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SUMMARY
Signal transduction induced by chimeric antigen receptors (CARs) is generally believed to rely on the activity
of the SRC family kinase (SFK) LCK, as is the case with T cell receptor (TCR) signaling. Here, we show that
CAR signaling occurs in the absence of LCK. This LCK-independent signaling requires the related SFK
FYN and aCD28 intracellular domain within the CAR. LCK-deficient CAR-T cells are strongly signaled through
CAR and have better in vivo efficacy with reduced exhaustion phenotype and enhanced induction of memory
and proliferation. These distinctions can be attributed to the fact that FYN signaling tends to promote prolif-
eration and survival, whereas LCK signaling promotes strong signaling that tends to lead to exhaustion. This
non-canonical signaling of CAR-T cells provides insight into the initiation of both TCR and CAR signaling and
has important clinical implications for improvement of CAR function.
INTRODUCTION

Adoptive T cell therapy using chimeric antigen receptor T cells

(CAR-T cells) shows great clinical success.1,2 The cytoplasmic

domains of CD28 or CD137 (4-1BB) are widely used in CAR

design.3 Nevertheless, the molecular mechanism of CAR signal

transduction and how the co-stimulatory domain interplays

with CD3z immunoreceptor tyrosine-based activation motif

(ITAM) signals are poorly understood. In part, this is due to the

assumption that CAR and T cell receptor (TCR) signaling are

very similar because of the sharing of signaling domains. Phos-

phoproteome analysis of signaling by TCR, CD28-CD3z, and

CD137-CD3z CARs did not find divergent signaling pathways.4

Rather, the differences were in signaling strength and kinetics.4–7

However, CAR signal transduction is potentially significantly

different from what we understand of TCR signaling. Second-

and later-generation CARs contain integral co-stimulatory ele-

ments, ensuring that co-stimulation occurs at the same time

and places as antigen recognition, which is not the case for

normal T cell activation. The formation of the CAR-T immunolog-

ical synapse (IS) is different and less structured than that of

normal T cells.3,5 The CD28 domain increases the phosphoryla-

tion rate of CD3z,8 whereas CD137 was found to recruit the
Cell Rep
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THEMIS-SHP1 complex to the signalosome, resulting in

decreased CAR signaling.9 It is therefore critical to understand

how CAR transduces signaling such that therapeutic perfor-

mance can be optimized.

In this work, we show that CARs with a CD28 domain, unlike

TCRs, effectively transduce signaling in the absence of LCK,

without which TCR signaling is totally abrogated and thymocyte

development is profoundly blocked in Lck knockout mice.10,11

Here, we find that another SRC family kinase (SFK), FYN, can

phosphorylate the CAR ITAMs. We demonstrate that LCK-dis-

rupted CAR-T cells (disLCK-CAR-T) have special characteristics

in vitro and in vivo. They only transduce signals through the CAR,

not through endogenous TCRs. Therefore, disLCK-CAR-T cells

could provide an alternative approach to generate allogeneic

CAR-T cells without knocking out TCRs. We show that

disLCK-CAR-T cells become more memory-like in vivo, with a

less exhausted phenotype than conventional CAR-T cells, result-

ing in increased persistence and significantly improved efficacy.

Signal network analysis indicates that the altered characteristics

of disLCK-CAR-T cells could be caused by the increase of FYN-

associated proliferation and survival pathways and by the

decrease of strongly activated immune responses via LCK. In

summary, this non-canonical LCK-independent CAR signaling
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sheds light on how CAR signaling is transduced and shows that

we can use special aspects of CAR-T signal transduction to

improve CAR-T technology.

RESULTS

CAR-T cells can transduce T cell signaling without LCK
In our previousstudy,wecomparedsignaling fromaTCRwith that

from a second-generation CD28-CAR where both the target

LMP2A peptide (L2)-major histocompatibility complex (MHC)

complex (Figure S1A).12,13 We used CHO cells expressing sin-

gle-chain peptide MHC (pMHC) as antigen-presenting cells

(APCs) (Figures S1B and S1C).14 We found that anti-pMHC

CARs have similar biophysical properties to TCR15 but that the

CD8 co-receptor is dispensable for CAR signaling.14 CD8 is typi-

cally considered to be important for bringing LCK into the IS.16,17

Since CD8was not able to enhance CAR-T signaling, we hypoth-

esized that LCK might not be critical for CAR signaling, at least

with regard to CD8-bound LCK. Surprisingly, unlike TCR, CAR

was able to activate signaling in the absence of LCK, where

CAR-Jcam cells produced interleukin-2 (IL-2) normally and

showed phosphorylation of signaling molecules similar to TCR-

Jurkat cells where LCK is present (Figures 1A, 1B, and S1D). We

used CRISPR-Cas9 to perform homologous direct repair (HDR)

