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The kinase LCK and CD4/CDS8 co-receptors are crucial components of the
T cell antigen receptor (TCR) signaling machinery, leading to key T cell fate
decisions. Despite decades of research, the roles of CD4-LCK and CD8-
LCK interactions in TCR triggering in vivo remain unknown. In this study,
we created animal models expressing endogenous levels of modified LCK
toresolve whether and how co-receptor-bound LCK drives TCR signaling.
We demonstrated that the role of LCK depends on the co-receptor to which
itisbound. The CD8-bound LCK is largely dispensable for antiviral and
antitumor activity of cytotoxic T cells in mice; however, it facilitates CD8*
T cell responses to suboptimal antigens in a kinase-dependent manner.

By contrast, the CD4-bound LCK is required for efficient development

and function of helper T cells via akinase-independent stabilization of
surface CD4. Overall, our findings reveal the role of co-receptor-bound
LCKinT cell biology, show that CD4- and CD8-bound LCK drive T cell
development and effectorimmune responses using qualitatively different
mechanisms and identify the co-receptor-LCK interactions as promising
targets forimmunomodulation.

Activationof the T cell antigen receptor (TCR) withits cognate peptide-
major histocompatibility complex (pMHC) triggers adaptive immune
responsestoinfection and cancer butis also involved in autoimmunity.
Cytotoxic CD8" and helper CD4" T cells have different functionsin the
immune system, but their TCR signaling pathways are very similar. One
key difference is the usage of CD8 or CD4 invariant co-receptors rec-
ognizing MHC classland MHC class I, respectively. Both co-receptors
interact with aSrc-family kinase, LCK, whichinitiates TCR signal trans-
ductioninside the cells by the TCR-CD3 complex’.

The importance of the interactions between CD4 and CD8
co-receptors with LCK for T cell biology has been studied for decades®”
using indirect techniques, including mathematical modeling* and
descriptive microscopy, biophysical and biochemical approaches on
isolated T cells’ ' and/or analysis of mice expressing a gain-of-function
chimeric CD8.4 co-receptor>®", However, the most powerful reverse
geneticsapproach, thatis, phenotyping of primary T cells withagenetic
disruption ofthe CD4-LCK and/or CD8-LCK interaction, has not been
used. A single study close to this approach proposed the importance
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of the co-receptor-LCK interactions in the positive selection of MHC
classI/MHC cclass II-restricted T cells, but it did not address the role of
thisinteractionin theimmune response’.

Overall, the contribution of co-receptor-LCK interactionsto T cell
signaling and eventual fate decisionsis still unclear. The intuitive model
isthataco-receptor-recruited LCK phosphorylates the TCR-CD3 com-
plex**, An alternative model proposes that this key phosphorylation
eventis preferentially performed by ‘free’ LCK”. Inthe latter scenario,
co-receptor-bound LCK physically stabilizes the TCR-antigen interac-
tion frominside the cell®. The experimental in vivo evidence for either
of these models is missing.

Inthis study, we characterized the role of co-receptor-bound LCK
in vivo using genetically modified mouse models. The importance
and mode of action of co-receptor-bound LCK differsin cytotoxic and
helper T cell lineages.

Results

Mouse models for studying the co-receptor-LCK interaction
We addressed the physiological relevance of the interaction between
LCK and CD4/CD8 co-receptors using reverse genetics in mice. We
generated knock-in mouse strains expressing endogenous levels of
LCK bearing C20A.C23A (CA) or K273R (KR) amino acid substitu-
tions and LCK-deficient (Lck*®*°) mice (Extended Data Fig. 1a—c).
LCK“* does not interact with CD4 and CD8 (refs. ***; Extended Data
Fig. 1d,e), and, thus, T cells in Lck“V“ mice rely exclusively on the
co-receptor-unbound ‘free’ LCK. LCK*® has no enzymatic activity®, but
the putative adaptor function of LCK should be preserved. To uncou-
ple the proposed catalytic and adaptor roles of co-receptor-bound
LCK, we produced Lck““*® compound heterozygotes expressing
one pool of strictly cytoplasmic ‘free’ LCK®A together with a pool
of kinase-dead LCK*® interacting with co-receptors (Fig. 1a). If the
TCR-CD3 complex is preferentially phosphorylated by ‘free’ LCK, as
proposed previously”, and the co-receptor-bound LCK carries the adap-
tor function®, the Lck®*® mice should have normal T cell development
and function.

We tested the enzymatic activity of the LCK variants in two cell
lines. The cotransfection of the mouse Lck variants and their sub-
strates CD247 (TCRQ) or ZAP70 into HEK293 cells showed that LCK**
and wild-type LCK (LCK"T) have a comparable activity, whereas LCK*?
lacks the kinase activity, as expected (Extended DataFig.2a,b). Accord-
ingly, LCK-deficient Jurkat cells' reconstituted with human LCK""
and LCK** showed a comparable phosphorylation of TCR{and ZAP70
and overall tyrosine phosphorylation after stimulation with anti-TCR,
whereas LCK*® was not able to restore signaling (Extended Data
Fig.2c). Moreover, the LCK*®Jurkat cells expressing OT-I TCR specific to
K’-OVA antigen reconstituted with LCK"" or LCK® showed a compara-
bleresponsetothe antigen (measured as CD69 upregulation), whereas
LCK*®-expressing cells were unresponsive (Extended Data Fig. 2d).

Overall, we generated and validated mouse models tailored to
uncover the role of co-receptor-bound LCK in vivo.

T cellmaturation with uncoupled LCK and co-receptors
Lck*®’*® mice exhibited partial blocks at two key stages of T cell
development in the thymus (Fig. 1b-d, Extended Data Fig. 3a-c and
Supplementary Fig. 1a), as shown previously". First, high frequen-
cies of double-negative (DN) thymocytes (Fig. 1b) and, specifically,
CD25'CD44 DN3 cells (Extended Data Fig. 3a,b) indicate inefficient
pre-TCRsignaling during 3-selection. Second, low numbers of CD4" or
CD8'CD24A TCRB' (TCRP") mature single-positive (mSP) thymocytes
indicate defective positive selection of self-pMHC-restricted T cells
(Fig. 1b—d). Lck***® mice showed an even more severe phenotype than
the Lck**° mice (Fig. 1b—d and Extended Data Fig. 3c), suggesting that
LCK**is adominant-negative variant, preventing the phosphorylation
of the TCR-CD3 complex by other kinases, such as FYN" (Extended
DataFig. 3d-fand Supplementary Fig. 1b).

Lck®“A mice did not show the block at the DN stage (Extended Data
Fig. 3a,b). By contrast, Lck®~“ mice had a low count of mature thymo-
cytes, whichwas more pronouncedin CD4" thanin CD8" mSP thymocytes
(Fig. 1b—d). Lck*“*® mice showed higher numbers of CD4* mSP thymo-
cytesthan Lck®»““mice, but the formation of CD8" mSP thymocytes was
comparable in these two strains (Fig. 1b—d). These results suggested a
kinase-independent role of CD4-LCK, but not CD8-LCK, in thymocyte
maturation. Heterozygous Lck" 7%, LckWT*R and Lck""“* mice showed
normal counts of mature thymocytes, suggesting that a single Lck""
alleleis sufficient for proper T cell development (Extended Data Fig. 3¢).

The numbers of mature CD4" and CD8" T cells in the lymph
nodes (LNs) reflected their maturation in the thymus (Fig. 1e,f and
Extended Data Fig. 3g). The exception was normal numbers of
mature CD8" T cells in the Lck“~“* and Lck“Y*® mice, apparently due
to lymphopenia-induced proliferation coupled with the generation
of CD44" antigen-inexperienced memory-like CD8" T cells'*" in these
mice (Extended Data Fig. 3h,i). Lck“~“A mice showed a slightly higher
frequency of FOXP3" regulatory T cells among CD4" T cells than
Lck"™T mice, which was reverted in the Lck®*® mice (Extended
Data Fig. 3j), indicating that regulatory T cells are less dependent on
CD4-LCK than conventional T cells.

To study the intrinsic role of LCK variants in the development of
CD4"and CDS8' T cells, we generated mixed bone marrow (BM) chime-
rasby transplanting a1:1mixture of BM cells from congenic Ly5.1 mice
and Lck-variantstrains (Ly5.2) intoirradiated Ly5.1/Ly5.2 host mice. We
observed reduced numbers of peripheral Lck“~“ACD4"and CD8' T cells
in comparison to WT cells (Fig. 1g,h and Extended Data Fig. 3k). The
co-receptor-bound kinase-dead LCK in the Lck“»*® background par-
tially rescued thenumbers of CD4' T cellsbut not CD8" T cells (Fig.1g,h).

Overall, Lck»“* mice showed an incomplete block in the matu-
ration of CD4" and CD8" T cells, which was partially rescued in the
Lck®“*®mice in the CD4*, but not CD8*, compartment.

Role of co-receptor-LCK in double-positive (DP) thymocyte
maturation
To elucidate the role of Lck variants in DP thymocytes, we assessed the
expression of maturation markers by flow cytometry (Extended DataFig.
4a,b) followed by unsupervised clustering using self-organizing maps**.
This revealed a cluster of mature CD5, CD69 and TCRp triple-high DP
thymocytes (Fig. 2a and Extended Data Fig. 4c,d). This cluster was the
least abundantin Lck*¥<® and Lck**’*® mice (Fig. 2b). The percentage of
mature DP thymocytes was lower in Lck““* mice than in LckV™" mice,
whichwaslargely rescued in the Lck“~** mice (Fig. 2b). Because the overall
expression of the activation markers was relatively high in DP thymo-
cytes of Lck“Y“* and Lck“Y*® mice (Extended Data Fig. 4a,b), the partial
developmentblock of the Lck““/“* mice probably occurs only at the final
steps of the maturation of DP thymocytes. Indeed, the comparison of
basal phosphorylation levels of TCRCand ZAP70 at particular differentia-
tion stages showed that TCRB'™ thymocytes experience stronger TCR
signaling in the Lck®V* and Lck“Y*® mice than in the Lck"""T mice, but
this difference disappears or evenreverses during their maturationinto
postselection TCRB"e" DP thymocytes and subsequently mature TCRB"e"
SP4 and SP8stages (Extended Data Fig. 4e,fand Supplementary Fig. 1c).
To assess antigenic signaling in thymocytes, we crossed our
Lck-variant mice with monoclonal OT-ITCR Rag2***° (henceforth OT-I)
transgenic mice specific to ovalbumin-derived H2-K°-SIINFEKL antigen
(OVA). We stimulated thymocytes with T2-Kb cells presenting titrated
doses of OVA orits altered peptide ligands (APL) with lower affinity to
OT-1(Supplementary Fig. 2a). Whereas Lck“““* and especially Lck“V*®
SP8T cells showed weaker responses to low-affinity APLs (T4 and G4)
than Lck"™ T, we did not observe any differences in DP thymocytes
(Fig. 2¢). Accordingly, Lck®v“* and Lck®*® thymocytes isolated from
OT-1 B2m*°/*® mice, which are arrested at the preselection DP stage,
showed similar (if not slightly increased) response as their Lck"7"T
counterparts (Extended Data Fig. 5a).

Nature Immunology | Volume 24 | January 2023 | 174-185

175


http://www.nature.com/natureimmunology

Article https://doi.org/10.1038/s41590-022-01366-0
d Mature SP4 Mature SP8 f CD4" LN T cells
thymocytes thymocytes P=0.0005
P <0.0001 P=0.033 107 A P=0.0017
10’ P=0.0002 P=0.88 .
N 10° 155
g 'g $ § .
3 10° :
2 ¥
p— Q 10" 4 *
g (@]
10° -
CD8" LN T cells
P=0.38
b Live thymocytes 10’ P=0.28
. o
Lok" i L
] S 0] e
o % 10* ¢
S o
< 1o Y
3 Lok: OO v\\&
o @)
CD8a-BV421
C CD47CD8* Thymocytes h BM chimeras:
. Lok"T Lek© LekCAKR .
01332 73.9 793 cD4
: LN T cells
S 10° 4 @ /. 1.50
=, : 1 - 050
.:(IL 10 ] ] 3 8.2 025
3 10° - Phen | § e
g 04 65.7 ) 23.7 i . 50.2 o @ 015
0 10* 10° = o005
TCRB-AF647
cD8*
€ TCRB*LNcells LN T cells
Lek"T Lck®© Lck*® Lck®? LckCARR
I 48.1 151 — 38.6 56.9 E; °
== ] .' L k=1
= = SE
o 48.1 82.3 58.9 40.5 T i)
o 7 > O
E 3 -
E @ @ o
< i =
2 -
@)
CD8a-BV421
(<] BM chimeras: CD4" LN T cells BM chimeras: CD8" LN T cells
106 LCkWT LCkCA LCkCA/KR 106 LckWT LckCA LckCA/KR
1 10° ] ] : 1 10°
o 10f e~ ] e o 10t &= - ]
) - o
T q0° {345 69.3 — || l646 T 0 | 325 66.4 1616
= { : < 7
= 0 0|1 @ 5 10° Q G |
Ea 45.1 72 % |1 103 © %10 41.6 8ol ~ |1 708
0 o 10* 10
Ly5.2-PE Ly5.2-PE

Fig.1|Role of co-receptor-LCK interactionin T cell development. a
,Schematic representation of Lck-variant strains including the LckY

KR compound heterozygote. b-d, Thymocytes fromindicated mice were
analyzed by flow cytometry. A representative experimentis showninb

and c. Counts of mature SP4 (TCRB*CD24A CD4'CD8a") and mature SP8
(TCRB'CD24A CD4 CD8a*) thymocytesin individual mice and medians are
shownind; Lck"""": n=25mice and 11independent experiments; Lck***°: n =13
mice and 7 independent experiments; Lck***: n = 12 mice and 6 independent
experiments; Lck“V“*: n =18 mice and 8 independent experiments; Lck““**: n =11
mice and Sindependent experiments. e,f, CD4 " (viable TCRB*CD4°CD8«") and
CDS8" (viable TCRB'CD4 CD8a") T cells in LNs were analyzed by flow cytometry.
Arepresentative experiment is shown (e). Cell counts for individual mice and

medians are shown in f; LckV""T: n = 25 mice and 11 independent experiments;
Lck%’%: n =13 mice and 7 independent experiments; Lck*¥**: n =12 mice and 6
independent experiments; Lck“~*: n =18 mice and 8 independent experiments;
Lck““¥®: n =10 mice and 5 independent experiments. g,h, BM cells from indicated
Lck-variant strains mixed with BM cells from congenic Ly5.1 WT mice were
transplanted into Ly5.1/Ly5.2 heterozygous mice at al:1ratio; n =13 Lck" ™7,
n=14 Lck“““* and n =13 Lck““** mice from three independent experiments. The
ratio of LNCD4" or CD8" T cells derived from Ly5.1 and Ly5.2 BM at 8 weeks after
transplantation was calculated, and a representative experiment (g) and results
fromindividual mice and medians (h) are shown. A value of 1.0 is indicated by the
dashed line. Statistical significance was calculated using a Mann-Whitney test.

