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A partial human LCK defect causes a T cell
immunodeficiency with intestinal inflammation
Victor G. Lui1*, Manfred Hoenig2*, Berenice Cabrera-Martinez1, Ryan M. Baxter1, Josselyn E. Garcia-Perez1, Olivia Bailey1,
Atanu Acharya3,4, Karl Lundquist3, Jesusa Capera5, Paul Matusewicz6,7,8, Frederike A. Hartl6,7,8, Marco D’Abramo9, Josephine Alba10,
Eva-Maria Jacobsen2, Doris Niewolik11, Myriam Lorenz11, Ulrich Pannicke11, Ansgar S. Schulz2, Klaus-Michael Debatin2,
Wolfgang W. Schamel6,7,8, Susana Minguet6,7,8, James C. Gumbart3, Michael L. Dustin5, John C. Cambier1,12, Klaus Schwarz11,13**, and
Elena W.Y. Hsieh1,12,14**

Lymphocyte-specific protein tyrosine kinase (LCK) is essential for T cell antigen receptor (TCR)–mediated signal transduction.
Here, we report two siblings homozygous for a novel LCK variant (c.1318C>T; P440S) characterized by T cell lymphopenia with
skewed memory phenotype, infant-onset recurrent infections, failure to thrive, and protracted diarrhea. The patients’ T cells
show residual TCR signal transduction and proliferation following anti-CD3/CD28 and phytohemagglutinin (PHA) stimulation.
We demonstrate in mouse models that complete (Lck−/−) versus partial (LckP440S/P440S) loss-of-function LCK causes disease with
differing phenotypes. While both Lck−/− and LckP440S/P440S mice exhibit arrested thymic T cell development and profound
T cell lymphopenia, only LckP440S/P440S mice show residual T cell proliferation, cytokine production, and intestinal
inflammation. Furthermore, the intestinal disease in the LckP440S/P440S mice is prevented by CD4+ T cell depletion or regulatory
T cell transfer. These findings demonstrate that P440S LCK spares sufficient T cell function to allow the maturation of some
conventional T cells but not regulatory T cells—leading to intestinal inflammation.

Introduction
Combined immunodeficiencies (CID) comprise a heteroge-
neous cluster of disorders characterized by partial reduction
(not absence) in T cell number and/or function. Patients with
CID suffer from increased susceptibility to various infectious
agents and often exhibit autoimmunity and/or inflammation,
suggesting that residual T cell numbers/function are causa-
tive. Mutations that perturb proximal T cell receptor (TCR)
signal strength and thereby result in CID include defects in
TCR α constant chain (TCRα) (Morgan et al., 2011), cluster of
differentiation of three subunits (CD3γ, CD3δ, CD3ε, CD3ζ) (de
Saint Basile et al., 2004, Gil et al., 2011; Dadi et al., 2003;
Arnaiz-Villena et al., 1992), CD8 (de la Calle-Martin et al.,
2001), RAS homolog family member H (Crequer et al., 2012),
lymphocyte-specific protein tyrosine kinase (LCK) (Hauck
et al., 2012; Li et al., 2016), linker of activation of T cells

(LAT) (Keller et al., 2016; Bacchelli et al., 2017), IL-2–inducible
T cell kinase (ITK) (Huck et al., 2009; Serwas et al., 2014), and
ζ chain–associated protein kinase 70 (ZAP70) (Chan et al.,
1994; Elder et al., 1994). Complete loss-of-function (LOF)
variants/mutations of some of these genes can underlie severe
CID (SCID), defined by a complete lack of T cell numbers/
function. In contrast, less severe degrees of TCR-signal at-
tenuation often permit survival of some T cells, including
autoreactive T cells, normally deleted in the thymus, resulting
in CID. This spectrum of TCR signaling impairment and as-
sociation of immunodeficiency and autoimmunity has been
shown for humans and mice with defects in ZAP70 and other
proteins involved in TCR-dependent signaling (Arpaia et al.,
1994; Chan et al., 1994; Roifman et al., 2010; Tanaka et al.,
2010; Sakaguchi et al., 2012; Siggs et al., 2007). However,
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themechanisms underlying autoimmunity/inflammation initiated
by each of these genes in CID patients have not yet been clearly
delineated.

LCK is a Src family kinase (SFK) essential for TCR signal
transduction and T cell activation (Molina et al., 1992; van Oers
et al., 1996a). Its protein structure comprises three Src homology
(SH) domains—SH4 (involved in membrane localization), SH3,
and SH2. These SH domains are followed structurally by a cat-
alytic kinase domain and a short C-terminal tail (Abraham et al.,
1991; Eck et al., 1994). LCK associates with the intracellular do-
mains of CD4 and CD8 (Veillette et al., 1988; Kim et al., 2003).
Coaggregation of TCR and CD4 leads to rapid activation of LCK
outside lipid rafts, followed by its translocation into lipid rafts
and activation of colocalized FYN tyrosine kinase (Filipp et al.,
2004). The activity of LCK is itself tightly controlled by con-
formational changes governed by phosphorylation and dephos-
phorylation of two regulatory tyrosine residues—one activating
phosphotyrosine located in the kinase domain of LCK (Y394) and
one inhibitory phosphotyrosine in the C-terminal tail of the
protein (Y505) (Abraham and Veillette, 1990; Amrein and
Sefton, 1988).

When the C-terminal inhibitory tyrosine Y505 is phosphor-
ylated, it associates with its own SH2 domain, preventing acti-
vation (“closed” conformation). Dephosphorylation of Y505 by
CD45 results in conformational opening and acquisition of sus-
ceptibility to activation by phosphorylation of Y394 (Yamaguchi
and Hendrickson, 1996; Ostergaard et al., 1989; Mustelin et al.,
1989). The Y505 inhibitory residue is a C-terminal Src kinase
(CSK) substrate (Chow et al., 1993; Bergman et al., 1992). CSK
access to Y505 is controlled by recruitment to the plasma
membrane through CSK-binding protein, which is phos-
phorylated by LCK to create a docking site for CSK. This is a
negative feedback loop where lower global LCK activity is ex-
pected to lead to (1) less phosphorylation of Y505 and (2)
greater kinase activity per LCK molecule. In addition to Y505,
CD45 dephosphorylates other LCK substrates to prevent basal TCR
signaling. Inhibition of TCR signaling by CD45 is partly overcome
by the exclusion of CD45 from TCR microclusters at the immu-
nological synapse (Varma et al., 2006; Leupin et al., 2000; Davis
and van der Merwe, 2006; Kupfer and Singer, 1989; Kupfer et al.,
1986; Douglass and Vale, 2005).

LCK mediates T cell activation by initiating signaling path-
ways that drive mobilization of calcium through activation of
phospholipase C-γ (PLCγ) and protein kinase C (PKC) as well as
activation of the extracellular signal-regulated kinase (ERK)/
mitogen-activated protein kinase (MAPK) pathway (Lovatt
et al., 2006). Signaling through LCK is essential for the devel-
opment of T cell effector potential, particularly for effective
cytokine gene transcription. The Lck−/− mouse model has re-
vealed the criticality of Lck in TCR signaling, thymocyte on-
togeny, and mature T cell activation (van Oers et al., 1996b;
Chiang and Hodes, 2016; Molina et al., 1992). However, studies
of the impact of partial attenuation of Lck function on thymic
T cell development and T cell effector and regulatory functions,
and the development of autoimmunity have not been reported.

Mutations affecting LCK protein expression, phosphoryla-
tion, regulation, and other structural attributes can be expected

to affect its function in TCR signal transduction. Indeed, two
human LCK mutations have been found to be associated with
T cell immunodeficiency (Hauck et al., 2012; Li et al., 2016).
However, how these mutations (1) affect the regulation and ac-
tivity/function of LCK in TCR signal transduction and (2) cause
immunodeficiency and autoimmunity/inflammation remain in-
completely understood. We investigated the molecular and cel-
lular effects of a novel LCK variant (c.1318C>T; p.P440S) in two
siblings presenting with severe T cell lymphopenia, early-onset
viral and fungal infections, failure to thrive, and chronic diar-
rhea. To understand how the P440S LCK variant impacts thymic
T cell development, T cell effector and regulatory functions, and
the development of autoimmunity/inflammation, we used a
knock-in mouse model of the human variant. We hypothesized
that complete LOF LCK variants (i.e., Lck−/−) cause a SCID phe-
notype while partial LOF LCK variants, such as the novel P440S
variant (LckP440S/P440S), cause CID with autoimmunity.

Results
Clinical presentation, immunological phenotype, and
treatment course of siblings with a homozygous P440S
LCK variant
We investigated two brothers born to healthy consanguineous
parents from Saudi Arabia (Fig. 1 A). These brothers (P1, P2)
presented with infant-onset failure to thrive, recurrent viral
and fungal respiratory and gastrointestinal (GI) infections,
and chronic diarrhea (Table 1). P1 developed a pulmonary
emphysematous bulla (Fig. S1 A) after recurrent respiratory
tract infections and, starting at the age of 3 years, esophageal
strictures due to recurrent candidiasis. Infection history in-
cluded HSV stomatitis, oral candidiasis, cryptosporidiosis, and
norovirus and salmonella enteritis. Both patients tolerated
standard childhood vaccinations, including live vaccines Ba-
cille Calmette-Guerin (BCG), oral polio, and measles, mumps,
and rubella. P1 demonstrated protective specific antibody
titers to tetanus and Streptococcus pneumoniae prior to im-
munoglobulin replacement (IVIG) at 4 years of age (Table 1).
Given P1’s history of infection that suggested an inborn error
of immunity (IEI), his younger brother P2 was treated with
IVIG beginning at 0.6 years of age.

Immunophenotyping of patients P1 and P2 at ages 6 and
2.7 years old, respectively, demonstrated severe T cell lympho-
penia with a significantly decreased naı̈ve compartment, unde-
tectable TCR excision circles, and slightly increased frequency of
TCRγδ+ cells (Table 1). The CD4/CD8 ratio was inverted in P1 but
increased for P2 (Table 1). The TCR repertoire showed some
prominent Vβ-rearrangements but was not oligoclonal (Fig. S1
B). Compared with healthy controls (HC), both siblings’ T cells
demonstrated decreased thymidine uptake in response to the
T cell mitogen phytohemagglutinin (PHA) (P1: 40% of control;
P2: 34% of control), TCR/CD28 costimulation (anti-CD3/CD28;
P1: 52% of control; P2: 54% of control), and no response to tet-
anus and candida antigens (Table 1). While total B cell numbers
were within the normal range, isotype-switched memory B cells
were significantly decreased, likely secondary to the significant
T cell lymphopenia (Table 1). Natural killer (NK) and NKT cells
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were significantly reduced in P2 but within the normal range for
P1 (Table 1).

Given the suspicion of IEI, a hematopoietic stem cell trans-
plant (HSCT) was undertaken in P1 and P2 at the age of 6.3 and
3 years, respectively, using the mother as the haploidentical
donor. HSCT induction regimen details are found in Table S1.
Both patients developed mixed donor chimerism of non-T cells
soon after HSCT (Table S2). P1, unfortunately, died on day +102
after transplantation of pneumonia. P2 was treated for BCG-itis
with unilateral axillary lymphadenitis on day +135 and dis-
charged 7 mo after HSCT (Table S1). Both patients received
CD34-positive selected stem cell boosts from the same donor
(mother, as per primary HSCT) due to poor engraftment (Tables
S1 and S2).

3 mo after HSCT, P2 was analyzed by trio whole-exome se-
quencing (Fig. 1 B and Table S3) which revealed a homozygous
missense variant in exon 12 of the LCK gene (NM_005356.5:

c.1318C>T; NP_001036236.1: p.P440S). Residue P440 is located
in the catalytic domain of LCK (Fig. 1 C) and is evolutionarily
conserved among LCK of vertebrates (data not shown). This
variant was predicted to be pathogenic due to several pathoge-
nicity scores including a combined annotation dependent de-
pletion (CADD) score of 26.1 (Table S4). The parents are healthy
first cousins, and both are carriers of the LCK missense variant
(Fig. 1, A and B). The two unaffected siblings were not available
for analysis.