to insert an anti-CD19 CD28-CAR construct, with either an Myc

or His tag, into the LCK locus to disrupt its expression in primary

CD8+ T cells (Figure 1C). Distinct populations of CAR+ CD8+

T cells were detected after HDR: CAR-Myc+, CAR-His+, and a

double-positive population. Genotyping the insertion site of the

total CAR+ population confirmed that the CAR construct was in-

serted into the LCK locus (Figure S1E). After sorting of each single

and double CAR+ population, LCK expression was dramatically

reduced in LCK-CAR-His and completely depleted in LCK-CAR-

DP cells (Figures S1F and 1E). The LCK-CAR-DP cells seemed

to have no significant difference in cytotoxicity compared with

LCK-CAR-His and LCK-CAR-Myc cells. However, there was

stronger cytokine secretion by LCK-CAR-DP cells (Figures 1F

and 1G). These data imply that CAR signaling has an altered

signal-triggering mechanism and that LCK, essential for TCR

signaling, is dispensable for CAR signaling.

LCK-independent CAR signaling relies on CD28 co-
stimulatory domain
CAR differs from TCR in many ways, particularly in its chimeric

design. To identify which domains in CAR enable LCK-indepen-

dent signaling, we replaced domains in our CD28-CAR. For

production simplicity, we collected total CAR+, including both

single and double knockin populations, as disLCK-CAR-T cells.

They showed a significant reduction of LCK expression (Fig-

ure S2A). LCK-independent CAR signaling was not determined

by antigen specificity since anti-HER2, like anti-CD19 CAR, initi-

ated strong signaling in disLCK-CAR-T cells (Figure 2A). The

CD3z domain and the co-stimulatory domain were required to

initiate CAR signaling in the absence of LCK (Figures S2B and

S2C). The CD28 co-stimulatory domain was crucial to support

LCK-independent CAR signaling, but the CD137 co-stimulatory

domain did not support it (Figures 2B and S2D). In a third-gener-

ation CAR containing both CD28 and CD137 domains, disLCK-
2 Cell Reports Medicine 4, 100917, February 21, 2023
CAR-T cell activation in response to antigen was observed but

was much weaker compared with CD28-CAR. The PI3K-binding

motif and proline-rich region are critical in CD28 signal transduc-

tion.18 We tested CD28 domain deletion, mutation of PI3K-bind-

ing motif YMNM to FMNM, and alanine substitution of the

prolines in the proline-rich region PYAP (where SFK binds) to

AYAA.19 LCK-independent CAR signaling was strongly reduced

without the CD28 intracellular domain and by AYAA mutation

(Figures 2C and S2E). To further substantiate the importance

of CD28 to LCK-independent signaling, we expressed CD80

and CD86 in CHO-APCs to enable endogenous CD28 signaling

activation in trans (Figure S2F). When endogenous CD28 was

co-activated by CD80/86, tumor necrosis factor (TNF) and inter-

feron g (IFNg) secretion of disLCK-CD137-CAR-T cells was

restored (Figure 2D). LCK-deficient CAR1-Jcam and TCR-

Jcam cells also showed restored IL-2 production and down-

stream signaling when CD28 co-stimulation was provided

(Figures S2G–S2I). Thus, LCK-independent CAR signaling

required a CD28 co-stimulatory signal, mediated at least partly

through the PYAP motif, either from CD28 intracellular domain

in CAR or from endogenous CD28 molecules.

SFK FYN mediates LCK-independent CAR signaling
To determine if any other SFK was responsible for initiation of