Fetal thymic organ culture experiments with anegative selecting
peptide (OVA), apartial negative selector (Q4R7) and apositive selecting
peptide (Q4H7) revealed substantial developmental defects in Lck*%/k°

OT-1B2m*°*° thymocytes but notin Lck“~“* OT-1B2m*°*° thymocytes
(Extended Data Fig. 5b and Supplementary Fig. 2b). The positive selec-
tor Q4H7 induced less CD8af3 SP cells in the Lck®~“A thymi than in the
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Fig.2|Amodest role of co-receptor-LCK interaction in DP thymocytes.

a,b, EmbedSOM maps of concatenated DP thymocyte samples from Lck-variant
mice. a, EmbedSOM maps show individual FlowSOM clusters and the relative
expression of indicated markers. A representative experiment out of a total of five
experiments is shown. b, Frequency of cellsin cluster 5;n =7 Lck""VT, n = 4 Lck*%/%°,
n=9LckR n=8Lck®~*and n=10 Lck““*}in five independent experiments.
Medians are shown. Statistical significance was calculated using a Mann-Whitney
test. ¢, Thymocytes fromindicated Lck-variant OT-I mice were activated with T2-
Kb cells loaded with the indicated peptides (affinity: OVA > T4 > G4) and analyzed
for CD69 expression by flow cytometry; n =3 (OVA and T4) or 4 (G4) independent
experiments/mice. d, Thymocytes of indicated Lck-variant B3K508 mice were
activated with Ly5.1splenocytes loaded with indicated peptides (affinity:

3K >P5R >P2A) and analyzed for CD69 expression by flow cytometry; n =8 (3K
and P2A in Lck""™T and Lck®Y“* mice), n=7 (3K and P2A in Lck“Y**mice) orn=>5
(P5R) independent experiments/mice. Data in c and d are shown as mean +s.e.m.

Differences in the EC5, and/or maximum of the fitted non-linear regression
curves were tested using an extra sum of squares F-test. F, Pand ECs, values are
shown. The significance of the differences between Lck"""Tand Lck“V<*

mice (blue) and Lck"Y""T and Lck“V** mice (red) at individual concentrations in
dwas calculated using aMann-Whitney test; *P < 0.05; **P < 0.01; no symbol,
P>0.05 (Supplementary Table 3). e-g, TCR repertoires of FACS-sorted CD4" and
CD8* mSP cellsin the LNs and thymi fromindicated mice were profiled. UMI-
corrected counts of TCRa (TRA) and TCR (TRB) CDR3 amino acid sequences
were normalized after the removal of NKT TRAV11-TRAJ18 CDR3 sequences.
Sample sizes are in Supplementary Table 4. e, Principal-component analysis of all
samples. f, Percentage of the repertoire in the indicated samples constituted by
the top 20 most frequent CDR3 amino acid sequencesin the LNs of Lck"™""" mice.
g, Therepertoire overlap was calculated as the percentage of unique CDR3 amino
acid sequences in each sample present among the unique CDR3 sequences from
each of the (non-identical) Lck"""" mice. Each dot represents a single comparison.
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Lck"™ T thymi (Extended Data Fig. 5b). However, this was compensated
by higher numbers of CD8aa SP cells, which are induced by strong
signals?, suggesting that Q4H7 might act as a weak partial negative
selector for the preselection DP thymocytes in the Lck“““* mice.

To study the role of the CD4-LCK interaction in the signaling of
MHC class Il-restricted thymocytes, we crossed our collection of the
Lck-variant mice with TCR transgenic B3K508 Rag2*®/*° (henceforth
B3K508) mice specific for H2-A*-bound FEAQKAKANKAKAVD (3K) pep-
tide”’. The responses of DP thymocytes to Ly5.1splenocytes presenting
3K orits APLs were comparable among the Lck"V"WT, [ ck““* and Lck“*}
strains (Fig. 2d). By contrast, the responses of Lck“»“* and Lck“V¥R SP4
thymocytes were weaker than those of Lck"""T thymocytes (Fig. 2d).

Overall, these dataindicate that the signaling in DP T cells is rela-
tively normalin the Lck“~“A and Lck“»*® mice and that their T cell devel-
opmental defects occur only during the late stages of DP development
and during the maturation of SP stages.

To assess how the absence of the co-receptor-LCK interactions
shapesthe T cell repertoire, we analyzed TCRa and TCR[3 sequencesin
SP thymocytes and peripheral T cells from Lck" 7T, Lck“~A and Lck®Y
¥R mice (Supplementary Tables 1and 2). We did not observe major
differences in TRAV and TRBV usage, with the exception of the enrich-
ment for natural killer T (NKT) cell typical segments TRAV11, TRBVI,
TRBV13-2and TRBV29 (ref.?*) in the Lck“¥* and Lck“A** SP4 thymocytes
(Extended DataFig. 6a,b). Accordingly, canonical NKT cell TCRa chains,
TRAV11-TRAJ18 (Val4-Jal8), were very abundant in SP4 thymocytesin
Lck®M® and Lck® R mice but not in peripheral CD4" T cells (Extended
Data Fig. 6c). After removing the NKT sequences, the repertoires of
Lk * and Lck“»*® mice were slightly less diverse than the repertoires
of Lck"""T mice (Extended DataFig. 6d). Principle-component analysis
revealed that the TCR repertoires of SP thymocytes in some mice dif-
fer from the other samples, but the repertoires of LN cells show only
subtle differences and no clear separation of the strains (Fig. 2e and
Supplementary Fig.3). Accordingly, the most abundant peripheral TCR
sequences in Lck"""T mice were frequent also in Lck“V“A and Lck“V*®
mice (Fig. 2fand Supplementary Fig. 4). Finally, there was a substantial
overlap of individual sequences in peripheral T cells among the three
strains (Supplementary Fig.5). The overlap of individual peripheral TCR
sequences between the Lck“Y“* or Lck“*® mice and the Lck"""T mice was
comparable to the overlap between individual Lck"""T mice (Fig. 2g).

Overall, the disruption of the co-receptor-LCK interaction does
notreduce the development and signaling of DP thymocytes until they
reachtheir final maturationstage. Asaresult, the peripheral repertoires
of Lck»“* and Lck“V*® mice are only minimally affected.

‘Free’ LCK is sufficient for largely adaptive immune responses

To study the effects of LCK variants on T cell function, we examined
the Lck strains for their antiviral and antitumor immunity, which is
mediated mostly by CD8" T cells. The ability to clear lymphocytic cho-
riomeningitis virus (LCMV) was comparable in the LckV"WT and Lck“MA
mice, slightly impaired in the Lck“~*® mice and substantially defec-
tive in the LckV*® mice (Fig. 3a). The numbers of CD8* T cells in the
spleen were lower in the infected Lck®~“A and Lck®** mice thanin the
Lck"™ T mice and were further reduced in the Lck*¥*® mice (Extended
Data Fig. 7a). A similar reduction was observed in CD4" T cells, with
the notable difference that Lck“V*® showed a partial rescue compared
to Lck®A“* (Extended Data Fig. 7b). We used D°-GP33 and D*-NP396
tetramers for the detection of CD8" T cells specific to the immuno-
dominant LCMV epitopes. The frequency of LCMV-specific CD8"
T cells was comparablein the Lck" """ and Lck®V“ mice but was lower
in the Lck“** mice (Fig. 3b, Extended Data Fig. 7c and Supplementary
Fig. 6a,b). These LCMV-specific T cells had an antigen-experienced
phenotype (CD44'CD49d") and formed a comparable fraction of
KLRGI'CD127 short-lived effectors in these strains (Extended Data
Fig.7d,eand Supplementary Fig. 6¢,d). Lck**® mice showed low num-
bers of LCMV-specific CD8" T cells, incomplete differentiation into

antigen-activated CD44°CD49d" T cells and a bias toward the forma-
tion of short-lived effectors (Fig. 3b, Extended Data Fig. 7a-e and Sup-
plementary Fig. 6b-d), which explained the defective viral clearance
in this strain.

We observed impaired formation of CXCR5'PD-1'CD4" follicular
helper T cells (Ty,) in the Lck*** and Lck“~“* mice during LCMV infec-
tion, which was partially rescued in the Lck“~*® mice (Fig. 3c,d and
Supplementary Fig. 6e). Only a small percentage of these Ty, cells
were FOXP3* follicular regulatory T cells (Extended Data Fig. 7f). The
frequencies of CD4" T cells specific for an immunodominant GP66
LCMV epitope were comparable between the Lck"""T and Lck“AA
mice and were slightly lower in the Lck“~*® mice (Extended DataFig. 7g
and Supplementary Fig. 6e). The counts of GP66-specific CD4" T cells
were comparable in the Lck“v“* and Lck®%® mice and higher in the
Lck"""T mice (Extended Data Fig. 7g). These GP66-specific T cells
showed defective differentiation into FOXP3™ Ty, cells in the Lck¥
KR mice and to a lesser extent in Lck“~“*, but not in Lck“Y*®, mice
(Fig. 3e). Although the difference between Lck“~“A and Lck“** was not
significant in this small cohort, it corresponded to the overall CD4*
T cell population (Fig. 3d).

The Lck*¥*® and Lck**%° mice failed to hamper the growth of MC-38
carcinomas expressing OVA (Fig. 3f,g). The Lck“~“A and Lck®A*® mice
showed slightly or substantially faster tumor growth than Lck"7WT
mice, respectively (Fig. 3f,g). We did not observe large differences in
the number of total T cellsin the tumor (Extended Data Fig. 7h and Sup-
plementary Fig. 6f) among the strains. The numbers of antigen-specific
K°-OVA tetramer*CD8" T cellsinfiltrating the tumor and tumor-draining
LNs were comparable among the Lck"""™T, Lck®Y“A and Lck® R mice
but were lower in the Lck"*® strain (Extended Data Fig. 7i,j and Sup-
plementary Fig. 6g-i). The suboptimal antitumor response in Lck“~“A
and Lck““** mice is probably caused by impaired killing of tumor cells
rather than by the absence of tumor-specific T cell clones.

Overall, the Lck®»“A mice showed relatively normal antiviral
and antitumor immune responses, suggesting that the interaction
between CD8 and LCK is not essential for these types of immune pro-
tection. The Lck““** mice showed defective tumor and viral clearance
in these CD8* T cell-based models but partially rescued the Lck®/<
phenotypeinthe CD4* T, compartment. Thisindicated a differential
kinase-independent function of CD8- and CD4-bound LCK.

CDS8-LCK promotes responses to suboptimal antigens

Tostudy the roles of CD4-and CD8-bound LCK separately, we used MHC
classI-restricted and MHC class II-restricted monoclonal mice. First, we
investigated the Lck variants in peripheral CD8" OT-I T cells. Whereas the
Lck*°/%® and Lck*V*® OT-1 mice showed a severe developmental impair-
ment, the Lck®““A mice had slightly more SP8 T cells than the Lck""
“Tmice (Fig. 4a—d), which was not observed in the polyclonal setting
(Fig. 1d). This is probably connected with slightly stronger signaling
of preselection DP thymocytes in the Lck®»“* mice (Extended Data
Fig. 5a,b), the absence of competing MHC class I-independent T cell
clones and/or non-physiological regulation of the transgenic TCR
expression. The number of SPS T cells was reduced in the Lck“»** mice
comparedtoin Lck®»“*mice. Peripheral T cell counts were comparable
inthe Lck"™™T, Lck~“*and Lck“Y*® mice (Fig. 4d). We observed a similar
phenotype using another MHC class I-restricted TCR transgenic mouse
strain F5 RagI*®’*°(Extended Data Fig. 8a-d).

To analyze the role of CD8-bound LCK in TCR signaling, we acti-
vated peripheral OT-IT cells with antigen-presenting cellsloaded with
OVA peptide or its lower-affinity APLs ex vivo using CD69 upregulation
asareadout. The Lck““*OT-I T cells showed a normal response to OVA
but areduced response to low-affinity OVA variants compared to the
Lck"TWT cells (Fig. 4e and Supplementary Fig. 7a). The Lck““R OT-I
T cells exhibited even weaker responses than the Lck®“* OT-1 T cells
(Fig. 4e), documenting the inhibitory role of CD8-bound kinase-dead
LCK. The upregulation of CD69 and proliferation induced by the
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Fig.3|Role of co-receptor-LCK interactionin T cellimmunity. a,b, Indicated
Lck-variant mice were infected with LCMV. a, Viral titers in the spleens were
determined by RT-qPCR on day 5 or 6 after infection; n =16 Lck"""", n=15
Lck®MA, n =13 Lck“*® and n =13 Lck*¥*® mice in six independent experiments
onday5;n=12Lck"""", n =11 Lck“NA, n=13 Lck*V** and n =10 Lck*¥ * mice
infiveindependent experiments on day 6 after infection. Median values are
shown. Statistical significance was calculated using aMann-Whitney test. b, The
frequency of GP33 4mer*and NP396 4mer* cells from CD8" cells on day 8 after
infectionis displayed; n = 8 (Lck““¥®) or 9 (other strains) mice in two (Lck“VA)

or three (other strains) independent experiments. Means are shown. Statistical
significance was calculated using aMann-Whitney test. ¢,d, Splenic CD4" Ty,
cells were identified on day 8 after infection by flow cytometry. ¢, Representative
mice are shown. d, Percentages of T, cellsamong all CD4" T cellsin the indicated
mice are shown. Data show the median values; n =15 LckW""T, n =22 LckVA,

Time after MC-38 injection (d)

n=12Lck*R and 15 LckV*® mice in three independent experiments. Statistical
significance was calculated using aMann-Whitney test. e, Frequency of FOXP3~
T, cells from GP66 4mer*CD4" cells on day 8 after infection; n = 8 (Lck“V¥®)

or 9 (other strains) mice in two (Lck““A) or three (other strains) independent
experiments. Statistical significance was calculated using aMann-Whitney

test. f,g, MC-38 carcinoma cells (0.5 x 10°) were injected into indicated mice
subcutaneously, and tumor growth was monitored; n =15 Lck""™T, n = 20 Lck®V©A,
n=16 Lck”*® n =8 Lck**/*° and n = 6 Lck*¥** mice in two (Lck*¥** mice) or four
(other strains) independent experiments. f, Tumor growth in individual Lck-
variant mice is shown. Dashed lines show the endpoint of the experiment (tumor
volume of 500 mm®). g, Percentage of mice with a tumor smaller than 500 mm?
intime is shown. The statistical significance was tested using alog-rank (Mantel-
Cox) test (all groups) and a Gehan-Breslow-Wilcoxon test (individual groups).

co-receptor-independent activation with anti-CD3/CD28 beads were
comparable among these three strains (Extended Data Fig. 8e,f).

To separate LCK-dependent and LCK-independent roles of CDS8,
we analyzed the antigenic response of human OT-I Jurkat cells®
devoid of CD8 or expressing WT CD8af3 (CD8"T) or LCK-binding
mutant CD8a“*527AB (CD8*)™, Jurkat cells expressing CD8"" and
CD8“ showed -330-fold and ~35-fold lower responses to OVA-pulsed
antigen-presenting cells than CD8" cells, respectively (Fig. 4fand Sup-
plementary Fig. 7b). These results indicated that CD8 contributes to
T cell activationin LCK-dependent and LCK-independent manners.