The P440S mutation causes LCK protein instability and
defective TCR signal transduction
In silico 3D protein modeling of P440S LCK suggested distortion
of the activating loops, likely resulting in (1) significant insta-
bility of the region surrounding the P440S variant and (2) al-
tered interaction of Y394 with the neighboring amino acids in
the kinase pseudo substrate domain (Fig. 1 D). Indeed, the

Figure 1. Identification of novel human LCK P440S variant. (A) Pedigree of patients’ families carrying the novel homozygous P440S LCK missense
mutation. (B) Sequencing results of the LCK mutation site within parents and patient siblings. (C) Illustration of LCK protein structure. (D) Superimposition of
the closed and open forms of WT LCK and P440S LCK. Left panel: Superimposition of the two closed forms; the A-loop regions of WT LCK and P440S LCK in
magenta and yellow, respectively. Right panel: Superimposition of the two open forms; the A-loop regions of WT LCK and P440S LCK in magenta and green,
respectively. (E) Root mean square fluctuations of the selected residues of WT LCK (black lines) and P440S LCK (red lines) as provided by molecular dynamics
simulations. (F) Immunoblot of Jurkat cell lines and sorted CD3+ cells from patient PBMCs. (G) Intracellular flow staining of LCK total protein within patient
CD4+ T cells. (H and I) Flow cytometry staining of CD4 and CD8 surface expression on patient T cells. (J) Mass cytometry measurement of intracellular
phosphorylated signaling proteins within CD4+ T cells from patient PBMCs treated with pervanadate compared with untreated HC. Source data are available
for this figure: SourceData F1.
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Table 1. Clinical presentation of P440S LCK patients

Laboratory data upon presentation P1 P2

Age at presentation First days after birth 1.5 mo

Vaccination BCG, Hep B at birth, Hep B, polio (oral), DTP, HiB at 2, 4, 6,
18 mo, MMR at 12 mo

BCG, Hep B at birth, Hep B, polio (oral), DTP,
HiB at 2, 4, 6 mo

Clinical condition before HSCT Age: 6.7 years
Weight: 17.0 kg (<3rd percentile)
Feeding via PEG
Coarse “strawy” hair, thrush, distended abdomen,
hepato-/splenomegaly
Pulmonary CT: Bronchiectasis and emphysematous bulla
left lower lobe

Age: 2.8 years
Weight: 9.0 kg (<3rd percentile)
Hepato-/splenomegaly

Complete blood count (reference ranges)

Leukocytes (cells/μl) 6,500 (5,200–11,000) 3,600 (5,200–11,000)

Hemoglobin (g/dl) 11.2 (11.9–14.7) 9.0 (10.8–12.8)

Platelet count (cells/μl) 690,000 (247–436 × 10e3) 202,000 (286–509 × 10e3)

Neutrophils (cells/μl) 3,130 (2,000–9,000) 1,510 (2,000–9,000)

Eosinophils (cells/μl) 0 (80–600) 0 (80–600)

Basophils (cells/μl) 6 (0-120) 0 (0–120)

Monocytes (cells/μl) 710 (80–720) 430 (80–720)

Lymphocytes (cells/μl) 2,450 (2,300–5,400) 1,656 (2,300–5,400)

T cell (CD3+) phenotype (reference ranges)

CD3+ (cells/μl) 494 (1,400–3,700) 298 (1,400–3,700)

CD3+CD4+ T cells (cells/μl) 93 (700–2,200) 232 (700–2,200)

CD3+CD8+ T cells (cells/μl) 345 (490–1,300) 33 (490–1,300)

Näıve T cells (% CD45RA+/CCR7+ of CD3+CD4+

cells/μl)
1 (45–83) 3 (45–83)

TCRαβ+/TCRγδ+ T cells (cells/μl) 445 (1,320–3,780)/49 (90–500) 248 (1,320–3,780)/33 (90–500)

TCRαβ+/TCRγδ+ T cells (% of CD3+) 89/10 86/11

TRECs (number of copies) 0 (>8) 0 (>8)

NK-like T cells (cells/μl)
CD3+CD56+CD16+

25 (2–80) 0 (2–80)

T cell (CD3+) function (% of control)

(SI, [% of control])
PHA
CD3/CD28
MLC
Tetanus
Candidin

111 (40)
101 (52)
10 (10)
1 (0)
6 (0)

349 (34)
374 (54)
23 (11)
1 (0)
33 (41)

B cell phenotype (reference ranges)

CD19+ (cells/μl) 963 (390–1,400) 1291 (390–1,400)

Näıve B cells (% CD19+IgD+CD27− of
CD19+ cells/μl)

99 (47.3–77.0) 99 (54.0–88.4)

Transitional B cells (% CD19+IgM++CD38++ of
CD19+)

50 (4.6–8.3) 12 (3.1–12.3)

Memory B cells (% CD19+CD27+ of
CD19+ cells/μl)

0.5 (18.6–46.7) 0.7 (7.8–37.1)

Switched memory B cells (% CD19+CD27+IgM− of
CD19+ cells/μl)

0 (10.9–30.4) 0.1 (4.7–21.2)

Marginal zone–like B cells (% CD19+IgM+IgD+CD27+

of CD19+ cells/μl)
0.4 (5.2–20.4) 0.6 (2.7–19.8)

KRECs (number of copies) 209 (>4) 260 (>4)
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greater root mean square fluctuation of the primary sequence
surrounding P440S predicts higher mobility of this region
compared with wild type (WT) LCK (Fig. 1 E). One of these three
simulations showed instability of the Y394 activation loop for
P440S LCK. To validate this in silico prediction, LCK protein
levels in peripheral blood mononuclear cells (PBMC) were
evaluated by immunoblotting and flow cytometry. These ex-
periments revealed a ∼10-fold reduction in LCK protein levels
in T cells of both patients when compared with an age- and sex-
matched HC (Fig. 1, F and G). CD4 surface expression was also
decreased in CD4+ T cells from P1 and P2 compared to HC and a
ZAP70-deficient patient (ZAP70 p.A570T, ZAP70 def) (Fig. 1 H).
CD8 surface expression on P1, P2, and ZAP70 def CD8+ T cells
were all decreased relative to WT (Fig. 1 I). Notably, the
downregulation of CD4 in P1 and P2 was more pronounced than
CD8. These observations support the uniqueness of the LCK and
ZAP70 defects. Decreased CD4 surface expression in P1 and P2 is
consistent with the role of LCK in stabilizing CD4 coreceptor re-
tention on the cell surface (Horkova et al., 2023; Pelchen-Matthews
et al., 1992). Selective impairment of CD8+ T cell development and
survival is characteristic in patients with ZAP70 defects (Arpaia
et al., 1994; Ashouri et al., 2022; Schim van der Loeff et al., 2014).

To assess TCR signaling in the patients’ T cells, we performed
mass cytometry (Table S5) on their PBMC treated with perva-
nadate and measured the phosphorylation of protein targets
involved in TCR signal transduction. Both patients demonstrated
decreased phosphorylation of LCK Y394, CD3ζ, ZAP70, and SH2
domain–containing leukocyte protein of 76 kD (SLP76). How-
ever, some preservation of phosphorylation of more distal sig-
naling proteins including PLCγ, ITK, and protein kinase B (AKT)
serine/threonine kinase phosphorylation was observed (Fig. 1 J).
Pervanadate inhibits CD45 and other tyrosine phosphatases,
allowing spontaneous accumulation of phosphorylated sub-
strates and assembly of signalosomes. In a synapse, close cellular
contact excludes CD45 and acts locally like pervanadate (Davis
and van der Merwe, 2006). Hence, the use of pervanadate here
serves as a surrogate for TCR stimulation to induce maximal
phosphorylation. When PBMC were treated with pervanadate,
we expected to see phosphorylation of the proteins downstream

of TCR signal transduction that are seen when TCR signaling
cascades are intact, as seen in HC T cells treated with pervana-
date. However, while in the ZAP70-deficient patient, LCK Y394
phosphorylation was intact, phosphorylation of other proximal
TCR-signaling intermediaries such as CD3ζ, ZAP70, and SLP76
was abrogated (Fig. 1 J).

In P1 and P2, downstream phosphorylation of signaling pro-
teins PLCγ1, ITK, and AKT was less affected than the proximal
signaling responses. Proximal defects may exist but may be se-
lectively obscured by signal amplification. P1 and P2 demonstrated
a similar signaling impairment as the ZAP70-deficient patient,
presumably due to the requirement for LCK to phosphorylate
ZAP70 during TCR signal transduction (Fig. 1 J). The lack of
proximal phosphorylation induced by pervanadate suggests that
early TCR signaling is impaired. However, whether this TCR sig-
naling defect is due to decreased T cell LCK expression, regulation,
or function cannot be addressed in primary human PBMC.

As expected, B cell antigen receptor downstream signal
transduction was unaffected by P440S LCK (data not shown).
However, while the numbers of total B cells remained similar to
age-matched HC, isotype-switched CD27hi memory B cells were
decreased, likely secondary to lack of CD4+ T cell helper function
(Table 1 and Fig. S1, C–E).

P440S LCK cell lines exhibit defective TCR signal transduction
even when P440S LCK protein levels are normalized to
WT LCK
To understand whether the observed TCR signal transduction
defect in P1 and P2 was due to the reduced LCK protein ex-
pression or function (or both), we transduced the LCK-deficient
J.CaM 1.6 cell line using a bicistronic lentiviral vector encoding
LCK and a green fluorescent protein (GFP) reporter. Trans-
fectants were produced that express either WT or P440S LCK.
LCK protein levels in the P440S cell line were significantly lower
than in the WT cell line, even when sorted based on equivalent
GFP expression, corroborating the observations in the human
PBMCs (Fig. S2 A). To test the possibility that P440S LCK has
reduced protein stability, we examined steady-state LCK protein
stability by inhibiting protein translation with cycloheximide

Table 1. Clinical presentation of P440S LCK patients (Continued)

Laboratory data upon presentation P1 P2

Serum immunoglobulins

IgG serum level (g/liter) 8.5a (2.9b) (5–14.6) 7.5a (4.5–9.2)

IgM serum level (g/liter) 0.26 (0.24–2.10) 1.74 (0.19–1.46)

IgA serum level (g/liter) 0.08 (0.27–1.95) 0.76 (0.2–1.0)

Specific antibodiesb Tetanus, S. pneumoniae n.d

Age-matched reference values for B cell subpopulations taken from Piątosa et al. (2010); age-matched reference values for other blood cell counts taken from
Shearer et al. (2003) or certified internal control series. Reference values are age matched. Abnormal values are in bold. Hep B: hepatitis B; DTP: diphtheria,
tetanus, pertussis; HiB: hemophilus influenzae type B; MMR: measles, mumps, and rubella; PEG: percutaneous endoscopic gastrostomy; MLC: mixed
lymphocyte culture.
aIgG serum level after start of substitution.
bReported IgG serum level/specific antibodies before the start of substitution.
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and measured LCK protein levels over time. This experiment
revealed that P440S LCK protein half-life is shorter than WT
LCK (Fig. 2, A and B; and Fig. S2 B), and is therefore consistent
with findings from the in silico 3D protein stability analysis
(Fig. 1, D and E). Additionally, immunoblotting of the transduced
J.CaM 1.6 cell line lysates demonstrated decreased basal levels of
pY505 on P440S LCK compared with WT LCK (Fig. S2 C).

Importantly, WT and P440S cell lines expressed equivalent
levels of CSK and FYN (Fig. S2, D and E).