LCK-independent CAR signaling, we used SFK pan-inhibitor

PP2, resulting in inhibition of both CAR and TCR signaling in

primary T cells as well as Jurkat cells (Figures 3A, S3A, and

S3B). LCK and FYN are the main SFKs in T cells,20 so we used

the selective inhibitors A770041 and SU6656 to target LCK

and FYN, respectively.21,22 We initially used Jurkat T cells to

study proximal TCR signaling,23,24 finding that LCK-independent

CAR signaling in primary T cells was also found as in Jurkat

T cells, as shown above (Figures 1, 2, S1, and S2). TCR-Jurkat

was �7-fold more sensitive to the LCK inhibitor, whereas CAR-

Jurkat was �1.5-fold more sensitive to the FYN inhibitor

(Figures S3C and S3D). These data suggested that FYN could

be the kinase activating downstream signaling from CAR. West-

ern blot analysis in LCK-deficient Jcam cells showed that the

activation site Y420 of FYN, corresponding to SFK phosphoryla-

tion site Y416, was phosphorylated after CAR-Jcam, but not

TCR-Jcam, engagement with specific APCs, with a nearly

2-fold increase in FYN pY420 after 30 min (Figure 3B). To better

validate the role of LCK and FYN, we used CRISPR-Cas9 to

knock out (KO) LCK or FYN in Jurkat. After gRNA screening

(Table S1) and single-cell sorting (Figure S3E), LCK-KO clone

20 and FYN-KO clone 8 were selected for further experiments

(Figure 3C). The expression of CAR or TCR was equivalent in

FYN-KO Jurkat, and lack of FYN was confirmed in CAR- or

TCR-Jurkat FYN-KO (Figures S3F and S3G). In LCK-KO Jurkat,

CAR, but not TCR, was still functional, consistent with the results

above. Conversely, IL-2 production by CAR-Jurkat FYN-KO was

dramatically reduced compared with the wild type (Figure 3D).

Immunoprecipitation experiments showed that CD28-CAR

associated with FYN upon activation (Figure 3E). This associa-

tion weakened after mutation of the CD28 domain, and the

strength of FYN association corresponded with the activation

level, suggested by IL-2 production, supported by mutated

CD28-CAR (Figure 3F). These data showed that CAR signaling



Figure 1. CAR-T cells can transduce T cell signaling without LCK

(A) Top: western blot detection of LCK or FYN expression in CAR or TCR-Jcam1.6 cell. Bottom: CAR or TCR responsiveness in LCK-deficient Jcam1.6 cells.

CHO-L2 is the artificial APC presenting the LMP2A426-434 (CLGGLLTMV) (L2) target peptide on HLA-A2. CHO-GAG presents the irrelevant GAG (SLYNTVATL)

peptide.

(B) Phosphorylation of TCR signaling pathway molecules PLCg1, ERK, and CD3z at different time points by LCK-deficient CD28CAR-Jcam cells. LCK-sufficient

TCR-Jurkat cells were used as positive control. Phosphorylation of PLCg1, ERK1/2, or CD3z was calculated relative to intensity of total PLCg1, ERK, or ERK,

respectively.

(C) Schematic of LCK locus-targeted homologous directed repair (HDR) by CRISPR-Cas9 editing. The anti-CD19-CD28CAR construct has either a Myc or

His tag.

(D) CAR-His and CAR-Myc expression after LCK locus-targeted HDR.

(E) Western blot detection of LCK expression after sorting of CAR-His+, CAR-Myc+, and CAR-DP (Myc+/His+) CD8+-T cells. Control represents mock-edited

CD8+-T cells.

(F) Cytotoxicity of CAR-His+, CAR-Myc+, and CAR-DP CD8+-T cells. Control group was the target cells with mock-edited CD8+-T cells.

(G) Cytokine secretion of CAR-His+, CAR-Myc+, and CAR-DP CD8+-T cells upon activation. CAR-T cells were incubated with CD19-expressing Daudi cells at a

1:1 ratio for 18 h, then stained for intracellular TNF or IFNg. The left panel is the representative fluorescence-activated cell sorting (FACS) data, and the right panel

is the statistical summary and analysis.

All data are representative of 3 independent experiments, plotted as mean ± SD of technical triplicates. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; not

significant (NS) p > 0.05. (A)–(G) were analyzed by Student’s t test.

See Figure S1 for additional data.
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Figure 2. LCK-independent CAR signaling relies on CD28 co-stimulatory domain

(A) The effects of recognition domain in disLCK-CAR-T cell signaling. Anti-CD19-CD28CAR construct has been replaced with anti-HER2 scFv. CHO-CD19- and

HER2-expressing SKBR3 cells were used as target cells and mixed with its respective disLCK-CAR-T cells at a 1:1 ratio for 18 h. The top panel is the repre-

sentative FACS data, and the bottom panel is the schematic of the constructs with different recognition domains and an analytical summary.

(B) The effects of intracellular domain in disLCK-CAR-T cell signaling. The top panel is the representative FACS data, and the bottom panel is the schematic of the

constructs with different intracellular domains and an analytical summary.

(C) Cytokine secretion of disLCK-CAR-T cells with different CD28-CAR mutations. The top panel is the representative FACS data, and the bottom panel is the

schematic of CD28-CAR mutations and an analytical summary.