Toelucidate therole of CD8-bound LCK inthe antigenic response
in vivo, we adoptively transferred the Lck-variant OT-I T cells into
congenic Ly5.1 mice followed by infection with transgenic Listeria
monocytogenes (Lm) expressing OVA or its lower-affinity APLs.
Whereas there were no large differences in the responses to OVA, the

expansioninduced by low-affinity APLs followed the hierarchy Lck"V7"T >
LCk®MA > [ ck“M*R (Fig. 5a).

We examined the ability of the Lck-variant OT-1 T cells to ham-
per tumor progression following their adoptive transfer into
T cell-deficient Cd3e**/*° mice bearing small MC-38 OVA tumors.
The antitumor activity of OT-I cells followed the hierarchy Lck"V7WT >
LCk®MA > [ ck“M*R (Fig. 5b,c).

It has been proposed that the CD8-LCK interaction might sta-
bilize antigen binding®. We assessed the role of CD8-LCK in anti-
gen avidity using three different assays. Whereas the K°>-OVA and
K®-T4 tetramer staining (Fig. 5d) and the on-cell k,;; measurements®
(Fig. 5e) indicated that CD8-LCK indeed stabilizes the TCR-antigen
interaction, two-dimensional (2D) affinity measurements using the
antigen nested in a lipid bilayer did not reveal substantial differences
(Fig. 5f). Regardless of the slight discrepancies between these methods,
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Fig.4|CD8-bound LCK is largely dispensable for positive selectionand T
cellactivation. a-d, Thymi (aandb) and LNs (c and d) of indicated Lck-variant
OT-Imice were analyzed by flow cytometry. a, Expression of CD4 and CD8«x
inrepresentative mice (gated onviable cells). b, Numbers of mSP8 (viable

CD4 CD8a*CD24 TCRp") T cells. Individual mice and medians are shown;
n=22Lck""""micein12independent experiments, n =12 Lck*°*° micein 8
independent experiments, n =14 Lck*** mice in 6 independent experiments,
n=13 Lck“““* micein7independent experiments and n =11 Lck““** micein 3
independent experiments. The statistical significance was tested using a
Mann-Whitney test.c, CD4" and CD8" T cells in representative mice (gated on
viable TCRp" cells). d, Counts of CD8" T cells. Individual mice and medians

are shown; n=23 Lck""" " micein12independent experiments, n =12 Lck*/x°
micein 8independent experiments, n =14 Lck*** mice in 6 independent
experiments, n =13 Lck®““* mice in 7 independent experiments and n = 11 Lck“*®
micein3independent experiments. Statistical significance was tested using
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aMann-Whitney test. e, T cells isolated from LNs of indicated Lck-variant OT-I
Rag2”~ mice were activated ex vivo with T2-Kb cells loaded with the indicated
peptides (affinity: OVA > Q4R7 > T4 > G4 > E4 > E1) overnight and analyzed for
expression of CD69 by flow cytometry. Data are shown as the mean +s.e.m.;
n=3independent experiments/mice for OVA and Q4R7 and n = 4 independent
experiments/mice for T4, G4, E4 and E1. Differences in the ECs, and/or maximum
of the fitted non-linear regression curves were tested using an extra sum of
squares F-test. F, Pand EC;, values are shown. f, Jurkat cells expressing OT-I TCR
and LCK"" were transduced with CD8" or with CD8A. These Jurkat cells were
activated with T2-Kb cells loaded with OVA peptide overnight and analyzed

for CD69 expression by flow cytometry. Data are shown as mean +s.e.m.;n=3
independent experiments/mice. Differences in the EC5, and/or maximum of the
fitted non-linear regression curves were tested using an extra sum of squares
F-test, and P, Fand EC, values are shown.

CD8-LCK-mediated stabilization of the TCR-antigen binding does
not explain the differences in our functional assays because Lck“
KR OT-1 T cells showed intermediate antigen binding but the weakest
antigenic response.

Transgenic mice expressing a chimeric CD8.4 co-receptor (extra-
cellular part from CD8q, intracellular part from CD4) were previously
reported to have stronger TCR signaling, leading to altered develop-
ment and cell fate>"*?%, These phenotypes were attributed to the
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Fig. 5| CD8-bound LCK enhances responses to suboptimal antigens in vivo.

a, T cells fromindicated Lck-variant OT-I mice were transferred into Ly5.1 mice
followed by infection withindicated Lm strains. The percentage of donor cells
among all CD8" T cells on day 5 after infection was quantified by flow cytometry.
Medians are shown. Statistical significance was calculated using a Mann-Whitney
test; n=20 LckV"VT, n=22 Lck“““* and n =14 Lck“V** mice in five (LckM*?) or
seven (other strains) independent experiments for Lm-OVA; n=15Lck"""",n =14
Lck®M“A and n =14 Lck“*® mice in four independent experiments for Lm-T4; n=11
Lck"™T, n=11Lck®MA and n =13 Lck®»*® mice in three independent experiments
for Lm-G4.b,c, MC-38 carcinoma cells (0.5 x 10°) were injected into Cd3eX%/°
mice subcutaneously. OT-IT cells (0.2 x 10°) were adoptively transferred into
these mice 5 d later, and the size of the tumor was monitored; n = 14 mice for no
OT-I, Lck""™T OT-1and Lck“*? OT-1 or 15 mice for Lck“V* OT-lin four independent
experiments. b, Tumor growth inindividual Lck-variant mice is shown. Dashed
lines show the endpoint (tumor volume of 500 mm?®). ¢, The percentage of mice
with a tumor smaller than 500 mm?®in time is shown. The statistical significance
was tested using a log-rank (Mantel-Cox) test (all groups) and a Gehan-Breslow—
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Wilcoxon test (individual groups). d, CD8" T cells from indicated Lck-variant
OT-I mice were stained with a dilution series of fluorescently labeled K*-OVA
and K°T4 tetramer and analyzed by flow cytometry. Mean values + s.e.m. are
shown; n=4 (Lck""™7, Lck“V“* for K°-OVA) or n =3 (other samples) independent
experiments/mice; gMFI, geometric mean fluorescent intensity. e, CD8" T cells
fromindicated Lck-variant OT-Imice were stained with K®>-OVA-streptactin
multimers. Dissociation of K°>-OVA monomer after the addition of free biotin
was measured by flow cytometry. Individual experiments and means are shown;
n=3independent experiments/mice. f, CD8" T cells from indicated Lck-variant
OT-Imice were stained with AF555-labeled anti-TCRp scF, and added to planar
supported lipid bilayers with ICAM-1and AF647-labeled K>-OVA monomers.
Relative TCR:K®-OVA occupancy was measured as a fluorescence resonance
energy transfer between the donor and acceptor fluorophores. LckV"WT OT-1

T cells adhered to the lipid bilayer without K>-OVA monomers were used as a
negative control. Individual cells, medians and interquartile ranges are shown;
n=>54control,n=189 Lck"™T, n =179 Lck~* and n = 184 Lck““*® cells in two
independent experiments.

supraphysiological coupling of CD8.4 with LCK, but aformal proof was
missing. We compared CD8""and CD8.4 OT-Imice onthe Lck"""Tand
Lck®¥“A background. We observed two previously published pheno-
types of CD8.4: a bias toward SP4 differentiation in the thymus® and
massive formation of antigen-inexperienced memory T cells” in the
Lck"™™T but not Lck®r“* mice (Extended DataFig. 8g,h). Thisimplied
thatthe gain of function of the CD8.4 allele is mediated via LCK binding.
Overall, these datasuggested that theinteraction of CD8 with LCK
is dispensable for the responses to high-affinity antigens but enhances
signaling to suboptimal antigens. The kinase-dead LCK coupled to CD8
downmodulates the T cell response to suboptimal antigens.

LCK supports surface CD4" and helper T cell responses
We studied the role of the CD4-LCK interactions using B3K508 mice.
Lck*/%0 and Lck*¥¥R B3K508 thymocytes showed a developmental

block (Fig. 6a-d). In contrast to the polyclonal mice (Fig. 1b,d), the
Lck®CA and Lck®“ ® mice had comparable (or even slightly higher)
counts of SP4 and peripheral CD4" T cells as the Lck"""T mice
(Fig. 6a-d). These results indicated that the CD4-LCK interaction is
not required for the commitment of MHC class II-restricted T cells
tothe CD4" T cell lineage.

The Lck®““A B3K508 T cells exhibited weaker ex vivo antigenic
responses to the cognate 3K peptide and its intermediate- and
low-affinity APLs (PSR and P2A, respectively) than the Lck"""T B3K508
Tcells (Fig. 6€). The LckA** B3K508 T cells partially rescued defective
responses to high-affinity 3K and intermediate-affinity PSR antigens
but not toalow-affinity antigen P2A (Fig. 6e). The upregulation of CD69
and proliferationinduced by the co-receptor-independent activation
withanti-CD3/CD28 beads were comparable among these three strains
(Extended DataFig.9a,b).
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Fig. 6| Kinase-dependent and kinase-independent roles of CD4-bound LCK
inT cell responses. a-d, Thymi (aand b) and LNs (cand d) of indicated B3K508
mice were analyzed by flow cytometry. Statistical significance was calculated
using aMann-Whitney test. a, Expression of CD4 and CD8 in representative mice
(gated onviable cells). b, Numbers of mSP4 (viable CD4 CD8a*CD24 TCRB")
Tcells; Lck""W™: n = 24 mice in 10 independent experiments; Lck*%%: n=12
micein7 independent experiments; Lck*"**; n =13 mice in 6 independent
experiments; Lck““*: n =19 mice in 8 independent experiments; Lck“V**: n =10
micein 3 independent experiments. Individual mice and medians are shown.
¢,CD4"and CD8' T cellsin representative mice (gated on viable TCRB" cells).

d, Numbers of CD4* T cells in individual mice and medians are shown; Lck"™7%T:
n=26miceinllindependent experiments; Lck*”*°: n =11 mice in 7 independent
experiments; Lck*¥*®: n =13 mice in 6 independent experiments; Lck“/*: n=20
mice in 9 independent experiments; Lck“**: n =10 mice in 3 independent
experiments.e, T cells isolated from LNs of indicated Lck-variant B3K508 mice
were activated ex vivo with splenocytes from Ly5.1 mice loaded with 3K peptide
or APLs with decreasing affinity (3K > PSR > P2A) overnight and analyzed for the

expression of CD69 by flow cytometry. Mean values +s.e.m. are shown; number
of independent experiments/mice: n =7 (Lck“”*?) or 8 (other strains) for 3K, 5 for
P5R and 6 (Lck““*?) or 8 (other strains) for P2A. Differences in the EC5,and/or
maximum of the fitted non-linear regression curves were tested using an extra
sum of squares F-test. F, Pand ECs, values are shown. The significance of the
differences atindividual concentrations was calculated using aMann-Whitney
testand is displayed between Lck""™T and Lck“Y“* mice (blue stars) and
Lck"""Tand Lck“V*® mice (red stars); *P < 0.05; **P < 0.01; no symbol, P> 0.05
(Supplementary Table 5).f, Indicated Lck-variant B3K508 Rag2*®*° T cells were
transferred into Ly5.1 mice followed by infection with Lm expressing 3K or P2A.
Expansion of B3K508 T cells was measured as percentage among total CD4*

T cells on day 5 after infection by flow cytometry. Results for individual mice and
medians are shown; n=8 Lck""', n=11Lck“““*and n =10 Lck“V** mice from
three independent experiments for Lm-3K; n=12 Lck"""7, n=13 Lck®V* and
n=13 Lck“*® mice from three independent experiments for Lm-P2A. Statistical
significance was calculated using aMann-Whitney test.

In line with the results from the ex vivo activation, we observed
weaker responses of the Lck““* B3K508 T cells to Lm expressing
3K or low-affinity P2A in vivo (Fig. 6f). The Lck*“*R T cells rescued
responses to Lm-3K but not to Lm-P2A (Fig. 6f). These data indicated
that CD4-coupled LCK has a kinase-independent role in T cell activa-
tion, but the response to low-affinity antigens requires the catalytic
activity of CD4-bound LCK.

We observed that LCK stabilizes surface CD4 levels in a
kinase-independent manner in peripheral CD4" T cells (Fig. 7a,b). By
contrast, surface CD8levels were largely LCK independent (Extended
Data Fig. 9¢). The interaction with LCK stabilized surface CD4 also
in thymocytes, but this effect was much weaker in DP thymocytes
(Extended Data Fig. 9d) than in SP4 thymocytes (Extended Data
Fig.9e) or LN CD4' T cells (Fig. 7a,b).

To address the role of LCK in stabilizing CD4 in human T cells, we
measured surface CD4 levels in WT and LCK-deficient (LCK*°) Jurkat
celllines'®. LCK*° Jurkat cells expressed very low levels of surface CD4

(Extended Data Fig. 9f), which could be reverted by transducing these
cells with LCK™" or LCK*® but not LCK* (Fig. 7¢). The downregulation
of surface CD4 inthe absence of itsinteraction with LCK was mediated
by protein kinase C (PKC), as the PKC inhibitor elevated surface CD4
levels specifically in T cells from the Lck®~“A, but not LckW™""T or Lck“Y¥R,
mice (Fig. 7d and Extended Data Fig. 9g). Using electron microscopy,
we observed that the absence of the CD4-LCK interaction modulates
CD4 distribution in the plasma membrane. LCK is present in clusters
in Lck“~*CD4"* T cells butis relatively uniformin Lck"""TCD4" T cells
(Fig. 7e,f). Overall, the interaction of CD4 with LCK is required for its
proper surfacelocalizationin CD4" T cells and SP4 thymocytes and to
alesser extentin DP thymocytes.

Discussion

We generated Lck““A, Lck*V® and Lck“» R knock-in mouse strains to
resolve decades-long disputes about the role of CD8- and CD4-bound
LCK in T cell biology. Our data indicate that the co-receptor-LCK
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Fig.7|LCK retains CD4 on the surface of T cells in akinase-independent
manner. a,b, Relative CD4 surface levels on CD4" T cells isolated from indicated
Lckvariants were determined by flow cytometry. a, Representative mice; Unst.,
unstained. b, Normalized CD4 expression (average gMFI of Lck"""T was set
aslineach experiment). Individual mice and medians are shown; n =25 LckW""T,
n=13Lck**, n =12 LckV® n =18 Lck®Y“* and n =10 Lck“Y** mice in 11
independent experiments. The statistical significance was calculated using a
Wilcoxon signed-rank test (versus the value of 1). ¢, Surface CD4 levels on LCK*®
Jurkat cells transduced with indicated LCK variants were determined by flow
cytometry (gMFI) and normalized to CD4 levels on untransduced LCK*® Jurkat
cells (=1, indicated by a dashed line). Independent experiments and means

are shown; n=3independent experiments. The statistical significance was
calculated using aone-value t-test.d, LN T cells of indicated Lck-variant strains

were incubated with a PKC inhibitor Ro-32-0432 overnight. CD4 expression was
analyzed by flow cytometry (gMFI) and normalized to untreated cells from the
same mouse (=1, indicated by a dashed line); n = 7independent experiments/
mice for LckV"T and Lck®V“ and n = 6 for Lck®“*®, Independent experiments and
means are shown. The statistical significance was tested using aMann-Whitney
test; PKCi, PKC inhibitor. e,f, CD4 on LN CD4" T cells from Lck"" W or Lck®M<h
B3K508 Rag2*°/*° mice was visualized with gold-labeled antibodies using
transmission electron microscopy. e, Representative cells are shown. The arrows
indicate CD4 molecules. f, Normalized pair correlation function values for CD4
clustering (clusters of 0-50 nM) were calculated for each cell. Individual values
and medians + s.d. are shown; n =358 Lck"""Tand n = 423 Lck®V“A cells from
three independent experiments. The statistical significance was tested using
aMann-Whitney test.

interactions contribute to optimal T cell development and immune
responses. However, the defects observed in mice with disrupted
CD8-LCK and CD4-LCK interactions were much more subtle thanin
the LCK-deficient mice or mice expressing kinase-dead LCK, indicat-
ing that ‘free’ LCK can at least partially promote TCR signalingin vivo.