To investigate the effects of P440S LCK on TCR signaling
(independent of the LCK protein expression defect), we sorted
the transduced J.CaM 1.6 cell lines based on GFP expression and
confirmed comparable WT and P440S LCK protein expression
by immunoblot (Fig. S2 A). To circumvent compensation effects

Figure 2. P440S mutation causes protein instability, decreased protein expression, and defective TCR signaling. (A and B) Protein stability assay (A)
and protein half-life (B) of WT and P440S LCK. (C and D) Immunoblot of TCR-mediated global tyrosine phosphorylation (C) and titration curve of TCR-
mediated calcium responses (D) of transduced J.CaM 1.6 cell lines. (E) Measurement of TCR-mediated pERK activation in inducible Jurkat cell line expression
system. (F–H) Transduced J.CaM 1.6 lines stimulated on SLB visualized by TIRF (F) and measurement of resultant synaptic LCK recruitment (G) and synaptic
ZAP70 phosphorylation (H). Data in A–H are representative of results from at least two independent experiments. Experiments in A, B, D, and E have three
samples per group. Data points in F–H are measurements of single cells with at least 90 samples per group. Error bars represent mean and SEM. *P < 0.05,
****P < 0.0001. Not significant unless stated by an asterisk in the figure. Unpaired t test was used to test for statistical significance in B and D. Ordinary one-
way ANOVA with Tukey’s multiple comparisons test was used to test for statistical significance in E, G, and H. Source data are available for this figure:
SourceData F2.
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that may arise from the constitutive LCK expression in the
transduced J.CaM 1.6 cell line, we transfected Jurkat (Jk) cells
lacking expression of endogenous LCK (Jk.LckKO) with
doxycycline-inducible WT (Jk.LckKO + WT LCK) or P440S LCK
(Jk.LckKO + P440S LCK). Upon doxycycline treatment, ∼30% of
the transduced cells expressed LCK (Fig. S2 F), normalizing LCK
expression levels across the induced cell lines. Both the trans-
duced J.CaM 1.6 and inducible Jk.LckKO cell lines were stimu-
lated by crosslinking TCRwith soluble anti-CD3. In these P440S
LCK cell line systems, we observed nearly absent TCR-mediated
(1) global tyrosine phosphorylation (Fig. 2 C), (2) calcium mo-
bilization (Fig. 2 D and Fig. S2, G andH), and (3) phosphorylation
of ERK (pERK) (Fig. 2 E). Phosphorylation of CD3ζ Y142, and
ZAP70 Y319 in the empty vector and P440S LCK transduced
J.CaM 1.6 cell lines was impaired (Fig. S2 I). We also observed
delayed and diminished PLCζ Y783 phosphorylation, consistent
with the inability to mobilize a TCR-mediated calcium. Surface
expression of CD3 and ionomycin-induced calcium responses
were comparable within the transduced J.CaM 1.6 cell lines (Fig.
S2, J and K). These findings demonstrate an intrinsic functional
defect, in addition to the expression defect caused by protein
instability, regardless of whether P440S LCK is introduced in a
constitutively expressed or inducible system.

Stimulation experiments using soluble anti-CD3 do not
benefit from CD45 exclusion from TCR microclusters. To de-
termine if P440S LCK can generate a signaling response under
conditions that simulate synapse formation, we stimulated the
transduced J.CaM 1.6 cell lines using supported lipid bilayers
(SLBs) presenting laterally mobile anti-CD3 along with adhe-
sion/costimulatory molecules intercellular adhesion molecule
1 (ICAM-1, or CD54), CD58, and CD80. We then examined early
TCR signaling events at the synaptic interface using total in-
ternal reflection fluorescence (TIRF) microscopy, a subcellular
assessment of TCR signalosome output that is quantified at a
single cell level (Fig. 2 F). In the P440S LCK J.CaM 1.6 cell line,
the TCR-mediated recruitment of P440S LCK was below the
detection limit established by the comparison to the response of
the empty vector negative control and WT LCK positive control
cell lines (Fig. 2 G). However, P440S LCK J.CaM 1.6 generated
an intermediate synaptic ZAP70 phosphorylation response
between the empty vector negative control and WT LCK posi-
tive control cell lines (Fig. 2 H). These findings, while they are
in a constructed system with supraphysiologic stimuli, suggest
that P440S LCK fail to recruit to TCR microclusters but can
partially phosphorylate ZAP70 at synapses.

The LckP440S/P440S knock-in mouse recapitulates the patients’
clinical and immunological phenotype while the Lck−/− mouse
does not
The findings from the study of primary human cells and cell lines
demonstrated that the P440S mutation leads to significantly
decreased LCK protein levels and impaired TCR signal trans-
duction. To investigate the in vivo impact of P440S LCK, we
compared the Lck−/− (KO) mouse to a newly generated CRISPR/
Cas9 knock-in mouse bearing the murine homolog of the human
LCK P440S variant (LckP440S/P440S, P440S). Founder animals were
screened for off-target effects and propagated. Like the carrier

parents, heterozygous P440S mice did not exhibit detectable
phenotypic or immunological abnormalities (data not shown).

The homozygous LckP440S/P440S mice showed a heritable im-
munological and symptomatic phenotype similar to that of the
patients, with no significant differences observed between
males and females. These shared characteristics between the
P440S mice and the patients include (1) a 20- and 50-fold re-
duction in Lck protein expression by splenic CD4+ and CD8+

T cells, respectively (Fig. S3 A); (2) severe (splenic) T cell
lymphopenia (Fig. 3, A and B); (3) decreased CD4 and CD8 ex-
pression by T cells (Fig. 3, C and D); and (4) skewed CD4+ T cell
memory phenotype (Fig. 3, E and F). Naı̈ve (CD44loCD62Lhi)
CD4+ T cell numbers were reduced in the spleens andmesenteric
lymph nodes (mesLN) of KO and P440Smice compared withWT
(Fig. S3, B and C). However, compared with WT mice, P440S
mice showed decreased numbers of effector memory (Tem,
CD44hiCD62Llo) CD4+ T cells in the spleen but similar numbers in
mesLN (Fig. 3, G and H). These findings demonstrate the accu-
mulation of the Tem compartment in the P440S mice in the
intestinal draining LN only, suggesting a local T cell–driven
process. Additionally, both young P440S (aged 6 wk) and KO
mice showed similar B cell numbers (Fig. S3 D). These findings
demonstrate that the LckP440S/P440Smouse model phenocopies the
P440S LCK patients. Hence, its comparison with the Lck−/−

mouse model serves to define the difference between the impact
of a Lck complete defect (KO) and a partial defect (P440S) on TCR
signal transduction, T cell selection, T cell development, and
T cell differentiation processes.

In contrast to KO mice, P440S mice developed intestinal in-
flammation (Fig. 3, I–M), weight loss (Fig. 3 N), and spleno-
megaly (Fig. 3 O and Fig. S3, E–G), suggesting that residual
P440S LCK protein enables the GI pathology in P440S mice. The
splenomegaly in the P440S mouse was composed primarily of
B220+ B cells and CD3−B220− non-T/B cells, similar to the
mesLN, which drain the intestines (Fig. S3, G and H). At ∼20 wk
of age, only the P440S mice demonstrated gross and histological
evidence of intestinal inflammation. These mice displayed in-
creased (1) lymphocytic infiltrate (Fig. 3 J), (2) colonic swelling
(Fig. 3 K), (3) crypt length (Fig. 3 L), (4) number of lymphoid
aggregates per histological section (Fig. 3 M), and (5) intestinal
permeability (Fig. S3 I). Multispectral imaging of intestinal tis-
sue from P440S mice showed (1) increased cellularity, (2) pro-
fuse macrophage (F480+), CD4+ T cell, CD3+ double negative
(DN) T cell (CD3+CD4−CD8−), and B cell (B220+) infiltration, and
(3) similar regulatory T cell (Treg) numbers (CD3+CD4+FOXP3+)
(Fig. 4, A and B).

Additionally, assessment of serum and supernatant from
intestinal tissue cultures revealed elevation of IFNγ, IL-10, IL-12,
L-1β, IL-2, IL-6, keratinocyte chemoattractant/human growth-
regulated oncogene (KC/GRO), TNFα, and IL-17A in the P440S
mice only, supporting the likelihood of systemic and local in-
flammatory processes (Fig. 4, C and D). Interestingly, IL-6 and
KC/GRO were only elevated in the serum, suggesting a more
innate proinflammatory picture in the periphery. Intracellular
cytokine staining of lamina propria from P440S mice revealed
TNFα production in CD3+ DN T cells and B220+ B cells (Fig. 4 E),
while IFNγ was largely produced by the non-T/B compartment
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(CD3−B220−) and CD4+ T cells (Fig. 4 F). Further supporting the
local nature of T cell–driven inflammatory process in the P440S
mouse, our results demonstrated increased CD45+ lympho-
cytes that are (1) IFNγ-producing CD4+ T cells and (2) IL-
17A–producing CD3+ DN T cells (Fig. 4, F and G). These data
demonstrate that the P440S Lck mutation causes partial LOF
and that residual T cell activity underlies the local intestinal
inflammation.

The KO and P440S mice demonstrate similar thymic T cell
defects but distinct peripheral T cell functional properties
Compared to WT mice, both P440S and KO mice showed sig-
nificant thymic hypocellularity (Fig. 5 A) and arrest in T cell
development, with significant decreases of double positive
(CD4+CD8+, DP), single positive CD4 (CD3+CD4+, SP4), single
positive CD8 (CD3+CD8+, SP8), and thymic-derived Tregs (nTregs,

Fig. 5, B–I). In particular, there was a halt in the progression from
DN stage 3 to DN4 (Fig. 5, J and K; and Fig. S4 A). Additionally,
fewer KO and P440S thymocytes underwent positive selection
(TCRβ+CD69+) (Fig. S4, B–D). CD5 is a negative regulator of TCR-
mediated signaling and its surface expression by SP thymocytes
correlates with positively selecting TCR signal transduction
(Tarakhovsky et al., 1995; Azzam et al., 1998). Both KO and P440S
DP cells displayed decreased CD5 expression compared with WT
(Fig. S4, E–H), specifically by DP1 (CD69loTCRβlo) preselec-
tion thymocytes (Fig. S4, I–L). However, while CD5 expression
on SP4 thymocytes was similar across genotypes (Fig. S4 G), both
KO and P440S T cells had greater CD5 expression by SP8 cells
compared with WT (Fig. S4 H). Our findings indicate that Lck
deficiency hinders DP and SP thymocyte development consid-
erably and suggest that positive selection signals can still occur
in DP thymocytes despite the signaling defect. Assessment of

Figure 3. P440S mice phenocopy patients’ T cell phenotype and intestinal inflammation. (A and B) Total numbers of splenic CD4+ (A) and CD8+ (B)
T cells from indicated mice. (C and D) Surface expression of CD4 (C) and CD8 (D) on splenic T cells. (E and F) Frequencies of CD62LhiCD44lo näıve (E) and
CD62LloCD44hi memory (F) splenic CD4+ T cell subsets. (G and H) Total numbers of CD62LloCD44hi memory CD4+ T cells from spleen (G) and mesLN (H). (I and
J) Gross (I) and H&E histological (J) images of large intestines from mice of the indicated genotype. (K) Ratios of colon length and mass (K). (L and M) Average
crypt length (L) and number of lymphoid aggregates per histological section (M) from H&E histology. (N and O) Masses of mice (N) and whole spleens (O).
Length of the scale bar in I is 1 cm. Length of bars in J is 200 μm. All measurements were taken from mice at 20 wk of age. Experiments in A–O are rep-
resentative of results from three independent experiments with 5–11 mice per group. Error bars represent the median and 95% CI. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001. Not significant unless stated by an asterisk in the figure. Kruskal–Wallis accounting for multiple comparisons was used to test for
statistical significance for all experiments.
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peripheral CD4+ Tem TCR Vβ frequency did not show an oli-
goclonal repertoire (Fig. S4, M–P).

We evaluated interferon regulatory factor (IRF) 4 expression
in response to anti-CD3/CD28 stimulation of total splenic CD4+

T cells and calcium mobilization by splenic CD4+ näıve (CD44lo)
T cells. Compared with the WT, both the KO and P440S CD4+

T cells displayed significantly decreased IRF4 expression
(Fig. 6 A) and calcium mobilization (Fig. 6, B and C). How-
ever, splenic P440S CD4+ T cells generated a greater TCR-
mediated proliferative response compared with KO CD4+

T cells, but both were significantly decreased compared with
WT (Fig. 6, D–F). These data are consistent with the patients’
T cell proliferation observed in response to anti-CD3/CD28,
where proliferation was significantly decreased but not ab-
sent compared with HC (Table 1).

These findings demonstrate that while the KO and P440S
mice have similarly defective thymic T cell selection and de-
velopment, and while their T cells differentiate in the periphery
under similar lymphopenic environments, only the partial LOF
defect in the P440S mice spares enough T cell function to enable
systemic and intestinal tissue inflammation.