(D) Cytokine secretion of disLCK-CD137-CAR-Twith or without CD80/CD86 co-stimulation on endogenous CD28. The top panel is the representative FACS data,

and the bottom panel is the analytical summary.

Data are representative of 3 independent experiments, plotted asmean ±SDof technical triplicates. p values denoted as in the Figure 1 legend by Student’s t test.

See Figure S2 for additional data.
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with CD28 domain wasmore sensitive to, and could rely on, FYN

instead of LCK.

disLCK-CAR-T cells selectively activate CAR signaling
Given that CD28-CAR and TCR signaling are mediated by

different SFKs, we hypothesized that disLCK-CAR-T cells would
4 Cell Reports Medicine 4, 100917, February 21, 2023
not be activated via TCR. To test this hypothesis, our L2 peptide-

specific CAR and a TCR with specificity against E183-91

(FLLTRILTI) epitope from hepatitis B virus (HBV), hence referred

to as E183-TCR,25 were mono-transduced in Jurkat T cells

designated as L2-CAR-T (1) and E183-TCR-T (2) or co-trans-

duced into Jurkat (E183-TCR + L2-CAR-T [3]) or LCK-KO Jurkat



Figure 3. FYN is suggested to mediate CD28-CAR-T cell activation in the absence of LCK

(A) The cytotoxicity of primary CAR-T and TCR-T cells with or without PP2 inhibitor (10 mM). CAR-T targets CD19, and TCR-T targets HLA/A2-L2. Daudi cells,

which express CD19 and were transduced with HLA/A2-L2, were used as target cells. The CAR-T cells were mixed with target cells at an E:T ratio of 4:1.

(B) Phosphorylation (pY420) of FYN in LCK-deficient CAR- or TCR-Jcam cells at different time points. APC stands for artificial antigen-presenting cell CHO-L2, to

which the CAR and TCR responded. The number shown below indicates band intensity of pY420 relative to total FYN (FYN pY420 was stained by anti-pSRC

family pY416).

(C) LCK and FYN expression in LCK or FYN-KO Jurkat clone after CRISPR-Cas9 editing. C-CBL was used as loading control.

(D) IL-2 production of TCR and CAR in LCK or FYN-KO Jurkat upon activation by CHO-L2.

(E) Association of FYNwith CD28CAR variants. Jcam cells with different CD28CAR variants were activated by CHO-L2 for 5min, and anti-Myc antibody was used

to immunoprecipitate CAR. The association strength (intensity ratio) was calculated by the relative intensity of FYN to that of immunoprecipitated CAR.

(F) Correlation of FYN association strength with IL-2 production by Jcam cells with different CD28-CAR variants. The intensity ratio in abscissa is from (E), and the

statistical significance is calculated by compare IL-2 production by CD28CAR variants with that of wild type (WT). The CAR and TCRmentioned above (B–E) both

specifically target HLA/A2-L2, and CD28CAR was used.

Data are representative of 3 independent experiments (except 2 for E), plotted asmean ± SD of technical triplicates. p values denoted as in the Figure 1 legend by

Student’s t test.

See Figure S3 for additional data.
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(E183-TCR + L2-CAR-LCK KO-T [4]) (Figures 4A and S4). The

E183-TCR + L2-CAR-T (iii) cells were able to produce IL-2

upon stimulation by either CHO-E183 or CHO-L2, showing that
activation of CAR and TCR was unimpaired in a dual CAR +

TCR system. However, CHO-L2, but not CHO-E183, induced

IL-2 production in the E183-TCR + L2-CAR-LCK KO-T (iv) cells
Cell Reports Medicine 4, 100917, February 21, 2023 5



Figure 4. disLCK-CAR-T cells selectively activate CAR signaling

(A) TCR and CAR responsiveness selectivity in LCK-sufficient or -deficient Jurkat T cells. The top panel shows the schematics of E183 peptide-specific TCR

(E183-TCR) or LMP2 peptide-specific CAR (L2-CAR) expressed in LCK-sufficient (1–3) or -deficient Jurkat T cells (4). The bottompanel shows the responsiveness

of each group against CHO-E183 or CHO-L2, respectively. CHO-E183 is a mono-peptide CHO APC presenting only the E183 peptide. Similarly, CHO-L2

presents only the LMP2A peptide.

(B) Schematics of activation of endogenous TCR in disLCK-CAR-T or conventional CAR-T cells. Anti-CD3 Ab was used to activate endogenous TCR.

(C) Cytokine secretion of CAR-T cells upon anti-CD3 activation. The left panel is the representative data, and the right panel is the statistical summary and

analysis.