Thegeneticdisruption of the co-receptor-LCK interactiondid not
impair the development of three tested monoclonal MHC class I- or
MHC class II-restricted thymocytes. It is unclear why a previous study
reported a severe block in the development of thymocytes express-
ing MHC class II-restricted AND TCR'™. It is possible that it was caused
by their experimental system (transgenic expression of LCK) or by a
unique feature of the AND TCR. However, such a feature is not a low
level of self-reactivity, as the normally developing F5 T cells are weakly
self-reactive?”>*°, whereas AND T cells are among the most self-reactive
transgenic TCR clones®.

Polyclonal Lck“~“A mice developed relatively normal peripheral
TCR repertoires and formed virus-specific and tumor-specific MHC
classI-and MHC class II-restricted T cells. However, unlike the mono-
clonal Lck®““A mice, the polyclonal Lck®““A mice showed a block in
the development of mature SP thymocytes. This difference can be
caused by the non-physiological timing of TCR expressionin the TCR
transgenic mice, which alters the outcome of thymic checkpoints®*,
Another major factor is the presence of unconventional T cellsin poly-
clonal mice and their comparative advantage over MHC class I/MHC
classll-restricted T cellsin the absence of the co-receptor-LCK interac-
tion™. Indeed, we observed largely increased frequencies of NKT cell
clonesamong the Lck®~A thymocytes. Althoughit is tempting to specu-
late that the unconventional T cells suppress the formation MHC class

I/MHC class ll-restricted ones in a direct competition in the Lck®V/cA
mice, our experiments with the BM chimeras show that the suboptimal
formation of mature CD4* and CD8" T cells in the Lck“V“* and Lck“M<®
mice is at least partially intrinsic. Overall, these results indicate that
the co-receptor-LCK interaction is not essential for the formation of
MHC class I/MHC class lI-restricted T cells and their proper CD4/CD8
lineage commitment. However, in the absence of the co-receptor-LCK
interaction, the maturation of MHC classI/MHC class II-restricted T cell
clones is affected, whereas the formation of MHC class I/MHC class
ll-independent T cells is augmented.

We observed that the maturation and TCR signaling of early DP
thymocytes is not blocked but is even slightly enhanced in the Lck®VA
mice. The plausible explanation is that the Lck“Y“* mutation strips
LCK from both CD4 and CD8 co-receptors, which leads to alarge pool
of ‘free’ LCK. For MHC class I-restricted TCRs, the loss of CD8-bound
LCK probably decreases the responsiveness to self-antigens, but thisis
(over)compensated by the release of CD4-bound LCK into the ‘free’ LCK
poolandvice versafor MHC class II-restricted thymocytes. It hasbeen
proposed that the co-receptor-bound LCK has a lower kinase activity
than ‘free’ LCK®, which would enhance the signaling in Lck®A“A thymo-
cytes. However a contradictory study proposed that the co-receptor
binding enhances LCK activity**, and we did not observe any differ-
ences between the response of Lck"V""T and Lck““* peripheral T cells
to co-receptor-independent antibody-mediated TCR signaling. Lck®/“A
thymocytes have only a partial block in the formation of the most
mature DP stage, which does not fully explain the relatively strong
loss of SP4 and SP8 thymocytes. This suggests that a previously unap-
preciated signaling checkpoint might occur at the very transition
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of postselection DP thymocytes into the SP stage and/or during the
maturation of SPthymocytes. Our Lck-variant mice seem to be promis-
ingtools for further elucidating the role of LCK in fate decisions of con-
ventional and unconventional T cells at different stages of maturation.

Our data show that the importance of CD8-LCK and CD4-LCK
for T cell development and immune responses differs. CD8-bound
LCK plays only arelatively minor role in the development of cytotoxic
Tcells. Although Lck“V* CD8* T cells are outcompeted by LckV"WT cells
in the mixed BM chimeras, peripheral homeostatic proliferation®
apparently compensates for the inefficient formation of CD8" T cells.
Lck®“Amice also exhibit normal or near-normal antiviral and antitumor
immunity and CD8" T cell responses to high-affinity antigens. The role
of CD8-LCK in peripheral T cells seems to be largely limited to enhanc-
ing the signaling induced by low-affinity antigens. By contrast, CD8"
T cellsin Lck“V*® mice show defective antigenic responses, suggesting
that CD8-bound kinase-dead LCK®® inhibits activity of the ‘free’ LCK®A.
Plausibly, LCK phosphorylates the TCR complex only whenlocalized in
a unique site. Co-receptor-bound LCK*® might preferentially occupy
this position, preventing the ‘free’ LCK** from initiating TCR signaling
inthe compound heterozygotes. This scenarioisinline with the recent
observation that co-receptor-bound LCK disables TCR triggering
by pMHCs with reversed docking orientations'®>°. However, follow-
ing disruption of the CD8-LCK interaction, these reversely binding
antigens induce TCR signals with comparable strength to canonical
ligands™. Further investigation is required for understanding of the
relationship between the localization of LCK and its ability to phos-
phorylatethe TCR-CD3 complex. Overall, although we observed that
the CD8-bound LCK enhances pMHCI tetramer binding, the functional
assays did not reveal any biological importance of a previously pro-
posed kinase-independent adaptor role of CD8-bound LCKS,

CD4" T cells are more dependent on the co-receptor-LCK
interaction than CD8" T cells. Defective maturation and activa-
tion of Lck®/A CD4* T cells is partially rescued with a pool of
CD4-interacting kinase-dead LCK present in the Lck“Y*® mice, imply-
ing a kinase-independent role of CD4-bound LCK. Indeed, LCK pro-
motes surface CD4 localization and its homogenous distributionin the
plasmamembrane, especiallyinmatureT cells. The regulation of CD4
stability and trafficking by LCK was observed previously in transgenic
non-lymphoid cell lines**®, but its relevance for T cell biology was not
investigated before.

The responses to low-affinity antigens require the kinase activity
of CD4-bound LCK, which is analogous to CD8" T cells. It is plausible
thatthe CD4-bound kinase-dead LCK might have a dominant-negative
rolein TCRtriggering under certain conditions. The ambiguous roles of
the kinase-dead LCK might explain the rescue phenotype in the Lck®/*®
mice in some aspects of T cell biology (for example, formation of
mature CD4" T cells and signaling of B3K508 CD4" T cells) but not in
some other assays (signaling of B3K508 SP4 thymocytes and forma-
tion of NKT cells).

As we did not observe impaired development of monoclonal
T cells in the Lck®Y“* and Lck““*® mice, we concluded that the defec-
tive responses of mature CD4" T cells and CD8" T cells observed in
monoclonal and polyclonal LckA and Lck®*® mice are probably
largely intrinsic. However, we cannot formally exclude that some rel-
evant differences are imprinted already during thymic development
in the knock-in strains.

The differential role of co-receptor-bound LCK in the response
to high- and low-affinity antigens could be potentially used for the
development of novel strategies for treating autoimmune diseases.
The specificinhibition of co-receptor-bound LCK should impair auto-
immune T cell clones with relatively low antigen affinity***° without
inhibiting protective high-affinity T cell responses toinfections. Moreo-
ver, disruption of theinteractionbetween co-receptors and LCK might
modulate the balance between cytotoxic and helper T cell responses,
which could be beneficial in the tumor treatment.

Online content
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maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41590-022-01366-0.

References

1. Straus, D. B. & Weiss, A. Genetic evidence for the involvement of
the Lck tyrosine kinase in signal transduction through the T cell
antigen receptor. Cell 70, 585-593 (1992).

2. \Veillette, A., Bookman, M. A., Horak, E. M. & Bolen, J. B. The CD4
and CD8 T cell surface antigens are associated with the internal
membrane tyrosine-protein kinase p56lck. Cell 55, 301-308 (1988).

3. Rudd, C.E., Trevillyan, J. M., Dasgupta, J. D., Wong, L. L. &
Schlossman, S. F. The CD4 receptor is complexed in detergent
lysates to a protein-tyrosine kinase (pp58) from human T
lymphocytes. Proc. Natl Acad. Sci. USA 85, 5190-5194 (1988).

4. Artyomov, M. N., Lis, M., Devadas, S., Davis, M. M. & Chakraborty,
A. K. CD4 and CD8 binding to MHC molecules primarily
acts to enhance Lck delivery. P Natl Acad. Sci. USA 107,
16916-16921 (2010).

5. Stepanek, O. et al. Coreceptor scanning by the T cell
receptor provides a mechanism for T cell tolerance. Cell 159,
333-345 (2014).

6. Horkova, V. et al. Dynamics of the coreceptor-LCK interactions
during T cell development shape the self-reactivity of peripheral
CD4 and CD8T cells. Cell Rep. 30, 1504-1514 (2020).

7. Casas, J. etal. Ligand-engaged TCRis triggered by Lck not
associated with CD8 coreceptor. Nat. Commun. 5, 5624 (2014).

8. Hong, J.S. etal. A TCR mechanotransduction signaling loop
induces negative selection in the thymus. Nat. Immunol. 19,
1379-1390 (2018).

9. Wei, Q.R. etal. Lck bound to coreceptor is less active than free
Lck. Proc. Natl Acad. Sci. USA 117, 15809-15817 (2020).

10. Zareie, P. et al. Canonical T cell receptor docking on peptide-MHC
is essential for T cell signaling. Science 372, eabe9124 (2021).

1. Erman, B. et al. Coreceptor signal strength regulates positive
selection but does not determine CD4/CD8 lineage choicein a
physiologic in vivo model. J. Immunol. 177, 6613-6625 (2006).

12. Van Laethem, F. et al. Lck availability during thymic selection
determines the recognition specificity of the T cell repertoire. Cell
154, 1326-1341 (2013).

13. Rudd, C. E. How the discovery of the CD4/CD8-p56(lck)
complexes changed immunology and immunotherapy. Front. Cell
Dev. Biol. 9, 626095 (2021).

14. Turner, J. M. et al. Interaction of the unique N-terminal region of
tyrosine kinase p56lck with cytoplasmic domains of CD4 and CD8
is mediated by cysteine motifs. Cell 60, 755-765 (1990).

15. Carrera, A. C., Alexandrov, K. & Roberts, T. M. The conserved
lysine of the catalytic domain of protein kinases is actively
involved in the phosphotransfer reaction and not required for
anchoring ATP. Proc. Natl Acad. Sci. USA 90, 442-446 (1993).

16. Courtney, A. H. et al. A phosphosite within the SH2 domain of Lck
regulates its activation by CD45. Mol. Cell 67, 498-511(2017).

17. van Oers, N. S., Lowin-Kropf, B., Finlay, D., Connolly, K. & Weiss, A.
ap T cell development is abolished in mice lacking both Lck and
Fyn protein tyrosine kinases. Immunity 5, 429-436 (1996).

18. Pribikova, M., Moudra, A. & Stepanek, O. Opinion: Virtual memory
CD8 T cells and lymphopenia-induced memory CD8 T cells
represent a single subset: homeostatic memory T cells. Immunol.
Lett. 203, 57-61(2018).

19. White, J. T., Cross, E. W. & Kedl, R. M. Antigen-inexperienced
memory CD8" T cells: where they come from and why we need
them. Nat. Rev. Immunol. 17, 391-400 (2017).

Nature Immunology | Volume 24 | January 2023 | 174-185

184


http://www.nature.com/natureimmunology
https://doi.org/10.1038/s41590-022-01366-0

Article

https://doi.org/10.1038/s41590-022-01366-0

20. Kratochvil, M., Koladiya, A. & Vondrasek, J. Generalized
EmbedSOM on quadtree-structured self-organizing maps.
F1000Res 8, 2120 (2019).

21. Van Gassen, S. et al. FlowSOM: using self-organizing maps for
visualization and interpretation of cytometry data. Cytometry A
87, 636-645 (2015).

22. Yamagata, T., Mathis, D. & Benoist, C. Self-reactivity in thymic
double-positive cells commits cells to a CD8aa lineage
with characteristics of innate immune cells. Nat. Immunol. 5,
597-605 (2004).

23. Huseby, E. S. et al. How the T cell repertoire becomes peptide and
MHC specific. Cell 122, 247-260 (2005).

24. Pellicci, D. G., Koay, H. F. & Berzins, S. P. Thymic development of
unconventional T cells: how NKT cells, MAIT cells and y3 T cells
emerge. Nat. Rev. Immunol. 20, 756-770 (2020).

25. Lo, W. L. etal. Lck promotes Zap70-dependent LAT phosphorylation
by bridging Zap70 to LAT. Nat. Immunol. 19, 733-741 (2018).

26. Nauerth, M. et al. TCR-ligand k. rate correlates with the
protective capacity of antigen-specific CD8" T cells for adoptive
transfer. Sci. Transl. Med. 5, 192ra187 (2013).

27. Drobek, A. et al. Strong homeostatic TCR signals induce
formation of self-tolerant virtual memory CD8 T cells. EMBO J. 37,
98518 (2018).

28. Karimi, M. M. et al. The order and logic of CD4 versus CD8 lineage
choice and differentiation in mouse thymus. Nat. Commun. 12,

99 (2021).

29. Hogan, T. et al. Clonally diverse T cell homeostasis is maintained
by a common program of cell-cycle control. J. Immunol. 190,
3985-3993 (2013).

30. Goldrath, A. W., Luckey, C. J., Park, R., Benoist, C. & Mathis, D. The
molecular program induced in T cells undergoing homeostatic
proliferation. Proc. Natl Acad. Sci. USA 101, 16885-16890 (2004).

31. Mandl, J. N., Monteiro, J. P., Vrisekoop, N. & Germain, R. N.

T cell-positive selection uses self-ligand binding strength to
optimize repertoire recognition of foreign antigens. Immunity 38,
263-274 (2013).

32. Lacorazza, H. D., Tucek-Szabo, C., Vasovic, L. V., Remus, K. &
Nikolich-Zugich, J. Premature TCR af3 expression and signaling in
early thymocytes impair thymocyte expansion and partially block
their development. J. Immunol. 166, 3184-3193 (2001).

33. Baldwin, T. A., Sandau, M. M., Jameson, S. C. & Hogquist, K.

A. The timing of TCR a expression critically influences T cell
development and selection. J. Exp. Med. 202, 111-121 (2005).

34. Liaunardy-Jopeace, A., Murton, B. L., Mahesh, M., Chin, J.

W. & James, J. R. Encoding optical control in LCK kinase to
quantitatively investigate its activity in live cells. Nat. Struct. Mol.
Biol. 24, 1155-1163 (2017).