The CD4+ T cells in the P440S mice are required to initiate
intestinal inflammation
While the lymphopenic environment exerts pressure on both
KO and P440S T cells to undergo proliferation, only the P440S
T cells demonstrated the ability to proliferate following TCR
stimulation. The P440S proliferative advantage coupled with a
thymic selection defect, which likely results in a TCR repertoire
skewed toward autoreactivity, may account for the increased

Figure 4. P440S mice intestinal inflammation demonstrates increased T/B lymphoid aggregates and Th-17 skewing. (A and B)Multispectral imaging
of large intestines (A) and mean counts of indicated cell type per region of interest (ROI) (B) fromWT and P440S mice. (C and D) Cytokine concentration from
serum (C) and colon culture supernatants (D). (E–G) Intracellular cytokine staining of dissociated lamina propria cells. All measurements were taken from mice
at 20-wk of age. Experiments in A–G are representative of results from two independent experiments with four to six mice per group. The length of bars in A is
200 μm. Error bars represent the median and 95% CI. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Not significant unless stated by an asterisk in figure.
Kruskal–Wallis accounting for multiple comparisons was used to test for statistical significance for all experiments.
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T cell lymphocytic infiltrate and cellularity observed in the
intestinal tissue of the P440S mice relative to the KO and WT
mice (Figs. 3 and 4). Indeed, CD4+ T cells frommesLN in P440S
mice expressed increased levels of activation markers CD69
and programmed cell death 1 (PD-1) (Fig. 7, A and B). Addi-
tionally, P440S CD4+ T cells produced IFNγ during active
disease (Fig. 7 C), suggesting that the proliferating activated
CD4+ T cells in P440S mice play a critical role in intestinal
inflammation.

To investigate the role of the T cell infiltrate in the intestinal
inflammation observed in P440S mice, we evaluated the effect of
CD4+ T cell depletion on intestinal disease. Weekly injections of

anti-CD4mAb (clone GK1.5) or isotype control mAb began at 4 wk
of age, prior to colitis development (typically 10–12 wk), and
lasted until 20 wk of age where colitis is typically overt in
P440S mice. CD4+ T cells were effectively absent from the
spleen, mesLN, and lamina propria following this regimen
(Fig. S5, A–D). Compared with untreated P440S mice, CD4-
depleted P440S mice demonstrated a significant reduction
in various measurements of intestinal inflammation (Fig. 7,
D–J). In fact, all of these parameters in the CD4-depleted
P440S mice were similar to those of WT mice. These find-
ings demonstrate the requirement of CD4+ T cells in the initi-
ation of colitis in P440S mice.

Figure 5. P440S and KO mice have defective T cell thymic development. (A) Total thymocyte cell counts from mice of the indicated genotypes. (B) Flow
staining of thymic cellular subsets, gated on total live thymocytes. (C–H) Frequencies and cell counts for subsets of thymic T cell precursors (CD4−CD8− [DN],
CD4+CD8+ [DP], CD3+CD4+CD8− [mature SP4], CD3+CD4−CD8+ [mature SP8]). (I) Frequency of thymic-derived Tregs (mature SP4 CD25+FOXP3+, nTregs). (J
and K) Frequency and counts of thymic DN subpopulations (CD25−CD44+ [DN1], CD25+CD44+ [DN2], CD25+CD44− [DN3], CD25−CD44− [DN4]). Experiments
in A–K are representative of results from three independent experiments with 4–11 mice per group. Error bars represent the median and 95% CI. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001. Not significant unless stated by an asterisk in the figure. Kruskal–Wallis accounting for multiple comparisons was
used for statistical significance testing for all experiments.
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WT Tregs prevent intestinal inflammation development in
P440S mice
To investigate the possibility that Treg deficiency contributes to
P440S intestinal disease, we evaluated the Treg compartment
from the spleen and mesLN in WT, KO, and P440S mice. In the
spleen, Treg frequency and absolute numbers in P440S and KO
mice were reduced compared with WT (but similar to each
other) (Fig. 8, A and B; and Fig. S5 E). However, in the mesLN,
P440S mice showed increased Treg frequency compared with
KO, but both KO and P440S mice have significantly decreased
Treg cell numbers thanWT (Fig. 8, C and D). Both P440S and KO
mice demonstrated an increased ratio of CD4+ Tem to Tregs
compared with theWTmice (Fig. 8 E). Tregs fromKO and P440S
mice demonstrated impaired in vitro suppressive activity
(Fig. 8 F and Fig. S5 F). However, despite a similarly imbalanced
Tem/Treg ratio and defective in vitro Treg function, the KOmice
do not develop intestinal inflammation.

Our findings suggest that in the KO mice, neither Treg nor
Tem harbor enough functional/proliferative capacity to gener-
ate and maintain their regulatory and effector functions. In
contrast, the P440S Lck mutant could preserve enough residual
Lck activity to allow the function of Tem, but not Treg, in P440S
mice. To determine if a functional Treg compartment could al-
leviate P440S intestinal inflammation, we transferred purified
GFP-expressing WT Tregs into 6-wk-old P440S mice and al-
lowed for WT Treg expansion and immunomodulation until 20
wk of age (Fig. S5, G and H). Similar to the results observed with
the CD4 depletion, infusion of WT Tregs into P440Smice restore
various indicators of intestinal inflammation to those similar in
WTmice (Fig. 8, G–N). Thus, a significantly reduced number and
function of endogenous Tregs may result in a breakdown of
Treg-mediated peripheral tolerance, rendering P440S mice
susceptible to intestinal inflammation.

Taken together, our findings indicate that the P440S LCK
mutation causes partial LOF. Although attenuated, TCR signal
transduction under P440S LCK is sufficient for thymic selection
and maturation of some conventional T cells (Tconv) and for
partial retention of proliferative capacity. In the periphery, the
P440S Tconv become activated under lymphopenic homeostatic
pressure and possibly by environmental stimuli from the GI
tract. In conjunction with deficient endogenous P440S Treg
numbers and function, the unrestrained Tconv consequently
drive intestinal inflammation in P440Smice. This contrasts with
the KO wherein the complete loss of LCK expression and func-
tion causes defective TCR signaling to a degree that is insuffi-
cient for the proliferation and function of Tconv and Tregs.

Discussion
There is growing evidence that mutations that compromise TCR
signal strength can differentially affect T cell tolerance and
immunity. For example, complete versus partial LOF mutations
in ZAP70, LAT, and SLP76 lead to SCID versus CID with immune
dysregulation phenotypes, respectively (Elder, 1997; Elder et al.,
1994, 1995; Bacchelli et al., 2017; Keller et al., 2016; Lev et al.,
2021; Chan et al., 2016; Hsu et al., 2009; Sommers et al., 2002).
Immune dysregulation is a negative prognostic factor for sur-
vival in patients with CID, even for patients who are eventually
treated by HSCT (Fischer et al., 2017). Hence, understanding the
degree of T cell function impairment due to such mutations is
critical to improving outcomes in CID.

A previously described LCK exon 3 splice mutation caused
accelerated LCK mRNA decay with T cell immunodeficiency and
severe viral susceptibility without autoimmunity—this muta-
tion could have resulted in a total lack of protein expression, but
protein expression and function were not assessed (Li et al.,

Figure 6. CD4+ T cells from P440S mice
demonstrate increased proliferation com-
pared to KO mice, despite similar TCR signal
transduction profiles. (A) Fold change re-
sponse of TCR-mediated IRF4 induction was
calculated as the mean fluorescence intensity
(MFI) ratio of stim/no stim at each concentration
of anti-CD3/CD28. (B) TCR-mediated calcium
mobilization in splenic CD4+CD44lo T cells.
(C) Area under the curve quantitation of the
calcium response was calculated for the time
between the addition of anti-CD3 and the ad-
dition of ionomycin. (D–F) Ex vivo proliferation
of CTV-loaded splenocytes stimulated with
anti-CD3/CD28. Flow plots are gated on live
CD4+ T cells. All experiments were performed
on mice 5–6 wk of age. Experiments in A–F are
representative of results from three indepen-
dent experiments with three to six mice per
group. Error bars represent mean and SEM.
*P < 0.05, **P <0.01, ***P < 0.001, ****P < 0.0001.
Not significant unless stated by asterisk in figure.
Ordinary one-way ANOVA with Tukey’s multiple
comparisons test was used to test for statistical
significance for all experiments.
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2016). Another previous report that described an L341P LCK
mutation concluded that there was a complete loss of kinase
activity, explaining the T cell immunodeficiency (Hauck et al.,
2012). However, this patient also displayed skin and joint in-
flammation. The possibility that residual LCK function remained
was not fully excluded. We report a novel human LCK variant
and unravel the mechanism by which complete versus partial
LOF of LCK lead to different disease phenotypes using mouse
models harboring the null (KO) or novel human homologous
variant (P440S). The P440S LCK variant caused protein
structural instability and partial LOF, leading to immuno-
deficiency due to “hypoactive” T cells (defective TCR-signal
transduction) and immune dysregulation due to residual
T cell proliferation and cytokine production (CID with auto-
immunity). In contrast, the null led to immunodeficiency only.

Residue L341 lies within the αE helix of LCK and the L341P
mutation led to decreased protein expression in the patient’s
PBMC (Hauck et al., 2012). The P440S variant was expressed at
similarly low levels in patients’ PBMC, cell line models, and
P440S murine splenic T cells (Figs. 1 and 2; and Fig. S3 A). We
explored the basis of decreased P440S LCK protein expression
using multiple approaches. Protein structure modeling pre-
dicted instability in both (1) the local amino acid region sur-
rounding the P440S variant site and (2) the activation loop that
bears Y394 (Fig. 1, D and E). These data suggest disruption of the
intramolecular interaction between the two seemingly distant
protein regions when P440 is substituted with serine. The P440
and P442 residues within LCK are highly conserved evolution-
arily and located in a loop that joins the αF and αG helices
(Gonfloni et al., 1997). Due to the unique molecular rigidity of

Figure 7. CD4+ T cells initiate intestinal inflammation in P440S mice. (A and B) Frequencies of CD4+CD69+ and CD4+PD-1+ T cells from mesLN.
(C) Frequency of IFNγ-producing lamina propria CD4+ T cells. (D) Whole spleen masses from P440S mice that received CD4-depleting mAb (GK1.5
mAb) or isotype mAb. (E and F) Gross (E) and H&E histological (F) images of large intestines from untreated P440S mice, isotype-treated P440S mice, or
CD4-depleted P440S mice. (G) Ratios of colon length and mass. (H and I) Average crypt length (H) and number of lymphoid aggregates per histological
section (I) from H&E histology. (J) Cytokine concentration from colon culture supernatants. All measurements were taken frommice at 20-wk of age. Length
of scale bar in E is 1 cm. Length of bars in F is 200 μm. Experiments in A and B are representative of results from three independent experiments with 4–11
mice per group. Experiments in C–J are representative of results from two independent experiments with 3–10 mice per group. Error bars represent the
median and 95% CI. *P < 0.05, **P < 0.01, ***P < 0.001. Not significant unless stated by asterisk in figure. Kruskal–Wallis accounting for multiple com-
parisons was used for statistical significance testing for experiments in A–C and J. Unpaired t test between P440S (isotype) and P440S (anti-CD4) was used
to test for statistical significance for experiments in D and G–I.
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proline, P440 and P442 are likely critical in stabilizing secondary
protein structure. Substitution of P440 with serine may confer
flexibility to this region that P442 alone cannot maintain, which
could result in less stable folding and a shorter protein half-life.
We also tested P440S LCK protein directly by measuring protein
half-life in cells. This experiment confirmed that the protein has
reduced stability.

Consistent with the findings from studies of L341P and P440S
LCK cell line data (Fig. 2), both P440S and KO mice demonstrate
defective TCR signal transduction (Fig. 6). Yet, P440S mice
demonstrate CD4+ T cell–dependent intestinal inflammation,
suggesting that LOF is only partial (Fig. 7). Consistent with this
possibility, P440S CD4+ T cells outperformed the KO CD4+ T cells
in TCR-mediated proliferation studies despite the similar (1)

Figure 8. Regulatory T cell deficiency contributes to P440S intestinal inflammation. (A–D) Frequencies and counts of Tregs isolated from spleen (A and
B) and mesLN (C and D). (E) Ratios of the percentage of effector memory (CD62LloCD44hi) CD4+ T cell to Tregs from mesLN. (F) In vitro suppression assay of
enriched CD4+CD25+ Tregs from mice of the indicated genotypes. Tconv are enriched CD4+CD25− T cells from WT CD45.1 mice. (G and H) Gross (G) and H&E
histological (H) images of large intestines from GFP+ WT Treg adoptive transfer experiments. (I) Whole spleen masses from GFP+ WT Treg adoptive transfer
experiments. (J) Ratios of colon length and mass. (K and L) Average crypt length (K) and number of lymphoid aggregates per histological section (L) from H&E
histology. (M) Frequencies of endogenous (GFP−) CD4+CD69+ T cells in mesLN from Treg adoptive transfer experiments. (N) Cytokine concentration from
colon culture supernatants. All measurements were taken frommice at 20-wk of age. The length of the scale bar in G is 1 cm. The length of bars in H is 200 μm.
Experiments in A–F are representative of results from three independent experiments with 3–11 mice per group. Experiments in G–N are representative of
results from two independent experiments with 4–11 mice per group. Error bars represent the median and 95% CI. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001. Not significant unless stated by an asterisk in the figure. Kruskal–Wallis accounting for multiple comparisons was used for statistical significance
testing in N. Ordinary one-way ANOVA with Tukey’s multiple comparisons test was used to test for statistical significance in A–F. Unpaired t test between
P440S and P440S (+Treg) was used to test for statistical significance in I–M.
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TCR signal transduction defect (Fig. 6), (2) arrest in thymic T cell
development (Figs. 5 and S4), (3) and lymphopenic environment
in both animal models (Fig. 3). Results of our TCR signaling
studies are consistent with those from several other proximal
TCR signaling gene defects (Figs. 2, 6, and S2), where weak/
residual TCR signaling results in decreased/residual T cell pro-
liferation and immune dysregulation symptomatology (Arnaiz-
Villena et al., 1992; Tokgoz et al., 2013; Chan et al., 2016). Similar
frequencies of P440S and KO CD4+ T cells underwent cell divi-
sion (Fig. 6 F), suggesting that P440S LCK protein does not impel
more CD4+ T cells to enter cell division, but it is sufficient to
promote a more durable proliferation program.