(D) CAR expression after anti-CD3 antibody activation. The left panel is the representative data, and the right panel is the statistical summary and analysis.

Data are representative of 3 independent experiments, plotted asmean ±SDof technical triplicates. p values denoted as in the Figure 1 legend by Student’s t test.

See Figure S4 for additional data.
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co-expressing CAR and TCR, showing that LCK deficiency

allows signaling pathways for CAR, but not TCR, triggering (Fig-

ure 4A). In primary disLCK-CAR-T cells, anti-CD3 antibody (Ab)

was used to activate endogenous TCR (Figure 4B). In contrast

to CAR’s ability to activate disLCK-CAR-T cells, TCR signaling

was strongly reduced, whereas TCR signaling was functional in
6 Cell Reports Medicine 4, 100917, February 21, 2023
conventional CAR-T cells (Figure 4C). Interestingly, CAR expres-

sion in conventional CAR-T cells was strongly downregulated

upon endogenous TCR activation by anti-CD3 Ab but not in

disLCK-CAR-T cells (Figure 4D). These data suggest that TCR

and CAR signal triggering are differentiated in disLCK-CAR-T

cells.



(legend on next page)
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disLCK-CAR-T cells enhance in vivo therapeutic
efficacy
To investigate functional consequences of LCK-independent

CAR signaling and whether disLCK-CAR-T cells could have

practical applications, we compared disLCK-CAR-T with con-

ventional CAR-T cells in vitro and vivo. disLCK-CAR-T cells

with comparable CAR expression to conventional CAR-T

showed significantly higher activation for cytokine secretion

(Figures 5A and S5A) but no significant difference in cytotoxicity

(Figures 5B, 5C, and S5B–S5D). However, in vivo efficacy of

CAR-T cells was enhanced after disruption of LCK expression,

as evaluated in both liquid and solid tumor mouse models (Fig-

ure 5D). In a standard mouse leukemia model, where 5 3 105

CD19-expressing Nalm-6 cells were injected, disLCK-CAR-T

significantly improved in vivo efficacy compared with conven-

tional CAR-T cells (Figure 5E). To further validate the impact

from LCK disruption, we implemented a short hairpin RNA

(shRNA) method to knock down LCK expression in CAR-T cells,

with a non-targeting shRNA as control. The shLCK-CAR-T cells

had comparable CAR expression to non-targeting contro

(shNTC)-CAR-T cells, but the LCK expression in shLCK-CAR-T

cells was greatly reduced (Figures S5E and S5F). At the dose

that CAR-T cells showed significant therapeutic efficacy versus

control, the shLCK-CAR-T cells significantly improved the in vivo

efficacy compared with shNTC-CAR-T cells in terms of mouse

survival and Nalm-6 cell numbers in vivo, as detected by lucif-

erase signal (Figures 5E, S5G, and S5H). In a solid tumor mouse

model using a breast cancer cell line, MCF7 cells expressing

HER2 (Figure 5D), shLCK-CAR-T cells showed significantly

enhanced in vivo performance. Tumor growth in the shLCK-

CAR-T cell-treated group was reduced more dramatically than

the shNTC-CAR-T cell-treatment group (Figure 5F).

disLCK-CAR-T cell activation by FYN leads to a more
proliferative, memory-retaining, and exhaustion-
reduced state
FYN and LCK were reported to negatively regulate each other’s

activation.20 This was observed when FYN and LCK were

knocked out individually (Figure 3D). It is therefore possible

that the activation profile of TCR signaling might be altered by

more FYN activity when LCK is disrupted, leading to a distinct

immunophenotype. This is predicted by analyzing which mole-
Figure 5. LCK-disrupted CAR-T cells enhance in vivo therapeutic effic

(A) Cytokine secretion of disLCK-CAR-T and conventional CAR-T (generated b

representative FACS data, and the right panel is the analytical summary.

(B) Comparison of cytotoxicity of disLCK-CAR-T and conventional CAR-T to CD

(C) Real-time killing curve of disLCK-CAR and conventional CAR-T to CHO cells o

when the CAR-T cells were added. The respective E:T ratio is indicated in paren

(D) Schematic of in vivo mouse model of liquid cancer or solid tumor.

(E) Kaplan-Meier analysis of survival in standard leukemia cancer model (Nalm

respectively, log rankMantel-Cox test). The CAR-T cells in left graph were generat

transduction. The right graph shows treatment with cells containing both shRN

expression cassette (n = 7 mice per CAR-T group, n = 4 for control group treate

(F) In vivo efficacy of anti-solid tumor mouse model. 23 106 breast cancer cell lin

106 anti-HER2CAR-T cells were administered on day 5. Tumor size was measure

Data in (A)–(C) are representative of 3 independent experiments, plotted as mean

Student’s t test for (A) and two-way ANOVA for (B), (C), and (F).