35. Surh, C. D. & Sprent, J. Homeostatic T cell proliferation:
how far can T cells be activated to self-ligands? J. Exp. Med. 192,
F9-F14 (2000).

36. Gras, S. etal. Reversed T cell receptor docking on a major
histocompatibility class | complex limits involvement in the
immune response. Immunity 45, 749-760 (2016).

37. Foti, M., Phelouzat, M. A., Holm, A., Rasmusson, B. J. & Carpentier,
J. L. p56Lck anchors CD4 to distinct microdomains on microvilli.
Proc. Natl Acad. Sci. USA 99, 2008-2013 (2002).

38. Pelchen-Matthews, A., Boulet, I., Littman, D. R., Fagard, R. &
Marsh, M. The protein tyrosine kinase p56lck inhibits CD4
endocytosis by preventing entry of CD4 into coated pits. J. Cell
Biol. 117, 279-290 (1992).

39. Clement, M. et al. Targeted suppression of autoreactive CD8*
T-cell activation using blocking anti-CD8 antibodies. Sci. Rep. 6,
35332 (2016).

40. Koehli, S., Naeher, D., Galati-Fournier, V., Zehn, D. & Palmer, E.
Optimal T-cell receptor affinity for inducing autoimmunity. Proc.
Natl Acad. Sci. USA 111, 17248-17253 (2014).

Publisher’s note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Nature Immunology | Volume 24 | January 2023 | 174-185

185


http://www.nature.com/natureimmunology
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41590-022-01366-0

Methods
Mice
Mice had aC57BL/6) background (Charles River).Forisolation of thymi
forimmunoblotting, 4- to 8-week-old mice were used. For fetal thymic
organ cultures, embryos of embryonic age 15.5 were used. In other
experiments, 6- to12-week-old mice were used. Both males and females
were used for experiments. We aimed at constant male and female
representation among experimental groups in all experiments. Mice
were bred in our specific pathogen-free facility (Institute of Molecular
Genetics of the Czech Academy of Sciences; IMG) in accordance with
the laws of the Czech Republic. Animal protocols (ID11/2016,115/2016,
72/2017 and AVCR 2378/2022 SOVII) were approved by the Resort Profes-
sional Commission for Approval of Projects of Experiments on Animals
ofthe Czech Academy of Sciences, Czech Republic. The used congenic/
transgenic strains were Ly5.1 (ref. ), Cd3e*%/*°*?, OT-1 Rag2X0/x0+#
B3K508 RagQKO/KOZS, LCkKO/KOé, CD8.4 OT'l RagZKO/KO"'” and FS Rag]KO/KO”'Z7.
AlI TCR transgenic mice used in this study had a Rag2**’*° or Rag1¥®/*°
background. The colonies of all transgenic strains were established
denovoinouranimalfacility by rederivation using embryo transfer or
invitro fertilization. Mice were fed with anirradiated standard rodent
breeding dietand given reverse osmosis-filtered water ad libitum. Mice
were keptinafacility witha12-hlight/12-h dark cycle and temperature
andrelative humidity maintained at 22 +1°Cand 55 + 5%, respectively.
LckC0-3M 20238 and [ ck**7RK23R knock-in mice and Lck*%*° mice
were generated in the Czech Centre for Phenogenomics, IMG, using
one-cell-stage embryos isolated from 3- to 5-week-old females mated
with 9-to 35-week-old males and stimulated with 5 IU of pregnant mare
serum gonadotropin (MSD Animal Health, Folligon PMSG) and 5 IU
of human chorionic gonadotropin (Sigma, CG10)*. Both males and
females were of the C57BL/6N strain (Charles River). The one-cell-stage
embryos received a pronuclear microinjection of Cas9 mRNA
(100 ngml™) and guide RNA (50 ng ml™) together with single-stranded
DNA templates (10 ng pl™) and were implanted into 7- to 15-week-old
(and above 35 g of body weight) foster mothers of the CD1 strain
(CharlesRiver). The founders were back-crossed on the C57BL/6) back-
ground for at least five generations. Sequences of the oligonucleo-
tides for the generation of mice and their genotyping are showninthe
Supplementary Table 6.

Cell counting and cell lines
Cells were counted using a Z2 Coulter Counter Analyzer (Beckman
Coulter) or Cytek Aurora flow cytometer (Cytek).

Primary T cells were cultured in IMDM. Jurkat T cell lines'** and
T2-Kb cells (provided by E. Palmer, University Hospital Basel) were
cultured in RPMI. HEK293 (provided by T. Brdicka, IMG) and MC-38
cells (provided by E. Palmer, University Hospital Basel) were culturedin
DMEM. Mediumwas supplemented with10% fetal bovine serum (FBS;
Gibco), 100 U ml™ penicillin (BB Pharma), 100 mg ml™ streptomycin
(Sigma-Aldrich) and 40 mg ml™ gentamicin (Sandoz). HEK293 cells
are listed in the register of cell lines that are known to be misidenti-
fied through cross-contamination or other mechanisms (iclac.org/
databases/cross-contaminations/)*¢, because there was a case of their
confusion with HeLa cells. We can exclude such a misidentificationin
our culture based on the morphology of the cells and their adhesion
onthe tissue culture plastic, which are clearly distinct between these
two lines and which were checked in each experiment.

The parental humanJurkat leukemic line in this study was the LCK*©
line'® expressing the OT-1 TCR?. This line was transduced with human
LCK variants (LCK™", LCK®**** and LCK***}) containing a C-terminal
FLAG tagin pMSCV-IRES-LNGFR and eventually with human CD8 vari-
ants (CD8aV'CD8p, CD8a **27ACDSP) in pMSCVZ. Human CD8A and
CD8B geneswere cloned de novo from human blood cDNA. The human
LCK-encoding sequence was provided by T. Brdicka (IMG). The respec-
tive mutations in LCK and CD8A were introduced by PCR mutagenesis
(Supplementary Table 6).

16,25

Flow cytometry analysis

For the analysis of mouse thymocytes and T cells, the following anti-
bodies were used: anti-CD4 (clone RM4-5, BioLegend 100536, 100545
and 130310, diluted 200%; RM4-4, BioLegend 116004, diluted 200x),
anti-CD8a (clone 53-6.7, BioLegend 100738, 100753, 100708 and
100722, diluted 200x), anti-CD83 (clone YTS156.7.7, BioLegend 126615,
diluted 200x), anti-CD24 (clone M1/69, BioLegend 101806, diluted
200x), anti-CD25 (clone PC61, BioLegend 102016, diluted 400x and
102006 and 102036 diluted 200x), anti-CD44 (clone IM7, BioLegend
103049, diluted 200x%), anti-CD45.1 (clone A20, BioLegend 110723,
diluted 200x), anti-CD45.2 (clone 104, BioLegend 109808, diluted
200x), anti-CD49d (clone R1-2, BioLegend 103618 and 103622, diluted
200x), anti-CD69 (clone H1.2F3, BioLegend 104508, diluted 200x),
anti-TCRp (clone H57-597, BioLegend 109218, 109206, 109243 and
109212 and BD Pharmingen 553171, diluted 200-400x), anti-PD-1 (clone
29F.1A12, BioLegend 135209, diluted 200x%), anti-CXCRS5 (clone L138D7,
BioLegend 145504 and 145520, diluted 200x), anti-KLRG1 (clone 2F1/
KLRG1, BioLegend138421and 138410, diluted 200x), anti-FOXP3 (clone
FJK-16s, eBioscience 25-5773-82, diluted 100x) and anti-CD127 (clone
A7R34,BioLegend 135013, diluted 200x). For analysis of Jurkat cell lines,
anti-CD4 (clone MEM-241, Exbio A7-359-T100, diluted 50x), anti-CD8
(clone MEM-31, Exbio 1P-207-T025, diluted 50x), anti-CD69 (clone
FN50, Exbio T7-552-T100, diluted 100x) and anti-CD271 (clone ME20.4,
BioLegend 345108 and 345106, diluted 200x) were used. Antibodies
were conjugated with various fluorophores by the manufacturers.
LIVE/DEAD fixable near-IR dye (Thermo Fisher Scientific, L34975) was
used for the viability staining.

Thestaining of live cells was performed in PBS/2% FBS/2 MM EDTA
oniceusually for ~30 min. For the staining of FOXP3, the samples were
fixed and permeabilized using the Foxp3/Transcription Factor Stain-
ing Buffer set (Thermo Fisher Scientific, 00-5523-00) according to the
manufacturer’sinstructions.

For the analysis of thymocytes by phospho-specific flow cytom-
etry, thymocytes from 4- to 9-week-old mice were immediately per-
meabilized in 2.5% formaldehyde (Sigma-Aldrich, F8775) in PBS for
10 minat-21°Cand fixed in~-90%ice-cold methanol for 30 minonice.
The cells were stained with anti-phospho-ZAP70/SYK Y319 (polyclonal,
Cell Signaling 2701, diluted 30%) and anti-pTCRZ-phycoerythrin (PE)
(K25-407.69, BD Biosciences 558448, diluted 20x) overnight at 4 °C
protected from light and then with antibodies for surface markers
and with goat anti-rabbit-Alexa Fluor555 (polyclonal, Thermo Fisher
Scientific A-32732, diluted 1,000x) in the case of pZAP70 staining at
~21°Cfor1hprotected fromlight. For the comparison of basal signal-
ing in Lck""™T, Lck“““A and Lck“V*® mice, cells from individual mice
were indexed by staining with anti-CD45.2-Alexa Fluor700 (clone 104,
BioLegend 109822, diluted 200%) and/or anti-CD45.2-APC/Cy7 (clone
104, BD Pharmingen 560694 or BioLegend 109824, 200x) for 30 min on
ice. Indexed cells were mixed in a LL:1 (Lck™ "W T:Lck®MA:Lck“M*R) ratio
before staining with the phospho-specific antibodies.

For the unsupervised analysis of DP maturation, thymocytes were
stained with TCRj3, CD4, CD8a, CD5, CD69, CD24, CD25 and LIVE/
DEAD fixable near-IR dye, and 10° live DP thymocytes (CD4*CD8a*)
were downsampled from each individual mouse and concatenated
together. Unbiased dimensional reduction and clustering by FlowSOM
pluginwas performed in FlowJo software. Graphs were mapped based
on FlowSOM map using the EmbedSOM plugin in FlowJo software.

The samples were analyzed using a Cytek Aurora, BD LSRII or
FACSSymphony flow cytometer. The data were analyzed using Flow
Jo (version10.6.2, BD Biosciences).

Ex vivo activation assay

The humanlymphoblast T2-Kb cell line expressing murine H2-K** was
used for antigen presentation to OT-I T cells or Jurkat cell lines bear-
ing OT-I TCR. Splenocytes from Ly5.1 mice were used for activation of
B3K508 T cells. The antigen-presenting cells were pulsed with indicated
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concentrations of indicated peptides and cocultured with isolated
T cells at a1:2 ratio overnight. CD69 expression was detected by flow
cytometry. Theresults were fitted with alog (agonist) versus response
(percentage of CD69" T cells) function (least squares method) using
PRISM (GraphPad Software).

For analysis of antibody-mediated activation, 2 x 10°T cells from
LNs of OT-1 Rag2*°*° or B3K508 Rag2**’*® mice were activated with
titrated amounts of anti-CD3/CD28 beads (Gibco, 11453D) in 96-well
plates (200 pl) for16 hat 37 °C and 5% CO,. Subsequently, the cells were
analyzed by flow cytometry.

For the analysis of the antibody-mediated proliferation, 3 x 10°
to 5% 10°LN T cells from OT-1 Rag2"®’° or B3K508 Rag2"°’*° mice were
loaded with 5 uM Cell Trace Violet dye (Thermo Fisher Scientific,
C34557) in PBS for 10 min at 37 °C and 5% CO,; 2 x 10°T cells per sam-
ple were used for activation with 2 x 10° anti-CD3/CD28 beads (Gibco,
11453D) and cultured in 48-well plates (600 pl) at 37 °C and 5% CO, for
72 h. After the incubation, proliferation was analyzed by flow cytometry.

PKCinhibition assay

Live cells were incubated with 5 pM PKC inhibitor Ro-32-0432
(Sigma-Aldrich, 557525) overnight. CD4 expression was analyzed by
flow cytometry (antibody clone RM4-5).

Cloning of Lck variants and transfection into HEK293 cells

Lck WT, CA and KR open reading frames were amplified from cDNA
obtained from the thymi of respective mice. FLAG tag was C-terminally
fusedtothe Lck WT, CAand KR and cloned into pXJ41vector (provided
by T.Brdicka, IMG) using EcoRI/Xhol. ZAP70- and CD25-TCRZ-encoding
genes (provided by T. Brdicka, IMG) were subcloned into pXJ41
(Supplementary Table 6).

HEK293 cells were grown to ~50% confluency and transfected with
LCKvariants and either ZAP70- or CD25-TCRZ-encoding pXJ41plasmid.
Thirty micrograms of DNA was mixed with 75 pg of polyethyleniminein
0.5 ml of DMEM/0.5% FBS for 10 min at room temperature. The mixture
was then added onto cellsin3 mlof DMEM/0.5% FBS. The medium was
replaced with DMEM/10% FBS/antibiotics after 3 h. Samples were col-
lected 24 h after the transfection.

Immunoprecipitation and immunoblotting

Total thymocytes were used forimmunoprecipitation. Live cells (2 x 107
to3 x 10”) were stained with biotinylated anti-CD8 (clone 53-5.8, Bio-
Legend 140406, 2 ug) or anti-CD4 (clone GK1.5, BioLegend 100404,
2 pg). Cells were lysed in 1 ml of lysis buffer (1% lauryl-3-D-maltoside
(Thermo Fisher Scientific), 30 mM Tris (pH 7.4),120 mM NacCl, 2 mM
KCl,10% glycerol, complete protease inhibitors (Roche, 05056489001)
and phosphoSTOP phosphatase inhibitors (Roche, 4906845001)), the
lysate was cleared by centrifugation (20,000g), and supernatant was
incubated with Streptavidin Mag Sepharose (GE Healthcare) for 2 h
at 4 °C. Washed beads were lysed in Laemmli sample buffer. Samples
were subjected to immunoblotting with murine anti-LCK (3A5, Santa
Cruzsc-433, diluted 200x) and rabbit monoclonal anti-CD8«x (D4W2Z,
Cell Signaling, diluted 1,000%) or anti-CD4 (D7D2Z, Cell Signaling,
diluted1,000%).

For determination of endogenous LCK expression, 10’ thymo-
cytes or LN T cells were lysed in 100 pl of lysis buffer, incubated for
30 min onice, cleared by centrifugation (20,000g) and diluted in
Laemli sample buffer. Samples were subjected to immunoblotting
with murine anti-LCK (3AS5, Santa Cruz sc-433, diluted 200x), rabbit
anti-B-actin (4967, Cell Signaling, diluted 1,000x) and rabbit polyclonal
anti-LAT serum*,

For the analysis of basal TCR{ phosphorylation, thymi from 6- to
8-week-old female mice were lysed in lysis buffer (20 mM HEPES (pH
7.5),150 mM NaCl, 2 mM EDTA (pH 8) and 0.5% Triton X-100) supple-
mented with proteaseinhibitor cocktail (Roche, 05056489001). Lysates
were centrifuged at 15,000g for 15 min at 4 °C to remove cell debris.