This capacity for sustained proliferation is likely due to a TCR
signal transduction advantage in the P440S compared with the
KO, despite similarly defective IRF4 and calcium responses
(Fig. 6, A–C). Exclusion of CD45 phosphatase from the contact
region of the immunological synapse can shift equilibrium to
the phosphorylated state of the TCR complex and ZAP70 by re-
ducing the local phosphatase activity, an effect similar to inhi-
bition using pervanadate, but locally in TCRmicroclusters rather
than throughout the cell (McNeill et al., 2007; Furlan et al., 2014;
Varma et al., 2006). As such, TCR crosslinking experiments of
P440S LCK cell lines with soluble anti-CD3 likely fail to segregate
CD45 from TCR signalosomes and resulted in almost undetect-
able tyrosine phosphorylation or calcium mobilization (Fig. 2, C
and D; and Fig. S2, G–I). When we assessed early TCR signaling
events at the immunological synapse using SLBs, we observed
TCR-mediated ZAP70 phosphorylation response in the J.CaM 1.6
P440S LCK cell line with significant overlap in the integrated
signals from single cells with the empty vector control, but a
statistically significant difference (Fig. 2, F–H). This indicates
that P440S LCK can promote partial TCR signals in a synaptic
context that reach significance at a population level and may
provide a mechanistic basis for the in vivo observations.

In addition to its kinase domain, LCK possesses SH2 and SH3
domains that enable it to serve as an adaptor. LCK facilitates
ZAP70-mediated phosphorylation of LAT by bridging the two
proteins (Lo et al., 2018), and LCK has been proposed to play a
similar role in linking CD28 to PKCθ (Kong et al., 2011). In both
cases, the ligand for the SH2 domain requires LCK catalytic ac-
tivity, such that even though the SH2 and SH3 domains of the
P440S LCK are intact, the attenuation of the kinase activity
would compromise these adapter roles. The lack of detectable
P440S LCK recruitment to TCR microclusters is consistent
with reduced kinase activity of P440S LCK, also impacting its
multivalent interactions with the TCR signalosome. It is im-
portant to note that FYN tyrosine kinase shares functions with
LCK in T cell development and function, and therefore could
compensate to some degree for a proximal TCR-signaling
defect (Hauck et al., 2015; Groves et al., 1996). We also ob-
served an absence of P440S LCK Y505 phosphorylation (Fig.
S2 C). CSK access to LCK Y505 is controlled by a negative
feedback loop, whereby SFK activity results in CSK recruit-
ment to the plasma membrane to regulate SFK function
(Brdicka et al., 2000). Defective P440S LCK activity may be
insufficient to drive this feedback mechanism, resulting in
decreased P440S LCK Y505 phosphorylation, such that P440S

LCK may be largely in the open conformation. The open
conformation of LCK is targeted for ubiquitination by Casitas
B lymphoma-b (Cbl-b), and this may contribute to the shorter
half-life of P440S LCK (Rao et al., 2002).

The P440S mouse developed intestinal inflammation spon-
taneously by 20 wk of age, while the KO mouse did not develop
disease (Figs. 3 and 4). Rag2R229Q hypomorph and ZAP70skgmouse
models exemplify human partial T cell immunodeficiencies
wherein CD4+ T cells were shown to be necessary for intestinal
inflammation and arthritis, respectively (Marrella et al., 2007;
Rigoni et al., 2016; Sakaguchi et al., 2003). The efficiency of
thymic negative selection is impaired in the absence of Lck
(Trobridge et al., 2001). The thymic positive and negative se-
lection thresholds are likely altered in the P440S and KO mice,
potentially resulting in the selection of host-reactive T cells.
Studies of Treg cells in TCR transgenic mice have revealed ex-
quisite TCR-determined characteristics of the Treg cell popula-
tion differentiating in the thymus. Experiments by the Hsieh
and Lafaille laboratories showed that when the number of pre-
cursor cells is dramatically reduced, the expression of a single
Treg cell–derived transgenic TCR can drive efficient generation
of FOXP3+ thymocytes (Bautista et al., 2009; Leung et al., 2009).
These results suggest that severe interclonal precursor compe-
tition restricts the differentiation of Treg cells expressing TCR of
identical specificity and, thus, facilitates generation of a broad
Treg TCR repertoire in the thymus (Josefowicz et al., 2012).
Therefore, in both the KO and P440S mice, where precursor
cells are likely reduced, the TCR-signaling defect likely results in
a defective and self-reactivity-biased repertoire along with an
altered thymic Treg population. Lymphopenia-induced prolif-
eration likely expands these host-reactive T cells (Moxham et al.,
2008; King et al., 2004), but the residual T cell function
imparted only by the P440S Lck variant promotes auto-
inflammation/immunity in the P440S mice.

Consistent with this hypothesis is the observation that ef-
fector memory P440S CD4+ T cells expanded and/or accumu-
lated in the intestinal draining mesLN, despite the lymphopenia
observed in other peripheral lymphoid organs (Fig. 3, G and H).
In the mesLN, CD4+ Tem absolute counts in the P440S mice are
similar to WT mice, but the WT mice do not develop GI in-
flammation, suggesting that (1) CD4+ T cells from P440S mice
likely have an autoreactive repertoire and (2) Tregs from P440S
mice are likely defective. Indeed, the depletion of CD4+ T cells
from P440S mice prevented the development of any intestinal
inflammation (Fig. 7), which implicates their pathogenicity.
We performed adoptive transfers of P440S CD4+ T cells into
immunodeficient-RAG KO mice to test whether these cells are
sufficient to induce colitis (data not shown). Unexpectantly, we
did not observe the development of intestinal disease. In this
adoptive transfer model of colitis, homeostatic expansion of
donor CD4+ T cells is requisite for disease induction (Feng et al.,
2010). The donor P440S CD4+ T cells within RAG KO recipients
did not undergo homeostatic expansion, which is likely due to
their Lck deficiency (Seddon et al., 2000). The consistent, albeit
low, output of P440S CD4+ T cells from the thymus may com-
pensate for the failure of these cells to expand in the periphery,
which eventually results in disease pathogenesis. Consistent
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with this hypothesis, P440S mice do not begin to develop in-
testinal disease when young (4 wk of age) but rather at older
age (10–12 wk of age). Treg deficiency may contribute to pe-
ripheral tolerance breakdown (Sakaguchi et al., 1995;
Takahashi et al., 1998). KO and P440S mice display similarly
defective nTreg development, imbalanced peripheral Tem/Treg
ratios, and defective in vitro suppressive function (Figs. 5 and
8). Thymic Treg development is preferentially dependent on
CD28 (Tang et al., 2003). Lck mediates PKC-θ/CD28 signals
(Kong et al., 2011). Thus, defective TCR and CD28 signaling
from Lck deficiency profoundly impedes nTreg development.
The KO and P440S mice also likely lack the ability to suppress
immune responses as a consequence of reduced Treg numbers
with compromised TCR signaling (Kim et al., 2009). Without
suppression from P440S Tregs, the residual P440S CD4+ T cell
activity is unrestrained and creates an imbalance between
tolerogenic and immunogenic processes, leaving the host sus-
ceptible to immune dysregulation when exposed to an “insid-
ious” environmental stimulus, such as gut microbiota.

In the P440S LCK patients, the intestinal inflammation likely
arises from a combination of recurrent infection and auto-
inflammation, processes that are challenging to untangle in the
humans. The microbiota in the murine large intestine houses
∼1010–1014 cells and, along with dietary antigens, provides ample
antigenic stimulation of host cells in the colon (Turner, 2018).
Indeed, luminal bacteria are a colitogenic driver in mouse
models of spontaneous intestinal inflammation (Sellon et al.,
1998; Rigoni et al., 2016; Stepankova et al., 2007; Dianda et al.,
1997). Therefore, we hypothesize that commensal antigens are
the instigators of P440S CD4+ T cell residual function, resulting in
inflammation of the intestine rather than other tissues. However,
further studies involving germ-free environments and/or anti-
microbial treatments are needed to understand the contribution
of microbiota to the disease pathogenesis. Our mouse model of
immune dysregulation due to partial LOF of LCK can be applied to
further understand immunopathogenesis seen in the L341P and
exon 3 splice variants (Hauck et al., 2012; Li et al., 2016). Inflamed
skin lesions on the L341P patient contained infiltrating macro-
phages and CD3+ T cells, which could have arisen as a partial
immune response against the skin microbiome and persisted in
the absence of regulatory processes. While the L341P was re-
portedly a functional null mutation as assessed by in vitro cell line
assays, an in vivo mouse model may have been necessary to fully
evaluate its effect on autoimmune complications.

Intestinal inflammation constitutes the primary clinical
symptom in up to 40% of IEI that presents with auto/hyper-
inflammatory complications (Pazmandi et al., 2019). The in-
testinal inflammation in these patients is often caused by a
combination of infection and autoinflammatory responses (or
one process incites the other), and detangling/isolating each
process is challenging for the patients. Multiple etiologies
contribute to intestinal pathology in monogenic inflammatory
bowel disease (IBD), including infection resulting from im-
paired antimicrobial immunity and disruptions of immune
tolerance (Nambu and Muise, 2021). Here, we extended the
understanding of the consequences of LCK mutations/variants
by demonstrating the different phenotypes caused by complete

versus partial LOF. Additionally, we provide a mechanistic frame-
work for partial LCK defects as an etiology for monogenic IBD,
suggesting TCR signal transduction as a potential target for mono-
genic IBD therapy.

Materials and methods
Patient study enrollment
Patients were referred for HSCT from King Faisal Hospital,
Riyadh, Saudi Arabia. Patients (their parents and guardians)
were consented and enrolled in a study that was approved by the
local review board of Ulm University (Ethikkommission der
Universität Ulm), which abides by the principles of the Decla-
ration of Helsinki. HSCT decision was made on a clinical basis.
The detection of variants in LCK was the result of a next-
generation sequencing program (see below), in which patients
were included after their cellular therapy. Written informed
consent was obtained from the family for the HSCT and for the
diagnostic procedures according to the regulations of the review
board of Ulm University.

Whole-exome sequencing
Whole-exome sequencing of probands peripheral blood genomic
DNA was performed on an Illumina sequencing platform. Bio-
informatic analyses for the detection of rare sequence variants
following Mendelian inheritance patterns were performed as
described previously (Field et al., 2015). After filtering variants,
two candidate genes, iduronate 2-sulfatase (IDS) and LCK, were
considered for evaluation. IDS deficiency was excluded by
functional analysis. Confirmation of the segregation of the LCK
variants considered to be pathogenic was obtained by targeted
Sanger sequencing of genomic DNAs of the patients and their
parents with the use of Big Dye Terminator (v.1.1) chemistry
(Thermo Fisher Scientific) and capillary analyses (ABI 3130XL;
Thermo Fisher Scientific). Primers used for sequencing were
designed using ENST00000619559.4 as a reference sequence.
Variant predictions were performed using the dbNSFP v4.3
database (Liu et al., 2011, 2020; Dong et al., 2015). The filtering
strategy for variants was performed as follows: (1) variants de-
tected in both patients, (2) variants that fulfilled OVERALL
PASS, (3) variants that were homozygous and hemizygous, (4)
variants located in exons ±2 nucleotides, (5) frequency of alleles
in ExAC ≤ 0.0001, and (6) CADD score ≥ 10 or N/A.

