke, K.A. Forbush, R. Perlmutter, and C. Guidos. 
1996. Fyn can partially substitute for Lck in T lymphocyte development. 
Immunity. 5:417–428. https://doi.org/10.1016/s1074-7613(00)80498-7

Gustafsson, K., S. Isaev, K. Mirsanaye, J. Hofmann, K.A. Kooshesh, N. Bar
yawno, A. Kiem, N. Severe, T. Zhao, E.W. Scadden, et al. 2025. Me
senchymal thymic niche cells enable regeneration of the adult thymus 
and T cell immunity. Nat. Biotechnol. https://doi.org/10.1038/s41587 
-025-02864-w

Hale, L.P., D.E. Bowles, J. Li, A.N. Macintyre, N. Bolden, J. Kurtzberg, C.K. 
Medina, B. Aykut, E.T. Tracy, and J.W. Turek. 2026. Reconstitution of 
thymopoiesis via implantation of cryopreserved cultured thymus tissue 
into athymic recipients. Am. J. Transpl. 26:537–549. https://doi.org/10 
.1016/j.ajt.2025.11.005

Hartl, F.A., E. Beck-Garcia, N.M. Woessner, L.J. Flachsmann, R.M.V. Carde
nas, S.M. Brandl, S. Taromi, G.J. Fiala, A. Morath, P. Mishra, et al. 2020. 
Noncanonical binding of Lck to CD3ε promotes TCR signaling and CAR 
function. Nat. Immunol. 21:902–913. https://doi.org/10.1038/s41590 
-020-0732-3

Hauck, F., C. Randriamampita, E. Martin, S. Gerart, N. Lambert, A. Lim, 
J. Soulier, Z. Maciorowski, F. Touzot, D. Moshous, et al. 2012. Pri
mary T-cell immunodeficiency with immunodysregulation caused by 
autosomal recessive LCK deficiency. J. Allergy Clin. Immunol. 130: 
1144–1152.e11. https://doi.org/10.1016/j.jaci.2012.07.029

Hayes, S.M., L. Li, and P.E. Love. 2005. TCR signal strength influences al
phabeta/gammadelta lineage fate. Immunity. 22:583–593. https://doi 
.org/10.1016/j.immuni.2005.03.014

Heng, T.S., M.W. Painter, and Immunological Genome Project Consortium. 
2008. The immunological genome Project: Networks of gene expression 
in immune cells. Nat. Immunol. 9:1091–1094. https://doi.org/10.1038/ 
ni1008-1091

Hernández-Hoyos, G., S.J. Sohn, E.V. Rothenberg, and J. Alberola-Ila. 2000. 
Lck activity controls CD4/CD8 T cell lineage commitment. Immunity. 12: 
313–322. https://doi.org/10.1016/s1074-7613(00)80184-3
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Provided online is Table S1. Table S1 shows a comparison of LCK genetic variants (mouse versus human).
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