Protein concentration was equalized using the Pierce BCA protein
assay kit (Thermo Scientific). Proteins were denatured in 1x Laemmli
sample bufferat 93 °C.

For the analysis of Jurkat cell activation by anti-TCR, Jurkat cells
expressing LCK variants were starved for 30 minat 37 °C and stimulated
for 2 min with anti-Jurkat TCR c305 supernatant (kindly provided by
T.Brdicka) at 37 °C. Cells were then immediately lysed and denatured
in1x Laemmli sample buffer at 93 °C. The lysates were sonicated and
used forimmunoblotting.

The following primary antibodies were used for the analysis of
basal and induced phosphorylation in primary T cells, Jurkat cells
and HEK293 cells: anti-CD3-C (clone 6B10.2, Santa Cruz sc-1239,
diluted 50x), LCK (clone 3A5, Santa Cruz sc-433, diluted 200-500x),
anti-TCRT (pY142; clone K25-407.69, BD Biosciences 558402, diluted
100x), anti-ZAP70 (clone 99F2, Cell Signaling 2705S, diluted 500x),
phospho-Zap-70 (Try 319)/Syk (Tyr 352) (Cell Signaling 27018, diluted
50x), anti-actin (Cell Signaling 4967, diluted 5,000x), anti-pTyr (clone
4G10, Sigma-Aldrich 05-321, diluted 5,000x) and anti-FLAG (clone M2,
Sigma-Aldrich F1804-200UG, diluted 1,000x).

Both immunoprecipitation samples and lysates were visualized
with secondary goat anti-rabbit or goat anti-mouse conjugated with
horseradish peroxidase (Jackson ImmunoResearch Labs) on Azure
¢200 (Azure Biosystems) or Fusion Solo S (Vilber).

BM chimeras

BM was isolated from 6- to 8-week-old Lck™ ™7, Lck“¥A, or Lck“Y*®
mice and mixed with supporting BM cells from Ly5.1 miceinal:1ratio.
Two million cells were transferred to lethally irradiated Ly5.1/Ly5.2
heterozygous donor mice. The mice received adose of 6 Gy inan X-RAD
225XL Biological irradiator (Precision X-Ray). T cell development was
analyzed 8 weeks after transplantation by flow cytometry.

Listeriainfection

LN T cells were isolated from B3K508 and OT-I mice. Cells were adop-
tively transferred to Ly5.1 congenic host mice. The following day,
mice were injected with 5,000 colony-forming units of transgenic Lm
expressing OVA, T4, G4, 3K, P5R and P2A antigens**~'. Expansion of the
responsive cells was analyzed by flow cytometry 5 d after infection.

LCMV infection

LCMYV (Armstrong) was obtained from D. Pinschewer (European Virus
Archive Global). For batch production, hamster BHK-21 cells were
infected atamultiplicity ofinfection of 0.01, and the virus-containing
supernatant was collected 48 h after infection. Mice were infected by
intraperitoneal injection of 2 x 10° plaque-forming units. Detection of
LCMV in the spleen was performed by quantitative PCR with reverse
transcription (RT-qPCR). Total RNA was isolated by TRIzol LS (Inv-
itrogen, 10296010), and in-column DNase digestion was performed
using an RNA Clean & Concentrator kit (Zymo Research), according to
manufacturers’instructions. RNA was stored at -80 °C or transcribed
immediately using RevertAid reverse transcriptase (Thermo Fisher
Scientific, EP0442) with oligo(dT)18 primers (Thermo Fisher Scientific,
S0131) according to the manufacturer’s instructions. RT-qPCR was
performed using LightCycler 480 SYBR green I master mix (Roche,
04887352001) and a LightCycler 480 Il machine (Roche). All samples
were measuredintriplicates. The LCMV titers were quantified against
astandard curve from cloned S-segment of LCMV in pBlueScript vec-
tor (Supplemetary Table 6). The quality of isolated RNA was tested
by RT-qPCR analysis of an endogenous reference gene Eeflal (Sup-
plemetary Table 6).

Tumor growth

The mouse MC-38 cell line derived from C57BL/6 colon adenocarci-
noma’? was transduced with ovalbumin protein-coding sequence via
retroviral vector pMSCV-IRES-LNGFR. Five hundred thousand cells were

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-022-01366-0

injected subcutaneously to the left side of the mouse. When Cd3e™ mice
were used as hosts, 2 x 10° OT-I cells were injected intravenously 5 d after
tumor injection. Tumor size was measured by caliper, and tumor volume
was estimated using the following formula: V= (L x $?)/2,where L and S
arethelongest and shortest diameters, respectively. The endpoint was
the tumor volume exceeding 500 mm?® or the end of the experiment (day
22 after MC-38injection for polyclonal mice and day 31 for Cd3e” mice).
Theapproved animal protocols stated that mice with atumor volume of
500 mm?®or larger must be killed, which was always followed.

Cellisolation from tumors

Tumors were excised from mice, cut into small pieces and incubated
with 100 pg ml™ Liberase (Roche, 5401020001) and 50 pg mI™ DNAse
I(Roche, 101104159001) in wash buffer (1% bovine serum albuminand
1mMEDTA in HBSS without Ca?*/Mg?") at 37 °C and 350 r.p.m. shaking
for 45 min. The mixture was resuspended with a 1,000-ul wide-bore
pipette tip every 10 min. Undigested debris was removed by filtering
through a100-pum strainer. Cells were collected by centrifugation at
350gat4 °Cfor 5 min. Pellets were resuspended in 10 ml of 40% Percoll
(Cytiva, 17089101) in DMEM. Ten milliliters of 80% Percollin DMEM was
carefully laid on the bottom of the tube to create a gradient. Samples
were centrifuged at 320gat ~21 °C for 23 min with minimal ascending/
descending rates. Lymphocytes present at the interphase were col-
lected, centrifuged at 400g at 4 °C for 5 min and processed for flow
cytometry analysis.

Fetal thymic organ cultures

Gelfoamgelatine sponge (Gelita-Spon Standard GS-002, Gelita Medical
BV) was cut into pieces (1 cm?) and presoaked in medium for 10 min.
Afterward, the sponges were placed in 2 ml of RPMI supplemented with
10% FBS, 50 uM B-mercaptoethanol, 2 mM L-glutamine, 100 U ml™ peni-
cillin, 100 mg ml™ streptomycin, 50 mg ml™ gentamicin and 5 pg ml™*
human 2-microglobulin (Sigma-Aldrich, 475823-M) in asix-well plate.
Asterilized 0.45-um cellulose membrane filter (Milipore, HAWPO1s300)
was soaked in medium for 5 s and placed on top of the sponge.

Fetal thymi were isolated from fetuses of embryonic age 15.5 and
placed onthe prepared filters and treated with corresponding concen-
trations of peptides. The medium was carefully exchanged every other
day, and thymi were analyzed by flow cytometry on day 7.

Flow cytometry-based TCR-ligand krate assay

Samples from Lck-variant OT-I mice were multiplexed by combina-
tion of staining with PE- and PerCP-CyS5.5-conjugated CD45.2 antibod-
ies. The cells were then stained with Streptactin (IBA Lifesciences,
6-5010-001) multimerized with Alexa Fluor 488-conjugated pMHCI
K°-OVA molecules®>**. Samples were measured at 5 °C and after 30 s of
measurement, and the same volume of cold 2 mM D-biotin was added.
Dissociation of the antigen was measured for an additional 10 min.
For analysis, Streptactin and monomer fluorescence values of CD8"
OT-IT cells were exported from FlowJo (10.6.2) to Prism (GraphPad
Software). The ¢, was calculated by fitting the data with a one-phase
exponential decay curve.

Tetramer binding
Tetramers were produced by refolding biotinylated monomers using
streptavidin—-PE conjugate in a molar ratio of 1:3. Streptavidin-PE
(Thermo Fisher Scientific, S866) was added in three doses with a20-min
incubationonice after each step. The following biotinylated monomers
were used: H-2K?-OVA-PE (SIINFEKL), H-2K®-T4-PE (SHTFEKL) made
in-house®, H-2D°-NP396-PE (FQPQNGQFI), H-2D-GP33-PE (KAVYNFATC)
and I-A®>-GP66-PE (DIYKGVYQFKSV) from the NIH Tetramer Core Facility.
For the detection of antigen-specific T cells, the tetramers
(-100 nM) were added to the cocktail of antibodies for surface mark-
erswith the exception of the staining with I-Ab-GP66 tetramer, which
was performed at~-21°Cin RPMI/2% FBS for1h.

For the quantitative binding analysis, peripheral T cells were
isolated from OT-1 Rag2*”’*° mice and incubated with a titrated dose
of H-2K’-OVA-PE and H-2K"-T4-PE tetramers for 20 min on ice. The
supernatant was replaced with PBS/2% FBS, and cells were immediately
analyzed using a sample cooling system.

Electron microscopy
LN cells were stained with anti-CD4 (clone RM4-5, BioLegend, diluted
50x) and washed and stained with 6-nm Colloidal Gold-AffiniPure goat
anti-rat (polyclonal, Jackson ImmunoResearch 112-195-167, diluted
15x) on ice. Before processing, cell suspensions were diluted in 20%
bovine serumalbumin and rotated at 250g at 4 °C for 5 min. Subsequent
cryofixation was done using a Leica EM ICE high-pressure freezer.
Approximately 1 pl of each cell suspension variant was put into each of
four type A3-mm high-pressure freezer carrier sandwiches, whichwere
rapidly frozen and dehydrated using a Leica EM AFS2 automatic freeze
substitution unit under temperature slowly increasing from-90 °C to
0°Cover4 din100% acetone enriched with 0.2% uranyl acetate, 0.2%
glutaraldehyde, 0.01% osmium tetroxide and 5% water. Samples were
thenremoved from AFS2 and infiltrated with 100% ethanol onice and
then with Quetol 651 resin diluted in 100% ethanol at 4 °C. Afterward,
cellswereembedded in Quetol NSAresin. After polymerizationfor72 h
at 60 °C, resin blocks were cut into 80-nm ultrathin sections using a
LeicaUC6 Ultra microtome with adiamond knife (Diatome), collected
oncopper slots with formvar membrane and air dried. After additional
contrasting with 2% uranyl acetate in water, sections were examined
with a JEOL JEM-1400Flash transmission electron microscope oper-
ated at 80 kV equipped with a Matataki Flash sCMOS camera (JEOL).
Electronmicroscopy images were analyzed using the openaccess
application Pattern (pattern.img.cas.cz) developed by the Electron
Microscopy Core Facility at IMG, Prague. Images were analyzed using
one-dimensional analysis, where a region of interest was manually
traced alongthe membrane. Size calibration was defined as1.189 nmin
1pixel. Clustering of gold particles was determined as pair correlation
function value. Values were normalized to the predicted maximum
standard deviation of the simulated pair correlation function value
for analyzed density of individual cell staining.

Ensemble fluorescence resonance energy transfer (FRET)
measurements

Small unilamellar vesicles (97.5 mol-% 1-palmitoyl-2-oleoyl-glycero-3
-phosphocholine, 2 mol-% 1,2-dioleoyl-sn-glycero-3-((N-(5-a
mino-1-carboxypentyl)iminodiacetic acid)succinyl) (nickel salt) and
0.5 mol-% PEG5000-DOPE (=18:1 PEG5000 PE)) were used to form a
planar lipid bilayer on plasma-cleaned coverslips glued to eight-well
Lab-Tek chambers (Nunc)*. K>-OVA-His12 conjugated with AF647 C2
Maleimide (1.5 ng per well; Thermo Fisher Scientific, A20347) and
ICAM-1-His12 (0.1 ng per well) were added to the bilayers*’*. Con-
trol bilayers were exclusively functionalized with ICAM-1-His12. The
K°-OVA molecular density of 40-80 molecules per pm?was determined
by dividing the fluorescence signal per pixel by the single-molecule
brightness recorded at the same settings and multiplying by 39.0625
(considering the effective pixel width of 160 nm, which results from
the 100x magpnification of a pixel width on the AndoriXon 897 EM-CCD
Cameraof 16 um) to arrive at anarea of 1 um?.

Fresh LN T cells were decorated with a site-specific AF555 C2
maleimide-conjugated (Thermo Fisher Scientific) scFV (J1), derived
from the H57-597 monoclonal antibody that is reactive against the
TCRB chain (12.5 pg ml™)%, Stained T cells were then allowed to
approach functionalized planar supported lipid bilayers to visualize
and quantitate TCR-pMHCI binding using FRET donor recovery after
acceptor photobleaching. For this, an image of the donor channel
(AF555-H57-scFV) wasrecorded before and after acceptor photobleach-
ing, and the pixel-averaged fluorescence signal f,. (before bleach-
ing) and f,. (after bleaching), respectively, was calculated for each
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T cell synapse. The FRET efficiency was then given by £ = (f,o5 = fore)/
(fpose — camera background). Bleaching time was 250 ms. lllumination
time was 50 ms, with a 18-ms delay. The time lag between images of
donor before and after bleaching was 550 ms.

In the microscopy system, excitation was achieved by coupling
532-nm (OBIS LS, Coherent) and 640-nm (iBeam smart, Toptica Pho-
tonics) laser lines into a Ti-Einverted microscope (Nikon) viaadichroic
mirror ZT405/488/532/640rpc (Chroma) into a X100 objective (SR
Apo TIRF, Nikon) in an objective-based total internal reflection setting.
Emission was split using an Optosplit Il (Cairn Research) equipped
with a 640-nm dichroic mirror (ZT640rdc, Chroma) and emission
filters (ET575/50, ET655LP, Chroma) and simultaneously imaged onan
AndoriXon Ultra897 EM-CCD camera (Andor Technology). All devices
were controlled by MetaMorph imaging software (MM 7.10.1.161,
Molecular Devices).

Analysis of TCRrepertoires

Thymi and LNs were isolated from 4- to 5-week-old mice. Mature thy-
mocytes were enriched using biotinylated anti-CD24A (clone M1/69,
BioLegend 101804), whereas T cells from LNs were enriched using
anti-B220 (clone RA3-6B2, BioLegend 103204) followed by depletion
of labelled cells using Biotin binder magnetic beads (Thermo Fisher
Scientific,11047). The enriched populations from thymiand LNs were
stained for flow cytometry and sorted as CD24~, TCRB* and CD4"'CD8«~
or CD4 CD8a" using a FACS ARIA Ilu cell sorter (BD Biosciences) into
TRIzol LS reagent (Thermo Fisher Scientific, 10296010) and stored
at —80 °C. RNA was isolated using an RNA Clean & Concentrator-5
kit (Zymo Research R1014) according to the manufacturer’s instruc-
tions. The maximum number of cells was sorted from each mouse.
The following numbers of cells were sorted and used for the library
preparation (in 10° cells): Lck"™"T: SP§ thymocytes 7.7, 5and 2.2, SP4
thymocytes15.8and4.3,CD4" T cells18and13.5and CD8" T cells 13, 8.6
and10.0; Lck®V“A; SP8 thymocytes 4.1and 2.6, SP4 thymocytes 4.7 and
3.4,CD4" T cells, 8.0, 5.4 and 4.1 and CD8" T cells 4.4 and 5.2; Lck“V*®;
SP8thymocytes 0.7 and 0.4, SP4 thymocytes1.9,1.2and 4.8, CD4" T cells
9.1and 4.9 and CD8" T cells 5.6 and 2.7.