Human PBMC immunophenotyping via flow cytometry
PBMC were stained with anti-CD3-BV510 (#300447; BioLegend),
anti-CD8-APC (#555369; BD), anti-CD4-PacBlue (#558116; BD),
anti-CD19-APC-Cy7 (#561743; BD), and anti-CD56-PE (#318306;
BioLegend). Anti-IL-2Rβ-FITC (clone TU27; #11-1228-42; In-
vitrogen), anti-IL-2Rβ-BV515 (clone Mik-Bta3; #564688; BD),
anti-LCK-AF647 (#628304; BioLegend), or mouse IgG1 isotype
controls (#554679, #564416; BD, or #MA5-18168; Invitrogen)
were applied either before (surface) or after (total) permeabiliza-
tion. Permeabilization was performed with BD Cytofix/Cytoperm
and Perm/Wash buffer (#55471; BD), and intracellular staining
was performed after treatmentwith a transcription factor staining
buffer set (#00-5523-00; eBioscience).
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Human PBMC immunoblot
Cryopreserved patient and control PBMC (1 × 107 cells) were
stained with anti-CD3-APC (#IM2467; Beckman-Coulter) and
anti-CD45-Krome Orange (#B36294; Beckman-Coulter). T cells
were sorted with a BD FACSAria II. 3 × 105 T cells (with a purity
for CD3+ of >99%) from patients and controls were lysed (75 mM
Tris/HCl pH 7.5, 150 mM NaCl, 1% NP40, 1% n-dodecyl-β-D-
maltoside, 5 mM EDTA) and supplemented with phosphatase
inhibitors (PhosSTOP Phosphatase Inhibitor Cocktail, #04
906 837 001; Roche). Defined cell equivalents were loaded on a
10% SDS-PAGE gel, blotted, and probed sequentially with the
following antibodies: anti-LCK (#2752; CST), anti-LCK pY505
(#2751; CST), and anti-actin (#ab8227; Abcam). Goat-anti-rabbit
IgG-HRP (#170-6515; Bio-Rad) was used as a secondary antibody
and SuperSignal West Femto Chemiluminescent substrate
(Thermo Fisher Scientific) for detection. Bound antibodies
were stripped using Restore Western Blot Stripping Buffer
(#21059; Thermo Fisher Scientific).

Human PBMC immunophenotyping and functional analysis via
mass cytometry
Cryopreserved PBMC were thawed and allowed to rest at 37°C
for 1 h. Rested PBMC were treated with 1 mM pervanadate
(#450243; Sigma-Aldrich) or left untreated. Cells were fixed
with 1.6% paraformaldehyde (PFA) (#28908; Thermo Fisher
Scientific) before staining. Fixed cells were stored at −80°C and
thawed on the day of barcoding and/or staining. The barcoding
methodology was adapted from Zunder et al. (2015). Samples
were stained with a metal-conjugated antibody panel (Table S4).
Data were acquired on a Helios instrument (Fluidigm). To make
all samples maximally comparable, data were acquired using
internal metal isotope bead standards and normalized as previ-
ously described (Finck et al., 2013). Files were debarcoded using
the Matlab Debarcoder Tool (Zunder et al., 2015). Data were
analyzed with FlowJo and Cytobank.

Protein structure 3D in silico protein modeling
The WT and P440S mutants of LCK have been simulated by
means of molecular dynamics in both forms (open/active and
closed/inactive). The starting structures have been taken from
the corresponding WT Lck x-ray ones (PDB ID: 3LCK, for the
active state; 2PL0, for the inactive state), and the P440S variant
has been included by molecular modeling by means of Chimera
UCSF Software. The molecular dynamics simulations have been
performed using the Gromacs software (v.2016) package in the
canonical ensemble. The proteins have been solvated using the
SPC water model. After energy minimization steps, 200 ns long
molecular dynamics simulations have been performed using a
cut-off of 1.2 nm, particle mesh Ewald method to treat the long-
range electrostatic interactions, and a time-step of 2 fs. The
temperature was kept fixed at 310 K using the velocity rescaling
algorithm.

Molecular dynamics simulations
The WT LCK and P440S LCK simulation systems were built
starting from the structure containing residues 231–502 in PDB
1QPC (Zhu et al., 1999); the ATP analog present in the structure

was not retained. Approximately 22,000 TIP3P water molecules
were added along with NaCl at a concentration of 150 mM (71
Na+ and 62 Cl−) using CHARMM-GUI (Jo et al., 2008). The re-
sulting system sizes were ∼70,000 atoms and 85–95 Å along
each of the x, y, and z dimensions. Simulations were run using
NAMD3 on GPUs (Phillips et al., 2020) and the CHARMM36m
force field for proteins (Huang et al., 2017). A time step of 2 fs
was used. A cutoff of 12 Å and a switching function beginning at
10 Å were employed for short-range non-bonded interactions,
while long-range electrostatic interactions were evaluated every
second-time step using the particle mesh Ewald method (Darden
et al., 1993). Temperature was maintained at 310 K using Lan-
gevin dynamics and pressure was maintained at 1 atm using a
Langevin piston. Simulations for each of theWT and P440Swere
run for 1 μs in triplicate (6 μs in total). Visualization and analysis
were carried out using VMD (Humphrey et al., 1996).

Lentiviral transduction of J.CaM 1.6 cell lines
Healthy control and P440S LCK patient mRNA were obtained
from PBMCs using TRIzol extraction (#15596026; Thermo Fisher
Scientific) and then converted to cDNA (#A5000; Promega). The
WT LCK and P440S LCK cDNA sequences were amplified by PCR
and then cloned into the pWPI bicistronic IRES-GFP lentiviral
vector (plasmid #12254; Addgene). The WT LCK-pWPI, P440S
LCK-pWPI, and empty pWPI vectors were transfected along
with helper plasmids pMD2.G (plasmid #12259; Addgene) and
psPAX2 (plasmid #12260; Addgene) into LentiX 293 cells
(#632180; Takara) using Lipofectamine 3000 (#L3000001;
Thermo Fisher Scientific). The lentiviral supernatants were
collected 24 h after transfection. Resultant lentiviral super-
natants were used to transduce J.CaM 1.6 cells (#CRL-2063;
ATCC). FACS sorting was then performed to isolate low-, me-
dium-, and high-GFP-expressing transductants.

Jk.LckKO cell lines and inducible expression system
Human Jurkat T cells with a genetic deletion of LCK introduced
using CRISPR/Cas9 (Jk.LckKO cells) were previously described
and were kindly provided by Prof. Dr. Art Weiss (University of
California, San Francisco, San Francisco, CA, USA) (Courtney
et al., 2017). The plix402_hLckWT plasmid containing a
tetracycline-controlled transactivator, a tetracycline-responsive
promoter, and the coding sequence for WT human LCK was a
generous gift from Oreste Acuto (Sir William Dunn School of
Pathology, University of Oxford, Oxford, UK). The P440S LCK
mutant was generated by mutagenesis PCR. Lentiviral par-
ticles were produced by cotransfection of plix402_hLck
constructs, pCMVDR8.74, and pMD2G plasmids using PEI
(Polysciences) in HEK293T cells. Viruses were concentrated by
centrifugation and used to transduce Jk.LckKO cells. In detail,
3 × 106 cells per condition were cultivated in RPMI medium
containing 5% Tet System-approved FCS, and lentiviruses were
added in the presence of 5 μg/ml of polybrene. Cells were in-
cubated overnight at 37°C. On the next day, the medium was
exchanged. LCK expression was induced by incubation with
3 μg/ml doxycycline for 24 h at 37°C. Induced expression of LCK
was assayed by intracellular flow cytometry. To this end, cells
were fixed and permeabilized using BD Cytofix/Cytoperm kit
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and were incubated with a rabbit anti-LCK antibody (Cell Sig-
naling) overnight. The next day, cells were washed and incu-
bated with a goat anti-rabbit IgG-Dylight 633 antibody for
30 min before analyzing them in a Cyan ADP Flow cytometer
(Beckman Coulter).

Cell line TCR activation assays
Transduced J.CaM 1.6 cell lines were placed on ice and then
treated with 10 μg/ml biotinylated anti-CD3 (#13-0037-82;
eBioscience), 10 μg/ml anti-CD28 (#14-0289-82; eBioscience),
and 1 μg/ml avidin (#A9275; Sigma-Aldrich). The treated cell
lines were then submerged into a 37°C water bath for activation,
and at the indicated time points, the stimulations were halted by
the addition of NP40 lysis buffer (1% NP-40 in 10 mM Trish pH
7.4, 150 mM NaCl supplemented with 1 mM PMSF, 10 nM NaF,
100 μg/ml aprotinin, 100 μg/ml α-1-antitrypsin, 100 μg/ml
leupeptin, 2 mM NaVO3, and 10 mM tetrasodium pyrophos-
phate). Supernatants from the lysates were then treated with
Laemmli sample buffer (250 mM Tris pH 6.8, 2% [wt/vol] SDS,
10% [vol/vol] glycerol, 5% [vol/vol] β-mercaptoethanol, 0.2%
[wt/vol] bromophenol blue) and then stored at −20°C until
protein gel electrophoresis.

For the inducible Jk.LckKO cell line system, LCK expression
was induced in Jk.LckKO cells as described above. TCR stimu-
lation was performed at 37°C with 5 μg/ml of the anti-human
CD3ε antibody OKT3 for the indicated times or left unstimulated.
Cells were then fixed and permeabilized using BD Cytofix/
Cytoperm kit, and intracellular staining was performed as
described above using the phospho-p44/42 MAPK (ERK1/2)
(Thr202/Tyr204) antibody from Cell Signaling followed by
incubation with a goat anti-rabbit IgG-Dylight 633 antibody
and analysis in a Gallios Flow cytometer (Beckman Coulter).

Immunoblot of J.CaM 1.6 cell lines and murine T cells
Whole-cell lysates were electrophoresed under denaturing
conditions by SDS-PAGE and transferred to polyvinylidene di-
fluoride using semidry blotting conditions. Blocking was per-
formed using 3% BSA in Tris-buffered saline with Tween
(10 mM Tris-HCl pH 8.0, 150 mM NaCl, and 0.05% Tween).
Antibodies used for blotting include anti-LCK (#2752; CST),
anti-actin HRP (#sc47778; SBT), anti-LCK pY505 (#2751; CST), anti-
pTyr clone 4G10, anti-CSK (#sc-386; SBT), anti-FYN (#4023T; CST),
anti-CD3ζ pY142 (#68235; Abcam), anti-CD3ζ (#644101; BioLegend),
anti-ZAP70 pY319 (#2701; CST), anti-ZAP70 (2705; CST), anti-
PLCγ1 pY783 (14008; CST), anti-PLCγ1 (#5690; CST), anti-ERK
pT202/T204 (#9101; CST), anti-ERK (#4695; CST), anti-mouse
IgG-HRP (#7076; CST), and anti-rabbit IgG HRP (#7074S; CST).
Bound antibodies were stripped using stripping buffer (62.5 mM
Tris-HCl pH 6.8, 2% SDS, 0.8% β-mercaptoethanol). Blots were
visualized using Pierce SuperSignal West Pico PLUS (#34580;
Thermo Fisher Scientific). Immunoblot band intensities were
quantified using Image Studio Lite.

Generation of P440S Lck mice
LCK P440S knock-inmicewere generated using CRISPR technology
at the National Jewish Mouse Genetics Core Facility. The target
sequence for the single-guide RNA (sgRNA) is 59-CTGGGTAAGGGA

TTCGACCGTGG-39. The ssDNA oligo used as the HDR template is
59-GCTTGGCTCCCCTTCCTTGAAGACTTAGAGTTGCTTGTCTTA
AGGAAAGCTCACCTGGGTAAGAGATTCGACCGTGTGTGACGATCT
CTGTAAGCAGGATCCCGAAGGACCACACGTCTGACTTGATGGTGA
AGGTCCCATAGTTAATGGCTTCTGGTG-39. Zygotes from C57BL/6
mice were injected with sgRNA, HDR oligo, and CAS9 protein
(1081060; IDT) and then transferred to surrogate mothers.
One pup with the desired P440S variant was used as the
founder mouse to backcross onto C57BL/6 background. Pri-
mers used for genotyping include forward primer 59-CTGAGC
TGCAAGATTGCAGAC-39, reverse primer 59-GCAGAGATGGAA
TGAAGCATC-39. Digestion using the BamHI restriction en-
zyme cleaves a unique restriction site introduced by HDR
oligo. PCR products following BamHI digestion indicate mouse
genotype: WT = 455 bp; heterozygous mutant = 455 + 220 + 235
bp; and homozygous mutant = 220 + 235 bp.