See Figure S5 for additional data.
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cules in TCR signaling distinctly interact with FYN compared

with LCK. We cross referenced and filtrated among different

gene databases and curated a ‘‘TCR signaling molecules

pool,’’ which contains 1,440 molecules involved in TCR

signaling. Among them, 330 molecules were identified to be

linked with FYN or LCK. Their respective link scores to FYN

and LCK were acquired via the String webtool. These molecules

were further divided into FYN uniquely linked (58), FYN more-

strongly linked (11), FYN and LCK shared linked (149), LCK

more-strongly linked (10), and LCK uniquely linked (102)

(Figure 6A). The more-strongly linked molecule is defined by dif-

ference between link score to FYN and to LCK >0.3, and the

uniquely linked are the ones showing connections only either

to FYN or to LCK. FYN uniquely and more-strongly linked mole-

cules (69) or LCK uniquely and more-strongly linked molecules

(112) were grouped and analyzed in the KEGG signal pathway

database to show their distinct impacts on TCR signaling path-

ways. FYN-group molecules were more involved in proliferation

and survival signaling pathways, including PI3K-AKT signaling,

Rap1 signaling, MAPK signaling, and Ras signaling. LCK-group

molecules were more involved in immune action pathways,

such as Th1, Th2, and Th17 cell differentiation. These signal

pathway involvements were further substantiated by clustering

the molecular links within the FYN or LCK groups (Figures S6A

and S6B). This result implies that disLCK-CAR-T cells could be

more prone to proliferation and survival by enhanced FYN activ-

ity and would prevent exhaustion from overactivated immune

responses.

In vitro evaluation of disLCK-CAR-T supported this implica-

tion. As shown in Figure 6B, the disLCK-CAR-T proliferated

strongly upon antigen stimulation. Differences in the quiescent

state were evident: conventional CAR-T cells had a lower

expression of the central and stem-cell memory marker CD62L

(Figures 6C and S7A). After stimulation, we observed that

conventional CAR-T cells had higher expression of exhaustion

molecules and lower CD62L expression (Figure 6D). These

changes were more dramatic as the effector-to-target (E:T)

ratio decreased. disLCK-CAR-T cells had more of a memory

phenotype than conventional CAR-T cells, with a larger propor-

tion of the less-differentiated stem cell memory (TSCM:

CD45RA+CD62L+) and central memory (Tcm: CD45RA
–CD62L+)

T cells (Figure 6E). The induction of enhanced memory and
acy

y lentivirus transduction) upon activation by target cells. The left panel is the

19 expressing Daudi cells at a serial E:T ratio.

verexpressing CD19. Cell index represents the cell growth. Arrow points show

theses.

-6 cells and CAR-T cells were administered at 0.5 3 106 and 3 3 106 cells,

ed as described in (A) (n = 3–4mice per group) and were generated by lentivirus

A (either non-targeting control [shNTC] or LCK targeting [shLCK]) and CAR

d by PBS).

e MCF7-HER2 cells were administered subcutaneously (s.c.) at day 0, and 83

d and monitored over time (n = 5 mice per group).

± SD of technical triplicates. p values denoted as in the Figure 1 legend using



Figure 6. disLCK-CAR-T cell activation by FYN leads to a more proliferative, memory-retaining, and exhaustion-reduced state

(A) Signal pathway analysis of FYN and LCK groupmolecules. The 330molecules linked to either FYN or LCK can be divided into FYN unique (blue, 58molecules);

FYNmore-strongly linked (light blue, 11 molecules); shared linked (dark gray, 149 molecules); LCK more-strongly linked (orange, 10 molecules); and LCK unique

(red, 102 molecules). FYN or LCK unique and strongly linked molecules are grouped in the FYN or LCK group, respectively, and analyzed in the KEGG signal

pathway database. The pathways are ranked by the number of genes in the respective pathways.

(B) CAR-T cell proliferation upon target cell activation. The proliferation event was detected by FACS after 5-day incubation with Nalm-6 cells. The left panel

shows the representative graph, and the right panel is the statistical summary.

(C) CAR, exhaustion, and memory marker expression in resting T cells (5 days after sorting and restimulation by feeder cells).

(D) Radar chart summary of exhaustion, andmemory marker expression in T cells after encountering target cells at different E:T ratios. Axes show the percentage

of expression of each marker.