TCRIlibraries were prepared using the NEBNext Immune Sequenc-
ing kit (Mouse; NEB, E6330S) and additional NEBNext i7 primers NEB-
Nexti707-i712 (NEB,E6347AA, E6348AA, E6349AA, E6352AA, E6353AA
and E6354AA) according to the manufacturer’sinstructions. Libraries
were sequenced on an lllumina MiSeq using the 600-cycle V3 MiSeq
reagent kit (Illumina, MS-102-3003) and 2 x 300-base pair paired-end
reads. Demultiplexed fastq files were deposited in the Sequence Read
Archive (PRJNA872031) and processed with the pRESTO NEBNext
Immune Sequencing Kit Workflow (v3.2.0) on Galaxy (https://usegal-
axy.org/u/bradlanghorst/w/presto-nebnext-immune-seq-workflow-v
320) with default parameters. Resulting fastq files were aligned using
MiXCR (v3.0.13). Clonotype analysis was performed in R (version
4.1.2) using the packages immunarch (v0.6.9), pheatmap (v1.0.12),
factoextra (v1.0.7) and tidyverse (v1.3.1). Unique molecular identifier
(UMI)-corrected counts of TCRa (TRA) and TCRf3 (TRB) CDR3 amino
acid sequences were normalized, and the frequency of clones present
inatleast five CD4 or at least five CD8 samples (principal-component
analysis) or the frequency of all clones (all other analyses) was com-
pared between Lck"V""T, Lck®A and Lck“V*® mice. Invariant NKT TCRs
containing TRAV11-TRAJ18 segments were removed before the analysis
ofthe CDR3 repertoires.

Statistical analysis

No statistical methods were used to predetermine sample sizes, but our

sample sizes are similar to those reported in previous publications®*.
The mice and transgenic cells lines were allocated to experimental

groupssolely based ontheir genotype. If more experimental conditions

were used in a single experiment (such as different Listeria strains),

the allocation of the mice was random (that is, based on mouse ID in

the database before the experimenter had any contact with them) in
the way that sex- and age-matched animals with different genotypes
were compared (preferably littermates). For the cell line transfection/
transduction experiments, identical cell culture aliquots of the split
parental culture were used; thus, no randomization was required.

Allocation of mice was based solely on their genotype. The experi-
menter processed the mice based on their ID number (that is, without
the information about the genotype). ID was matched with the geno-
type only during data analysis at the end of the experiment. Because
no subjective scoring method was used, the analysis of the mice was
notexplicitly blinded. Ex vivo experiments with primary cells and cell
lines were not blinded. Because no subjective scoring method was used
for the analysis, blinding was not necessary.

Somerare experiments/samples were excluded because of techni-
calfailuresbased on preestablished criteria. The only sample excluded
after analysis was one sample for LCMV titer determination (Fig. 3a),
which had a very late reference gene amplification in the RT-qPCR
assay (Lck"™ T day 6 after infection).

Statistical analyses were performed using Prism 5 (GraphPad Soft-
ware). All the statistical tests were two tailed, if applicable. Adjustments
for multiple comparisons were performed if indicated in the respec-
tive figure legends. For comparison of individual groups, a two-tailed
Mann-Whitney test was used. For multirank comparison of survival
curves for tumor growth, a log-rank (Mantel-Cox) test was used,
and for comparison of individual survival curves, a Gehan-Breslow-
Wilcoxon test was used. For multirank comparison of CD69 upregula-
tion curves, anextrasumof squares F-test was used to test differences
inthe maximum and/or half-maximum effective concentration (ECs,)
values of the non-linear regression fits. For the comparison of normal-
ized data (to the Lck"""T strain), a two-tailed Wilcoxon signed-rank
testor atwo-tailed one-sample t-test was used. The latter was used for
the exceptional cases where the low sample size did not allow us to use
non-parametric tests. Data distribution was assumed to be normal in
this case, but this was not formally tested because it was not possible
given the samplesize.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Mouse strains, cell lines and vectors generated within this work are
available for non-commercial research purposes following a reason-
able request. Materials transfer agreements will be required. Data of
the TCRrepertoire analysis are available inthe Sequence Read Archive
(PRJNA872031). Raw flow cytometry data and microscopy images are
available following areasonable request to the corresponding author.
Source data are provided with this paper. All other data generated or
analyzed during this study are included in this published article (and
its Supplementary Information files).

Code availability
Codefor TCRrepertoire analysis is available on GitHub (https://github.
com/Lab-of-Adaptive-Immunity/Ick-tcrseq).
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and harvested after 24 h. The phosphorylation of ZAP70 was by detected
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cellsreconstituted with indicated LCK variants were activated by anti-TCR
antibody for 90 s. The phosphorylation and expression of indicated markers was
detected by immunoblotting. A representative experiment out of 3 independent
experiments. (d) LCK*°Jurkat cells expressing OT-I TCR were reconstituted with
various LCK variants and activated with OVA-loaded T2-Kb cells overnight and

analyzed for CD69 expression by flow cytometry. Mean + /-s.e.m.isshown.n=3
independent experiments.
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Extended Data Fig. 3| Characterization of the T-cell compartmentin Lck
variant mice. (a-f) Thymocytes and (g-j) LN cells from the indicated mice were

analyzed by flow cytometry. (a-b) The percentage of cells at the DN3 stage (CD44~

CD25%) out of all DN (viable CD4~ CD8«’) thymocytes is shown. (a) Representative
mice. (b) Individual values and medians are shown. Lck*”"":n =22 micein 10
independent experiments, Lck*%0:12/6, LckX*/¥*:12/6, Lck“:17/7, Lck“V¥®:

11/5. (c) Percentages of mature SP4 (TCRB* CD24 CD4" CD8c) and mature SP8
(TCRB*CD24 CD4 CD8a*) thymocytes. Lck””"": n =25 mice in 11independent
experiments, Lck*9%°:13/7 independent experiments, Lck****:12/6 independent
experiments, Lck“/:18/8, Lck“Vk®:11/5, Lck""%0:16/7, Lck""¥*:14/8, Lck""*;
19/8. Individual values and medians are shown. (d) Phosphorylation of TCR{
wasinthymocytes from the indicated mice was analyzed by immunoblotting.
Arepresentative experiment out of 3 in total. (e-f) Phosphorylation of TCRTin
thymocyte subpopulations determined by flow cytometry. (e) A representative
experiment out of 6 in total. (f) Normalized TCRT phosphorylation (net gMFI

of Lck"" mice were set as 1). n = 6 independent experiments/mice. Means are
shown. The statistical significance was determined using a Mann Whitney test.
(g) Frequency of TCRB' LN cells was analyzed by flow cytometry. A representative
experiment out of 11 for Lck"™7, 7 for Lck*O%°, 6 for Lck*® R, 8 for Lck“/“* and 5

for Lck“/*® mice in total. (h-i) A percentage of CD44* CD49d" T cells out of CDS* T
cells was determined by flow cytometry. (h) Representative samples of Lck""""
and Lck“Y“ mice are shown. (i) Individual values and medians are shown. Lck"™"™:
25miceinllindependent experiments, Lck*?%0:13/7, Lck****:12/6, Lck“*:18/8,
Lck“%®:10/5. (j) Frequency of regulatory T cells from overall CD4" T cells in Lck
variant mice is shown. n=12 Lck"™"7, 14 Lck“,10 Lck““*® mice in 3 independent
experiments. Statistical significance was calculated using aMann-Whitney test.
(k) Ratio of CD4*/CD8" T cell counts derived from bone marrows of Lck"""7,
Lck™, and Lck“%® donors in the mixed bone marrow chimeras (Fig. 1g-h).

n=13 Lck"™"7,14 Lck“,13 Lck““*® mice from 3 independent experiments.
Individual values and medians are shown.
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Extended DataFig. 4 | Development of DP thymocytes in Lck variant mice.
(a-b) Thymocytes from Lck variant mice were analyzed by flow cytometry.

(a) Representative histograms are shown. (b) Normalized expression of indicated
surface markersin the Lck variant mice (average gMFIin Lck"™"" mice was
setas1). Individual values and medians are shown. Lck"""7: 25 mice in 11
independent experiments, LckX%0:13/7, Lck****:12/6, L ck“V/:18/8, Lck/*:

11/5. The statistical significance was calculated by Wilcoxon Signed Rank T

est (vs the value of 1). (c) Additional 4 independent experiments described in

Fig.2a-b. (d) Representative mice from Experiment 3 described in Fig. 2a-b.

(e-h) Basal phosphorylation of TCR (e-f) and ZAP70 (g-h) in the indicated
thymocyte subpopulations (TCRB™" DP, TCRB"&" DP, TCRB"e" SP8, TCRBhigh
SP4) inthe indicated Lck variant mouse strains was determined by flow
cytometry. (e,g) Overall data are shown. Data normalized to gMFI of Lck" ™" mice
aredisplayed. n = Sindependent experiments/mice. The statistical significance
was tested using one sample t-test values. (f, h) Representative experiments out
of Sintotal.
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Extended Data Fig. 5| Signaling in DP thymocytes in Lck variant mice. (a)
Thymocytes of indicated Lck variants OT-1Rag2*° 2m*°° mice were activated
ex vivo with T2-Kb cells loaded with OVA peptide or APLs with decreasing affinity
(OVA > T4 > E4 > E1) overnight and analyzed for the CD69 expression by flow
cytometry. Mean values +/-s.e.m. are shown. n = 6 independent experiments/
mice for Lck""vs. Lck® (upper row), n = 3 independent experiments/mice for
Lck"Tvs. Lck“V%R (bottom row). Differences in the EC50 of the fitted non-linear
regression curves were tested using extra sum-of-squares F test. F, p, and fitted
EC50 values are shown. (b) Fetal thymic organ cultures fromindicated Lck variant
OT-1Rag2"“/° B2m*°’*° mice were stimulated with OVA peptide (20 pM) or its APLs
decreasing affinity (Q4R7 > Q4H7; 2 pM) and analyzed by flow cytometry after

eLckWT ¢Lck® mLckK®
7 days. Individual mice and means are shown. n =13 for Lck"””*" no peptide and
Q4H7in5independent experiments, n =14 for Lck””"" Q4R7in 5independent
experiments, n =4 for Lck”"" OVA in 2 independent experiments, n = 13 for
Lck“ no peptide in 5independent experiments, n = 8 for Lck/“*Q4H7in3
independent experiments, n = 14 for Lck“V“* Q4R7 in 5 independent experiments,
n=5forLck““ OVAin2independent experiments, n =10 for Lck““*° no
peptidein 4 independent experiments, n = 8 for Lck*”*° Q4H7in 3independent
experiments, n =9 for Lck““*° Q4R7 in 3independent experiments, n = 6 for
Lck¥o%© OVA in 2 independent experiments. Statistical significance was calculated
using a Mann-Whitney test.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Gene segment usage analysis of TCR repertoiresin Lck
variant mice. (a-d) Analysis of TCR repertoires in CD4" and CD8' LN T cells, and
mature SP4 and SP8 thymocytes from Lck"""7 (gray), Lck“V“* (blue) and Lck“VK®
(red) mice. The information about the sample size are in Supplementary Table 6.
Individual mice and means are shown. Related to Fig. 2e-g. (a) The usage of TRAV
and TRBV gene segments in the indicated mice. Each bar represents the average
frequency of the gene segment among all CDR3 sequences in a particular group
of samples. (b) A total percentage of typical TCR (TRB) gene segments used

by NKT cells (TRBV1,TRBV13-2, and TRBV9) in the indicated samples from the

indicated mice. (c) Percentage of TCRs containing TRAVI11-TRAJ18 gene segments
typically used by NKT cellsin the indicated cells from the indicated mice. (d)
Diversity of the repertoire of the TCRa (TRA) and TCR3 (TRB) CDR3 amino acid
sequences in theindicated cells from the indicated mice calculated using the
Chaolrichness estimator. CD4 and CD8 T-cell CDR3 amino acid sequences were
analyzed together (left) or separately (right). Invariant NKT TRAV11-TRAJ18
CDR3 amino acid sequences were removed before this analysis. The statistical
significance was calculated using a Kruskal-Wallis test with multiple comparison
adjustment using the Holm method.
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Extended Data Fig. 7 | Analysis of T-cell compartment in anti-viral and
anti-tumor responses. (a-g) Indicated Lck variant mice were infected with LCMV
and the splenocytes were analyzed on day 8 post-infection. n = 8 (Lck“/®) or 9
(other strains) mice in 2 (Lck/“*) or 3 (other strains) independent experiments.
Individual mice and means are shown. The statistical significance was calculated
using aMann-Whitney test. Related to Fig. 3a-e. (a) Counts of CD8" cellsin the
spleens. (b) Counts of CD4" cells in the spleens. (c) Counts of GP33 4mer*and
NP396 4mer* CD8" cells in the spleens. (d) Frequencies of CD44* CD49d" cells
from NP396 4mer* CD8" cellsin the spleens. (e) Frequencies of KLRG1* CD127~

cells from NP396 4mer* CD8" cellsin the spleens. (f) Frequencies of T, cells
expressing FOXP3 and counts of FOXP3™ Ty, cells in the spleens. (g) Frequencies
and counts of GP66 4mer* CD4" cells in the spleens. (h-j) Tumor-infiltrating

CD8' T cells were isolated from MC-38-OVA tumors from Lck variant mice and
analyzed by flow cytometry. n=9 for Lck"""7, Lck“*, n = 8 for Lck“VA, LckX*<®
from 3 independent experiments. (j) Counts of tumor-infiltrating CD8" T cells.
Individual mice and medians are shown. (k) An example of gating strategy for the
detection of K°>-OVA 4mer* cells. (i) Frequencies and counts of K°-OVA 4mer* cells
in tumors. Individual mice and medians are shown.
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Extended Data Fig. 8 | Characterization of CD8" T cells in the Lck variant
mice. (a-d) Thymi (a-b) and LNs (c-d) of indicated Lck variant F5 Rag1<<°

mice were analyzed by flow cytometry. (a) Expression of CD4 and CD8a in
representative mice (gated on viable cells). (b) Counts of mature SP8 (viable CD4~
CD8a* CD24” TCRpB") thymocytes. Individual mice and medians are shown.n=10
Lck"™Tin7independent experiments, 5 Lck**%in 3 independent experiments,
9 Lck*™ R 13 Lck“/“ and Lck““*®in 8 independent experiments. (c) Expression of
CD4 and CD8a in representative mice (gated on viable cells). (d) Total numbers
of CD8' T cells in LNs. Individual mice and medians are shown.n=10 Lck"""in7
independent experiments, 5 Lck*”*°in 3 independent experiments, 9 Lck /<R,

12 Lck““ and 13 Lck“/*®in 8 independent experiments. (e-f) LN cells from
indicated Lck variant OT-Imice were loaded with Cell Trace violet (CTV) and
stimulated with anti-CD3/CD28 beads. (e) The proliferation was evaluated

based onthe CTV dilution at 72 hours after activation by flow cytometry.
Arepresentative experiment/mice out of 4 in total. (f) Upregulation of CD69

was analyzed by flow cytometry at 16 hours after activation. Mean +s.e.m.n=3
independent experiments/mice. Differences in the EC50 and/or maximum of the
fitted non-linear regression curves were tested using extra sum-of-squares F test.
F and p values are shown. (g) Thymocytes fromindicated Lck variant CD8 WT or
CD8.4 OT-I mice were analyzed by flow cytometry. Representative mice and the
frequencies of SP4 T cells from 3 independent experiments/mice are shown.