Mice
All mice were bred and maintained in a specific pathogen–free
facility. C57BL/6 (#000664; JAX), Lck KO (#002817; JAX), and
FOXP3-GFP (#035864; JAX) were all purchased from Jack-
son Laboratory and bred in-house. All experiments were
approved by the Institutional Animal Care and Use Com-
mittee of the University of Colorado Anschutz Medical
Campus (#000914; Protocol). All efforts were made to
minimize mouse suffering.

Murine immunophenotyping via flow cytometry
Murine spleen and lymph nodes were mechanically dissociated
in complete RPMI (RPMI 1640 media [#15040CV; Corning]
supplemented with 10% fetal bovine serum [#PS-FB3; Peak Se-
rum] and 1× penicillin–streptomycin–glutamine [#10378016;
Gibco]), filtered, then RBC-lysed (#10128-802; VMR). After
washing with PBS, 3 × 106 cells were labeled with fixable via-
bility dye and then treated with Fc Block clone 2.4G2 (in-house
hybridoma). Cells were then surface stained with fluorochrome-
conjugated antibodies for 30 min in the dark at 4°C, then fixed
and permeabilized (#00-5523-00; eBioscience) for intracellular
staining with fluorochrome-conjugated antibodies overnight at
4°C. Data acquisition was performed on a Cytek Aurora multi-
spectral flow cytometer and analyzed using CellEngine. Flow
cytometry support was provided by the University of Colorado
Anschutz Medical Campus ImmunoMicro Flow Cytometry
Shared Resource (RRID: SCR_021321). Fixable viability dyes used
include Zombie Green (#423111; BioLegend) and Ghost Dye
Red 780 (13-0865; Cytek). Antibodies used for staining include
anti-CD4-BV510 (#563106; BD), anti-CD8-AF700 (#100729; Bio-
Legend), anti-CD44-PerCPCy5.5 (#560570; BD), anti-CD62L-PE-
Cy7 (#25-0621-82; Invitrogen), anti-TCRχδ-BUV395 (#744118;
BD), anti-CD5-PE (#553022; BD), anti-CD69-BV605 (#104529;
BioLegend), anti-TCRβ-BV421 (#109229; BioLegend), anti-
CD3-BUV563 (#741448; BD), anti-CD25-BV711 (#740714; BD), anti-
TER-119-APC/Cy7 (#116223; BD), anti-CD11b-APC/Cy7 (#101225; BD),
anti-NK1.1-APC/Cy7 (#108723; BD), anti-Ly-6G-APC/Cy7 (#127623;
BD), anti-CD19-APC/Cy7 (#561737; BD), anti-FOXP3-AF647 (#560401;
BD), and anti-PD-1-PE/CF594 (#562523; BD). TCRVβ flowassessment
was performed using BD Pharmingen anti-mouse TCR Vβ screening
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panel (#557004; BD), anti-Vβ6-PE (#140003; BioLegend),
anti-Vβ8-PE (#553862; BD), anti-Vβ10-PE (#553285; BD), anti-
Vβ11-PE (#553198; BD), and anti-Vβ12-PE (#139703; BioLegend).

Lamina propria isolation
Murine large intestines were resected and then flushed of lu-
minal contents with PBS. The intraepithelial lymphocyte fraction
was separated by vortexing the colon in complete RPMI sup-
plemented with 1 mM EDTA and 0.2 mM dithiothreitol for
30min. The remaining intestinal tissue was minced and digested
with 1 mg/ml Collagenase Type 4 (#LS004186; Worthington Bio-
chemical), 10 µg/ml DNAse I (#11284932001; Sigma-Aldrich) in
complete RPMI at 37°C for 45 min. The digestion solution was
filtered and the cellular layer was isolated by Ficoll-Paque density
gradient separation (#17-1440-02; Cytiva).

FACS sorting of murine splenic T cells
Single-cell suspensions of murine splenocytes were stained with
anti-CD4 Alexa Fluor 488 (#100425; BioLegend) and anti-CD8
BV510 (#100751; BioLegend) and were FACS-sorted on a BD
FACSAria Fusion. The sorted CD4+ and CD8+ T cells were lysed
with 1% NP-40 in 10 mM Trish pH 7.4, 150 mM NaCl supple-
mented with 1 mM PMSF, 10 nM NaF, 100 μg/ml aprotinin,
100 μg/ml α-1-antitrypsin, 100 μg/ml leupeptin, 2 mM NaVO3,
and 10 mM tetrasodium pyrophosphate. Supernatants from the
lysates were then treated with Laemmli sample buffer (250 mM
Tris pH 6.8, 2% [wt/vol] SDS, 10% [vol/vol] glycerol, 5% [vol/vol]
β-mercaptoethanol, 0.2% [wt/vol] bromophenol blue) and then
stored at −20°C until protein gel electrophoresis.

Intracellular cytokine staining
Brefeldin A (0.5 mg/ml, #AGCN20018M025; AdipoGen) was in-
jected into mice (500 μl/mouse i.v.). Following 4 h, the mice were
euthanized and single-cell suspensions of the lamina propria were
isolated as described above. Cells were labeled with a fixable via-
bility dye and then treated with Fc Block clone 2.4G2 (in-house
hybridoma). Cells were then treated with fluorochrome-conjugated
antibodies for 30 min in the dark at 4°C, then fixed and
permeabilized (#554722; BD) for intracellular staining with
fluorochrome-conjugated antibodies overnight at 4°C (#557885;
BD). The fixable viability dye usedwas Ghost Dye Red 780 (13-0865;
Cytek). Antibodies used for staining include anti-CD45-BV510
(#103137; BioLegend), anti-CD4-PE (#100511; BioLegend), anti-CD8-
BUV737 (#612759; BD), anti-CD3-APC (#100235; BioLegend), anti-
TNFα-eFluor450 (#48-7321-82; Invitrogen), anti-IFNγ-PerCPCy5.5
(#560660; BD), and anti-IL-17A-BV711 (#506941; BioLegend).

Serum and gut supernatant cytokine measurements
Blood samples were collected by cardiac puncture and the blood
was allowed to coagulate at room temperature. Following cen-
trifugation, the serum supernatants were collected and stored at
−20°C for future experiments. Colonic supernatants were col-
lected by resecting a small segment (10–15 mg) of the colon,
incubating the segment in complete RPMI media overnight, and
then storing the supernatant at −20°C for future experiments.
Quantitation of IFNγ, IL-10, IL12-p70, IL-1β, IL-2, IL-4, IL-6, KC-
GRO, and TNFα was performed using Meso Scale Diagnostics

V-PLEX Proinflammatory Panel 1 Mouse Kit (#K15048D; MSD).
Measurement of IL-17 was performed using BioLegend ELISA
MAX Standard Set Mouse IL-17A (#432501; BioLegend) accord-
ing to the manufacturer’s protocol.

Measurement of intracellular calcium concentration
Transduced J.CaM 1.6 cell lines were stained with a fixable vi-
ability dye and 5 μM indo-1 acetoxymethyl ester (Indo-1 AM,
#I1223; Thermo Fisher Scientific). Indo-1 was excited using a 355
nm UV laser and calcium-bound Indo-1 was detected with a 379/
28 bandpass filter while calcium-unbound Indo-1 was detected
with a 450/50 bandpass filter. Intracellular calcium concentra-
tion was calculated as the ratio of calcium-bound/unbound over
time. Labeled cells were warmed to 37°C prior to stimulation.
Samples were first recorded without treatment for 30 s to es-
tablish a baseline, then recorded for 1 min following labeling
with 1 μg/ml biotinylated anti-CD3 (#13-0037-82; eBioscience),
then recorded for 3 min following crosslinking with 100 μg/ml
avidin (#A9275; Sigma-Aldrich), and then recorded for 30 s
following treatment with 1 μg/ml ionomycin (#407950; Calbio-
chem). Data acquisition was performed on an LSRFortessa X-20
and analyzed using FlowJo.

For the inducible Jk.LckKO cell line system, LCK expres-
sion was induced in Jk.LckKO cells as described above. 106

cells in the medium containing 1% Tet System-approved FCS
were incubated for 45 min at 37°C in the dark with Fura red
(Thermo Fisher Scientific) and Fluo-3 (Invitrogen). Cells
were then washed and mixed with prewarmed medium just
before recording in a Cyan ADP Flow cytometer (Beckman
Coulter). After 1 min recording, cells were stimulated with
3 μg/ml of OKT3 antibody and recording continued for an-
other 5 min.

Murine splenocytes were lysed of RBC and depleted of B220+

cells using biotinylated anti-B220 (#103204; BioLegend) and
magnetic streptavidin nanobeads (#480016; BioLegend). The
resulting cells were stained with fixable viability dye, 5 μM
indo-1 acetoxymethyl ester (Indo-1 AM, #I1223; Thermo Fisher
Scientific), anti-CD4-PE (#50-0042-U100; Cytek), anti-CD8-APC
(#100711; BioLegend), and anti-CD44-PerCP Cy5.5 (#560570;
BD). Labeled cells were warmed to 37°C prior to stimulation.
Samples were first recorded without treatment for 30 s to es-
tablish a baseline, then recorded for 1 min following labeling
with 0.13 mg/ml biotinylated anti-CD3 (#30-0031-U500;
Tonbo), then recorded for 3 min following crosslinking with
100 μg/ml avidin (#A9275; Sigma-Aldrich), and then recorded
for 30 s following treatment with 1 μg/ml ionomycin (#407950;
Calbiochem). Data acquisition was performed on an LSRFor-
tessa X-20 and analyzed using FlowJo.

Protein stability assay
Transduced J.CaM 1.6 cell lines were incubated in complete
RPMI media supplemented with 32 μg/ml cycloheximide
(#01810; Sigma-Aldrich) at 37°C. At the indicated time points,
the treated cells were lysed with NP40 Lysis buffer (1% NP-40
in 10 mM Trish pH 7.4, 150 mM NaCl supplemented with 1 mM
PMSF, 10 nM NaF, 100 μg/ml aprotinin, 100 μg/ml α-1-anti-
trypsin, 100 μg/ml leupeptin, 2 mM NaVO3, and 10 mM
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tetrasodium pyrophosphate). Supernatants from the lysates
were then treated with Laemmli sample buffer (250 mM
Tris pH 6.8, 2% [wt/vol] SDS, 10% [vol/vol] glycerol, 5%
[vol/vol] β-mercaptoethanol, and 0.2% [wt/vol] bromophenol
blue) and then stored at −20°C until protein gel electrophoresis.

Preparation of SLB and immunocytochemistry
To prepare SLBs, glass coverslips (Nexterion) were plasma
cleaned and mounted onto six-channel chambers (Ibidi). Small
unilamellar liposomes were prepared using 1,2-dioleoyl-sn-glyc-
ero-3-phosphocholine (Avanti Polar Lipids, Inc.) supplemented
with 12.5% 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)
iminodiacetic acid) succinyl]-Ni (Avanti Polar Lipids, Inc.).
Channels in Ibidi chamber were covered with liposome mixture,
blocked, and washed. SLB were then incubated with the indi-
catedmix of His-tagged proteins to achieve the desired density of
molecules on the SLB: anti-CD3 (UCHT1, 30 molecules/μm2) and
ICAM1 (200 molecules/μm2), CD80 (200 molecules/μm2) and
CD58 (200 molecules/μm2). His-tagged proteins were produced
in-house and, when indicated, were conjugated with the Alexa-
Fluor dyes of interest (488). To generate the synapses, transduced
J.CaM 1.6 cells were exposed to the bilayers at 37°C for 10 min,
fixed with 2% PFA, and washed. For immunocytochemistry,
samples were permeabilized, blocked, and incubated with the
primary antibody of interest (anti-LCK; CST Technologies; anti-
pZAP70-PE; BD Biosciences) overnight at 4°C. Samples were fur-
ther incubated with a secondary antibody (anti-Rabbit Ig-AF647)
for 1 h at room temperature.

TIRF microscopy and image analysis
TIRF imaging was performed on an Olympus IX83 inverted
microscope with a TIRF module. The instrument was equipped
with an Olympus UApON 150× TIRF N.A 1.45 objective, 405, 488,
568, and 640 nm laser lines, and Photometrics Evolve delta
EMCCD camera. Image analysis was performed using Fiji (Im-
ageJ). Briefly, synaptic contacts were segmented based on the
interference reflection image (IRM) and the mean gray values
for LCK and pZAP70 were measured.