(E) Memory subtypes of CAR-T cells after stimulation at different E:T ratios. T cells were stained with anti-CD45RA and anti-CD62L after 18-h incubation with

Daudi cells at the corresponding E:T ratio.

Data are representative of 3 (B) or 2 (C–E) independent experiments, plotted as mean ± SD of technical triplicates. p values denoted as in the Figure 1 legend

calculated by Student’s t test.

See Figures S6 and S7 for additional data.
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Figure 7. disLCK-CAR-T cells have an enhanced therapeutic profile in vivo

(A) Schematic of the ex vivo analysis of CAR-T cells after administration in vivo.

(B) BonemarrowCAR-T cells were analyzed at day 11 or 18 after cancer cells injected, and percentage of memory T cells (CD45RO+) was detected by FACS. The

left panel shows the representative FACS data, and the right panel shows the statistical summary. n = 4 mice per group, each dot = one mouse, CAR-T = blue

square, disLCK-CAR-T = red round dot.

(C) Exhaustion marker expression on the CAR-T cells from bone marrow analyzed on day 10. The left panel shows the representative FACS data, and the right

panel shows the statistical summary. n = 4 mice per group, each dot = one mouse, CAR-T = blue square, disLCK-CAR-T = red round dot. Cells with 3, 2, or 1

exhaustion marker expression (TIM-3, LAG-3, and PD-1) are designated as exhaustion (+), and cells without exhaustion marker expression are designated as

exhaustion (�).

(legend continued on next page)
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reduced exhaustion due to targeting the LCK gene were verified

by comparison with targeting another gene locus: b2-microglo-

bulin (B2M). Similar to conventional CAR-T, the disB2M-CAR-T

cells showed a more differentiated memory state and more

exhaustion marker upregulation upon stimulation than disLCK-

CAR-T cells (Figures S7B–S7E).

disLCK-CAR-T cells have an enhanced therapeutic
profile in vivo

To reflect the distinct immune-state in vitro, disLCK-CAR-T and

conventional CAR-T cells were immunophenotyped ex vivo after

administration (Figure 7A). disLCK-CAR-T cells showed a signif-

icantly higher expression of CD45RO+memory cells at both days

11and18comparedwith conventional CAR-Tcells (Figure 7B). In

addition, conventional CAR-T cells upregulated exhaustion

markers PD-1, TIM-3, and LAG3 more than did disLCK-CAR-T

cells. The percentage of exhaustion marker-negative disLCK-

CAR-T cells was notably higher than that of conventional

CAR-T cells (Figure 7C). Besides this different immunopheno-

type, the number of disLCK-CAR-T cells was significantly higher

at days10and16 in vivocomparedwith conventionalCAR-Tcells

(Figures 7D and S7F). We consolidated the in vivo performance

data and performed principal-component analysis (PCA).

disLCK-CAR-T and conventional cells can be distinguished as

different groups (Figure 7E). disLCK-CAR-T cells were enriched

in the more persistent, memory-prone, and exhaustion marker-

reduced cluster, contrasting significantly with conventional

CAR-T cells (Figure 7F). In summary, these data suggest that tilt-

ing CD28-CAR-T activation toward FYN via disruption of LCK

expression, results in a more proliferative, memory-retaining,

and less exhausted phenotype, explaining the enhanced thera-

peutic performance of disLCK-CAR-T cells in vivo.

DISCUSSION

Although huge successes have been seen with CAR-T therapy in

the clinic, CAR signaling itself has not yet been fully defined.3 To

this end, we intended to identify molecules specifically relevant

to CAR, but not TCR, signaling on the basis that this could reveal

potentially useful properties specific to CAR signaling. Surpris-

ingly, CAR signaling was triggered normally even in the absence

of LCK. In addition, the cytokine release by disLCK-CAR-T cells

was significantly higher than that of conventional CAR-T cells.

This could be related to the signal regulatory function of LCK.26

On the other hand reduced LCK expression significantly de-

creases TCR signaling strength,27 explaining why endogenous

TCR signaling was dramatically inhibited in disLCK-CAR-T cells.

This trait of splitting CAR and TCR signal activation in the

absence of LCK could be exploited to generate allogeneic
(D) Cell number of the CAR-T cells from bone marrow and spleen at days 10 and 1

each mouse at day 4 after 1.5 3 106 Nalm-6 cells were injected at day 0. n = 4 m

(E) Principal-component analysis (PCA) of conventional CAR-T and disLCK-CAR-

dots, conventional CAR-T = blue square dots.