(h) LN cells fromindicated Lck variant CD8 WT or CD8.4 OT-I mice were analyzed
by flow cytometry. Representative mice and the frequencies of CD44* CD49d™
antigen-inexperienced memory-like cells (individual values and means) from 3
independent experiments/mice are shown.
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Extended Data Fig. 9 | Characterization of CD4 + T cellsin the Lck variant
mice. (a-b) LN cells fromindicated Lck variant B3K508 mice were loaded

with Cell Trace violet (CTV) and stimulated with anti-CD3/CD28 beads. (a)

The proliferation was evaluated based on CTV dilution by flow cytometry at

72 hours after activation. A representative experiment/mice out of 4 in total.

(b) Upregulation of CD69 was analyzed by flow cytometry at 16 hours after
activation. Mean + SEM. n = 3 independent experiments/mice. Differences

inthe EC50 and/or maximum of the fitted non-linear regression curves were
tested using extra sum-of-squares F test. F and p values are shown. (c) Surface
levels of CD8acon CD8' LN T cellsinindicated Lck variant mice. A representative
experiment and normalized CD8a surface levels (average gMFI of Lck" ™" was set
aslineachexperiment).n=25Lck"”""in1lindependent experiments, 13 Lck¥O%°
in7independent experiments and 18 Lck“/“ in 8 independent experiments.

Individual values and means. (d-e) CD4 surface levels on DP thymocytes (d) and
mature SP4 thymocytes (e) of Lck variant mice were analyzed by flow cytometry.
Representative histograms and the quantification of normalized CD4 surface
levels (average gMFI of Lck" """ was set as 1in each experiment). n=25Lck"""7in
11independent experiments, 13 Lck*”%°in 7 independent experiments, 12 Lck®/®
in 6independent experiments, 18 Lck“/““ in 8 independent experiments,

11 Lck“*® micein 5independent experiments. Individual values and means.

The statistical significance was calculated using a Wilcoxon Signed Rank

Test (vs the value of 1). (f) CD4 surface levels on WT Jurkat and LCK* Jurkat cells
were analyzed by flow cytometry. A representative experiment out of 3 in total.
(g) Arepresentative experiment showing CD4 surface levels on CD4" T cells upon
the overnight treatment with PKC inhibitor asin Fig. 7d.
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Data collection  MetaMorph imaging software (MM 7.10.1.161, Molecular Devices) was used for the collection of microscopy images for FRET measurements.
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Sample size No sample size calculation was performed. In animal experiments, we usually aimed at the minimal number of 10 mice per group in at least 3
independent experiments, which was based on our prior experience. The actual number of mice and experiments (usually higher than the
minimal numbers) was given by the availability of mice with particular genotypes, which could be not be predicted in advance as we largely
used littermates for experiments. For ex vivo experiments with primary cells and cell lines, at least 2-3 independent experiments were
performed, which is the minimal number to assess the reproducibility.

>
QD
Y
(e
=
)
§o;
o)
=
o
=
_
D)
©
o)
=
S
Q@
wv
(e
=
S}
Q
<L

Data exclusions 1. Very rare flow cytometry samples with apparent technical issues, such as bubbles in the flow cell or clogged machine, were identified based
on abnormal FSC vs. SSC profile and excluded before the analysis. This is a common practice and thus, this is a pre-established criterium.
2. At one point, new stocks of Listeria were wrong. The reason was unknown, but the probable cause was little experience of the person, who
prepared them for the first time. This was realized upon the CFU number counting. We calculate the CFU concentration from OD values and
verify it by plating the Listeria suspension on plates and manual colony counting on the next day. In this case, there was almost ten times
fewer colonies than expected and the experiment was excluded. The whole respective experiments were excluded. This was a pre-established
criterium.
3. In one experiment focused on LCMV titers, one sample was removed because of bad RNA quality. The reference host gene was amplified at
much later cycles than usual (i.e., more than 4 cycles). This was not an explicitly pre-established criterium, but we decided to exclude this
sample that was apparently wrong from the technical point of view.
4. We originally aimed to have 3 samples (3 independent experiments) per group for the TCR sequencing experiment. Unfortunately, several
of the libraries failed the QC on Agilent and were not included in the sequencing run, resulting in only 2 samples in some groups.

Replication All data were replicated in at least 2, but usually 3 or more, independent experiments (this is indicated in the Figure Legend). The aggregate
data are shown in the paper. There were no unsuccessful attempts to replicate the experimental results.

Randomization  The mice and transgenic cells lines were allocated to experimental groups solely based on their genotype. If more experimental conditions
were used in a single experiments (such as different Listeria strains), the allocation of the mice were random (i.e., based on mouse ID in the
database, before the experimenter had any contact with them) in the way that or sex- and age-matched animals with different genotypes
were compared (preferably littermates). For the cell line transfection/transduction experiments, identical cell culture aliquots of the split
parental culture were used, thus no randomization was required.

Blinding The allocation of the mice was based solely on their genotype. The experimenter processed the mice based on their ID number (i.e., without
the information about the genotype). ID was matched with the genotype only during the data analysis at the end of the experiment. Because
no subjective scoring method was used, the analysis of the mice was not explicitly blinded. Ex vivo experiments with primary cells and cell
lines were not blinded. Because no subjective scoring method was used for the analysis, the blinding was not necessary.
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Antibodies

Antibodies used For the analysis of murine thymocytes and T cells, the following antibodies were used: anti-CD4 (clone RM4-5, BioLegend #100536,
#100545, #130310, diluted 200x and RM4-4, BioLegend #116004, diluted 200x), anti-CD8a (clone 53-6.7, BioLegend #100738,




Validation

#100753, #100708, #100722, diluted 200x), anti-CD8P (clone YTS156.7.7, BioLegend #126615, diluted 200x), anti-CD24 (clone
M1/69, BioLegend #101806, diluted 200x), anti-CD25 (clone PC61, BioLegend #102016 diluted 400x, #102006 and #102036, diluted
200x), anti-CD44 (clone IM7, BioLegend #103049, diluted 200x), anti-CD45.1 (clone A20, BioLegend #110723, diluted 200x), anti-
CD45.2 (clone 104, BioLegend #109808, diluted 200x), anti-CD49d (clone R1-2, BioLegend #103618, #103622, diluted 200x), anti-
CD69 (clone H1.2F3, BioLegend #104508, diluted 200x), anti-TCRB (clone H57-597, BioLegend #109218, #109206, #109243,
#109212, BD Pharmingen #553171, diluted 200-400x), anti-PD-1 (clone 29F.1A12, BioLegend #135209, diluted 200x), anti-CXCR5
(clone L138D7, BioLegend #145504, #145520, diluted 200x), anti-KLRG1 (clone 2F1/KLRG1, BioLegend #138421, #138410, diluted
200x), anti-FOXP3 (clone FJK-16s, eBioscience #25-5773-82, diluted 100x), anti-CD127 (clone A7R34, BioLegend #135013, diluted
200x). For analysis of Jurkat cell lines anti-CD4 (clone MEM-241, Exbio #A7-359-T100, diluted 50x), anti-CD8 (clone MEM-31, Exbio
#1P-207-T025, diluted 50x), anti-CD69 (clone FN50, Exbio #T7-552-T100, diluted 100x), anti-CD271 (clone ME20.4, BioLegend
#345108, #345106, diluted 200x) antibodies were used. Antibodies were conjugated with various fluorophores by the
manufacturers.

For basal signaling analysis, the cells were stained with anti-Phospho-ZAP-70/SYK Y319 (polyclonal, Cell Signaling #2701, diluted 30x)
and pTCRZ-PE (K25-407.69, BD Biosciences #558448, diluted 20x) antibodies overnight at 4°C protected from light and then with
antibodies for surface markers and with goat-anti-rabbit-Alexa Fluor555 antibody (polyclonal, Thermo Fisher Scientific #A-32732,
lot:1858260, 1000x diluted) in the case of pZAP70 staining

For surface CD4 and CD8 immunoprecipitation, 2-3x10e7 of live cells were stained with biotinylated anti-CD8p (clone 53-5.8,
BiolLegend, #140406, 2 ug) or anti-CD4 (clone H129.19, BD, #553649, 2 ug) antibodies.

For immunoblotting, following antibodies were used: murine anti-LCK (3A5, Santa Cruz, #sc-433, diluted 200x) and rabbit mAb anti-
CD8a (D4W?27Z, Cell Signaling, diluted 1000x) or anti-CD4 (D7D2Z, Cell Signaling, diluted 1000x), anti-LCK (3A5, Santa Cruz, #sc-433,
diluted 200x), rabbit anti-B actin (#4967, Cell Signaling, diluted 1000x) and rabbit polyclonal anti-LAT antiserum, anti-CD3-C (clone
6B10.2, Santa Cruz #sc-1239, diluted 50x), LCK (clone 3A5, Santa Cruz #sc-433, diluted 200-500x), anti-TCRZ (pY142) (clone
K25-407.69, BD Biosciences #558402, diluted 100x), anti-ZAP70 (clone 99F2, Cell Signaling #2705S, diluted 500x), phospho-Zap-70
(Try319)/Syk (Tyr352) (Cell Signaling #2701S, diluted 50x), anti-Actin (Cell Signaling #4967, diluted 5000x), anti-pTyr (clone 4G10,
Sigma Aldrich # 05-321, diluted 5000x), and anti-FLAG (clone M2, Sigma-Aldrich # F1804-200UG, diluted 1000x).

Commercially available antibodies were used in this study and we believe the trustful manufacturers performed a proper validation
and QC control. We never experienced any sign that any antibody does not work properly during our work. We encourage anyone
interested to check the manufacturers' web sites for specific information on validation.

The only non-commercial antibody was the anti-LAT serum. This was validated by the MW of the stained band (Extended Data Fig. 1c
and the respective Source data).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

No cell lines available at repositories or commercial vendors were used. Jurkat LCK KO cells, and Jurkat LCK KO cells
reconstituted with LCK-Flag and/or OT-I TCR GFP were generated in the research groups of some of the authors previously
and were described in Courtney, A.H., et al. Mol Cell, 2017. 67(3): p. 498-511.e6 and Lo, W.L., et al. Nature Immunology,
2018.19(7): p. 733-741, respectively.

HEK293 cells were kindly provided by Dr. Tomas Brdicka (Institute of Molecular Genetics of the Czech Academy of Sciences,
Czechia).

MC38 cells were kindly provided by Prof. Ed Palmer (Department of Biomedicine, University Hospital of Basel, Switzerland).
T2-Kb were kindly provided by Prof. Ed Palmer (Department of Biomedicine, University Hospital of Basel, Switzerland).

The identity of the Jurkat lines were confirmed by the LCK-deficiency or expression of GFP, CD8, and OT-I TCR, respectively.
The identity of MC38 and HEK293 was only based on their known morphology and adhesion to the tissue culture plastic.

Mycoplasma contamination All cell lines were negative for mycoplasma as revealed by regular PCR testing.

Commonly misidentified lines  HEK293 cells are listed in the Register of cell lines that are known to be misidentified through cross-contamination or other

(See ICLAC register)

mechanisms (iclac.org/databases/cross-contaminations/), because there was a case of their confusion with Hela cells. We
can exclude such a misidentification in our culture based on the morphology of the cells and their adhesion on the tissue
culture plastic (Hela cells need to be trypsinized), which are clearly distinct between these two lines and which were checked
in each experiment. The reason for using HEK293 cells was that they are easily transfectable and negative for ZAP70, LCK, and
TCRzeta, as confirmed by Immunoblotting (Extended Data Figure 2a-b).

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

The mice used in experiments had C57BL/6J background (Charles River). For the isolation of thymi for immunoblotting, 4-8 weeks old
mice were used. For fetal thymic organ cultures, embryos of embryonic age E15.5 were used. In other experiments, 6-12 weeks old
mice were used. Both males and females were used for experiments. We aimed at constant males and female representation among
experimental groups in all experiments. The used congenic/transgenic strains were: Ly5.1 1, Cd3eKO/KO 2, OT-I Rag2KO/KO 3, 4,
B3K508 Rag2KO/KO 5, Lck KO/KO 6, CD8.4 OT-I Rag2KO/KO 7,8. The colonies of all transgenic strains were established de novo in our
animal facility by rederivation using embryotransfer or in vitro fertilization.

LckC20.23A/C20.23A and LckK273R/K273R knock-in mice and LckKO/KO mice were generated in the Czech Centre for
Phenogenomics, IMG using 3-5 weeks old females and 9-35 weeks old males of C57BL/6N strain as parents. The founders were back-
crossed on C57BL/6J background for at least 5 generations.

Mice were fed with an irradiated standard rodent breeding diet and given reverse osmosis filtered water ad libitum. They were kept
in a facility with a 12h/12h light/dark cycle and temperature and relative humidity maintained at 22 + 1 °C and 55 + 5 %, respectively.
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Wild animals The study did not include wild animals.

Field-collected samples  The study did not include field collected samples.

Ethics oversight Animal protocols (ID 11/2016, 115/2016, 72/2017, AVCR 2378/2022 SOVII) were approved by the Resort Professional Commission for
Approval of Projects of Experiments on Animals of the Czech Academy of Sciences, Czech Republic.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Single cell suspensions from the spleen, lymph nodes, and thymus were prepared by gentle meshing the organs with syringe
plungers. The samples from MC38 tumors were prepared as follows: Tumors were excised from mice, cut into small pieces
and incubated with 100 pg/ml Liberase (Roche #5401020001) and 50 pg/ml DNAse | (Roche #101104159001) in wash buffer
(1% BSA, 1ImM EDTA in HBSS w/o Ca2+/Mg2+) at 37 °C and 350 rpm shaking for 45 minutes. Mixture was resuspended with a
1000 pl wide bore pipette tip every 10 min. Undigested debris was removed by filtering through a 100 um strainer. Cells
were harvested by centrifugation at 350g at 4° C for 5 min. Pellets were resuspended in 10 ml of 40% Percoll (Cytiva
#17089101) in DMEM. 10 ml of 80% Percoll in DMEM was carefully laid to the bottom of the tube to create a gradient.
Samples were centrifuged at 320g at ~21 °C for 23 min with minimal ascending/descending rates. Lymphocytes present at
the interphase were collected, centrifuged at 400g at 4 °C for 5 min and processed for flow cytometry analysis.

Aurora (Cytek™ Biosciences), LSRII and FACSymphony (BD Biosciences)

FlowJo 10.6.2 (BD Biosciences)

We did not sort cells in this project.

The lymphocytes were gated using FSC vs SSC. The singlets were gated based on the area vs height of FSC. Viable cells were

gated based on the exclusion of near-infrared LIVE/DEAD Near-IR viability dye (ThermoFisher). In the next step, cell subsets
were gated based on the antibody signal, as shown in the Figures and Supplemental Figures.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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