Murine T cell activation assays
For measurement of IRF4 induction, 24-well cell culture plates
were coated overnight with anti-CD3 (#70-0031-U500; Tonbo)
and anti-CD28 (#70-0281-U100; Tonbo) at the indicated con-
centrations. Murine splenocytes were RBC-lysed (#10128-802;
VMR), plated onto stimulation plates at 3 × 106 cells/ml, and then
incubated at 37°C for 16 h. Cells were then processed for flow
cytometric analysis as described above.

For measurement of cell proliferation, 12-well cell culture
plates were coated overnight with anti-CD3 (#70-0031-U500;
Tonbo) and anti-CD28 (#70-0281-U100; Tonbo) at 1 μg/ml each.
Murine splenocytes were RBC-lysed (#10128-802; VMR) and
stained with CellTrace Violet (CTV) Proliferation Dye (#C34557;
Invitrogen). CTV-loaded splenocytes were plated onto stimula-
tion plates at 3 × 106 cells/ml and then incubated at 37°C for 72 h.
Splenocytes were then processed for flow cytometric analysis as
described above. The proliferation index was calculated using
FloJo.

Intestinal permeability assay
Mice were fasted for 4.5 h and then given oral gavage of 150 μl
100 mg/ml FITC-dextran (#46944; Sigma-Aldrich). At 2- and 4-h
following gavage, blood was collected via cheek bleed and diluted
with equal parts 5 mMEDTA. FITC fluorescence intensity within
plasma samples was measured (excitation max: 490 nm, emis-
sion max: 525 nm) on a Tecan Infinite 200 PRO plate reader.

In vivo depletion of CD4+ T cells
Mice were administered weekly injections of anti-CD4 mAb
clone GK1.5 (#BE0003-1, 200 μg/mouse, i.p.; BioXCell) or isotype
control (#BE0090, 200 μg/mouse, i.p.; BioXCell) beginning at
4 wk of age. These weekly injections were performed until re-
cipient mice reached 20 wk of age, at which point the mice were
euthanized and analyzed. Mice were bled via cheek bleed 1 mo
following the first injection to verify depletion of CD4+ T cells.

In vitro Treg suppression assay
Treg cells (CD4+CD25+) were enriched from pooled lymphoid
organs of WT, KO, or P440S mice using mouse regulatory T cell
isolation kit (#130-091-041; Miltenyi). 500,000 purified CTV-
labeled CD45.1 WT Tconv cells (CD4+CD25−) were added to a
96-well plate coated with anti-CD3 (#70-0031-U500; Tonbo) and
anti-CD28 (#70-0281-U100; Tonbo) at 1 µg/ml each. Tconv were
coculturedwith or without Tregs for 72 h. The proliferation of Tconv
was analyzed by flow cytometry. Percent suppression was calculated
using the equation: 100− (x/y)100,where x=division index ofTconv
with Treg and y = division index of Tconv without Treg.

Adoptive transfer of Tregs
Splenocytes from FOXP3-GFP mice were harvested, RBC-lysed,
and magnetically enriched for CD4+ T cells (#480033; Bio-
Legend). The enriched CD4+ T cells were further FACS-
sorted for GFP expression to obtain a purified fraction of
CD4+ GFP+ Tregs (purity >95%). Purified GFP+ Tregs were re-
suspended and injected into P440S mice that were 6 wk of age
(2.5 × 105 cells/mouse, i.v.). Recipient P440S mice were aged to
20 wk, at which point they were euthanized and analyzed.

Histology
Histological preparation was performed by the University of Colo-
rado Anschutz Medical Campus Research Histology Section (RRID:
SCR_021994). Murine colons were fixed in 10% neutral-buffered
formalin (REF 5725; Thermo Fisher Scientific) and embedded with
paraffin. Slides were then stained with H&E. Whole slide scans of
tissue stained with H&E were collected on a Vectra Polaris using
20× objective and analyzed using Phenochart (Akoya Biosciences).
Individual slide images of indicated genotypes were stitched to-
gether to create the final composite image. Average crypt lengthwas
calculated by randomly sampling crypts throughout the entire co-
lon, measuring the length (μm) of each crypt from base to apex, and
then averaging the lengths for each colon. Lymphoid aggregates per
slide were manually counted.

Multispectral imaging was performed through our collabo-
ration with the Human Immune Monitoring Shared Resource
(HIMSR) at the University of Colorado School of Medicine using
the Akoya Biosciences Vectra 3.0 instrument. To quantify
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immune cells, slides of murine colons were stained consecu-
tively with antibodies specific for the following proteins:
anti-F4/80 (#30325S; CST), anti-B220 (#550286; BD), anti-
CD3 (#99940; CST), anti-CD8 (#98941S; CST), anti-CD4 (14-9766-82;
Invitrogen), anti-FOXP3 (14-5773-82; Invitrogen), and DAPI count-
erstain. The slides were stained on the Leica Bond RX autostainer
according to standard protocols provided by Leica and Akoya
Biosciences and performed routinely by the HIMSR. Briefly, the
slides were deparaffinized, heat-treated in antigen retrieval
buffer, blocked, and incubated with primary antibody, followed
by HRP-conjugated secondary antibody polymer, and HRP-
reactive OPAL fluorescent reagents that use TSA chemistry to
deposit dyes on the tissue immediately surrounding each HRP
molecule. To prevent further deposition of fluorescent dyes in
subsequent staining steps, the slides were stripped in between
each stain with heat treatment in an antigen retrieval buffer.
Whole-slide scans were collected using the 10× objective and multi-
spectral images of each tissue were collected using the 20× objective
with a 0.5-μm resolution. The seven-color images were analyzed
with inForm software to unmix adjacent fluorochromes; subtract
autofluorescence; segment the tissue; compare the frequency and
location of cells in colons stromal areas; segment cellular mem-
brane, cytoplasm, and nuclear regions; score each cellular com-
partment for expression of eachmarker, and phenotype infiltrating
immune cells according to morphology and cell marker expression.

Statistical analysis
Statistical tests used are indicated in the figure legends. All analyses
were calculated using GraphPad Prism and all plots show the me-
dian ± 95% CI. When data did not meet assumptions for the para-
metric statistical test (normality, equal variance, independence, and
no extreme outliers), the non-parametric alternative was used.

Online supplemental material
Fig. S1 shows patient computerized tomography (CT) scan and
TCR repertoire. Fig. S2 shows P440S LCK cell line supplemental
data. Fig. S3 shows P440S Lck mouse phenotype supplemental
data. Fig. S4 shows P440S Lck thymic development supple-
mental data. Fig. S5 shows P440S Lck murine functional sup-
plemental data. Table S1 shows details of HSCT. Table S2 shows
chimerism and immunological reconstitution after transplan-
tation. Table S3 shows whole exome sequencing variants. Table
S4 shows the features of the LCK P440S variant. Table S5 shows
the mass cytometry antibody staining panel.

Data availability
All data in the figures are available in the published article and
in online supplemental material. Unprocessed images of im-
munoblots and FCS files from mass cytometry and flow cy-
tometry experiments are openly available in Mendeley Data at
doi:10.17632/n8658z8fg5.2 (Lui and Hsieh, 2023).
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Supplemental material

Figure S1. Patient CT scan and TCR repertoire. (A) Bronchiectasis and large bulla in patient P1 CT. (B) Frequency of Vβ usage in patients P1 and P2. (C–E)
Frequencies of B cells (CD19+HLADR+) (C) memory B cells (CD19+HLADR+CD27+) (D), and memory B cell subsets (isotype switched memory [IgM−IgD−], IgM
memory [IgM+IgD−], pre-switched [IgM+IgD+], c-delta class switched [IgM−IgD+]) (E) from mass cytometry immunophenotyping of age-matched HC and
patient PBMCs. Percentages of parent gates are shown.
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Figure S2. P440S LCK cell line supplemental data. (A) Immunoblot of GFP-sorted transduced J.CaM 1.6 cell lines expressing WT or P440S LCK protein.
(B–E) Immunoblots of cycloheximide protein stability assay (B), LCK pY505 (C), CSK (D), and FYN (E) on transduced J.CaM 1.6 cell lines. (F) LCK expression in
inducible Jurkat cell line expression system upon treatment with doxycycline. (G and H) Calcium mobilization of transduced J.CaM 1.6 cell lines (G) and in-
ducible Jurkat cell line expression system (H) stimulated with anti-CD3. (I) Phospho-specific immunoblots of TCR signaling intermediates at indicated stim-
ulation time points. (J and K) CD3 surface expression (J) and ionomycin-induced calcium response (K) of transduced J.CaM 1.6 cell lines. Source data are
available for this figure: SourceData FS2.
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Figure S3. P440S Lck mouse phenotype supplemental data. (A) Lck immunoblot on FACS-sorted splenic CD4+ and CD8+ T cells from mice of the indicated
genotypes. (B and C) CD62LhiCD44lo näıve CD4+ T cell counts from spleen (B) and mesLN (C). (D and E) Splenic total counts of B cells (B220+) (D) and non-T/
B cells (CD3−B220−) (E) from mice of the indicated genotypes. (F) Image of whole spleens from mice. (G and H) Cellular composition of spleens (G) and mesLN
(H) via flow cytometry. (I) FITC-dextran intestinal permeability assay performed on mice. Young P440Smice were 5–6 wk of age. All other mice were 20 wk of
age. Experiment in A is representative of results from two independent experiments from pooled mice. Experiments in B and C are representative of results
from three independent experiments with 4–11 mice per group. Experiments in D–I are representative of two independent experiments with four to six mice
per group. Error bars represent median and 95% CI. **P < 0.01, ***P < 0.001, ****P < 0.0001. Not significant unless stated by asterisk in figure. Ordinary one-
way ANOVA with Tukey’s multiple comparisons test was used to test for statistical significance for all experiments. Source data are available for this figure:
SourceData FS3.
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Figure S4. P440S Lck thymic development supplemental data. (A) Flow staining of thymic DN subpopulations (CD25−CD44+ [DN1], CD25+CD44+ [DN2],
CD25+CD44− [DN3], CD25−CD44− [DN4]). (B–D) Flow staining (B), frequency (C), and total counts (D) of postselection thymocytes (CD69+TCRβ+), gated on
live thymocytes. (E–H) Surface expression of CD5 on subsets of thymic T cell precursors (CD4+CD8+ [DP], CD3+CD4+CD8− [mature SP4], CD3+CD4−CD8+

[mature SP8]). (I) Flow staining of DP subpopulations (CD69loTCRβlo [DP1], CD69intTCRβint [DP2], CD69hiTCRβhi [DP3]), all gated on DP thymocytes. (J–L)
Surface expression of CD5 on DP1-3 subsets. (M–P) TCR Vβ flow assessment of splenic CD62LloCD44hi CD4+ Tem. Experiments in A–P are representative of
results from three independent experiments with 3–12 mice per group. Error bars represent median and 95% CI. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001. Not significant unless stated by asterisk in figure. Ordinary one-way ANOVA with Tukey’s multiple comparisons test was used to test for statistical
significance for all experiments.
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Provided online are Table S1, Table S2, Table S3, Table S4, and Table S5. Table S1 shows details of HSCT. Table S2 shows chimerism
and immunological reconstitution after transplantation. Table S3 shows whole-exome sequencing variants. Table S4 shows the
features of the LCK P440S variant. Table S5 shows the mass cytometry antibody staining panel.

Figure S5. P440S Lck murine functional supplemental data. (A) Flow staining of lamina propria cells from CD4 depletion experiments (A), gated on live
B220− cells. (B–D) Frequencies of CD4+ T cells from lamina propria (B), spleen (C), and mesLN (D) from CD4 depletion experiments. (E) Flow cytometry gating
scheme for splenic CD4+CD25+FOXP3+ Tregs. (F) Proliferation dye dilution of WT CD45.1 Tconvs from in vitro Treg suppression assay. (G and H) Flow cy-
tometry staining of FACS-sorted donor WT Tregs that were used for Treg transfer experiments. Experiments in B–D are representative of results from two
independent experiments with three to five mice per group. Error bars represent median and 95% CI. ***P < 0.001, ****P < 0.0001. Not significant unless
stated by asterisk in figure. Unpaired t test between P440S (isotype) and P440S (anti-CD4) was used to test for statistical significance in B–D.
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