(F) Heatmap of the in vivo performances of CAR-T cells after PCA. The columns a

factor, memory is the CD45RO+ group, and exhaustion (�) and (+) are defined th

Data in (B)–(D) are means ± SD. Boxes in (B) (right panels) represent 95% confide

See Figure S7F for additional data.
CAR-T. Unlike knocking out TCR in CAR-T cells, which results

in lower persistence in vivo,28 TCR-retaining disLCK-CAR-T cells

could potentially sustain tonic signaling, thus prolonging survival

of allogeneic CAR-T cells.29 This point could be inferred from our

observation that ERK in LCK-deficient TCR-T cells was phos-

phorylated upon stimulation by pMHC, perhaps due to a

PLCg1-independent signaling pathway.30,31

This non-canonical CAR signaling pathway has not previously

been reported in CAR-T studies. Systematic scrutinization of

CAR domains revealed that the CD28 co-stimulatory domain

plays a critical role. FYN, the other SFK active in T cell signaling,

has been shown to bind to TCR in proximal signaling.32,33 It could

also be important in non-canonical CAR signaling. Deletion of

FYN or LCK in Jurkat cells using CRISPR-Cas9 showed that

CAR signaling relies more on FYN than on LCK. Despite the

limitations of Jurkat cells, proximal TCR signaling mechanisms

in Jurkat resemble those in primary T cells.23,24 Hence, these re-

sults suggested that FYN could be the major kinase orches-

trating CAR signal transduction under physiological conditions.

We showed that LCK-independent CAR signaling is mediated

by the interplay between FYN and the CD28 domain. The role

of CD28 in CAR is not primarily related to a spacer effect—by

which CD3z is distanced from the cell membrane—because

this spacer effect was not sufficient to trigger LCK-independent

signaling for CD137-CAR, and the reduction of LCK-indepen-

dent CAR signaling was observed with point mutations in

CD28. Nonetheless, the spacer effect may make CD3z more

accessible to FYN compared with LCK. FYN is localized more

freely than LCK, including association with the endoplasmic re-

ticulum (ER) or cytoskeleton.34–37 This could favor CD3z phos-

phorylation by FYN given that CD3z is the preferred substrate

for FYN, whereas LCK preferentially phosphorylates CD3ε.24

We attribute LCK-independent CAR signaling primarily to signal

functions of the CD28 module, such as the FYN recruitment by

CD28 shown in this study. This could explain why the third-gen-

eration CAR showed LCK-independent signaling, but to a limited

degree, where CD28 signaling was disrupted when the CD137

domain was between CD28 and CD3z domains. The importance

of the transmembrane has not been explored in this study, but it

may play a role inmediating the LCK-independent CAR signaling

to a certain degree given that it has been reported to influence

downstream CAR signaling.38 Interestingly, first-generation

CAR or TCR, as well as CD137-CAR, was able to resume signal

activation in the absence of LCK when endogenous CD28 was

co-stimulated in trans. Based on our findings, we hypothesize

that CD28 may bring FYN to the IS once co-stimulated, partially

to fulfill LCK’s function. The kinase switch in CD28-containing

CAR compared with CD137-containing CAR potentially explains

their distinct performances as seen in previous studies,20,27,37
6 after cancer cells were injected. 1.83 106 CAR-T cells were administered in

ice per group.

T cell in vivo performance. Each dot = one mouse, disLCK-CAR-T = red round

re biological repeats. Each row represents PCA values of ex vivo data of each

e same as in (C).

nce intervals. p values denoted as in the Figure 1 legend using Student’s t test.
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FYN and LCK are distinct in terms of signaling kinetics, path-

ways, and strength. FYN-mediated CD28-CAR signaling would,

therefore, show different responses than CD137-CAR signaling,

where their initiations are controlled by different kinases.

Although CD28 co-stimulatory signaling has been studied inten-

sively, it has seldom been explored under LCK-deficient condi-

tions.18 Since LCK and FYN have both been shown to interact

with CD28,39 CD28 signaling might be different when only FYN

can interact with it. However, to what degree the CD28 co-stim-

ulatory signaling pathways, such as the PI3K, PKCq, and AKT

pathways, have been affected after disruption of LCK is

unknown.

The balance of FYN and LCK in T cells could naturally favor

FYN signaling after LCK disruption, resulting in a favorable ther-

apeutic performance that increases the overall in vivo efficacy.

FYN and LCK both have uniquely linked and more-strongly

linked molecules (FYN or LCK group) in TCR signaling. Signal

pathway analysis reveals that the interactions within the FYN-

specific group would provide T cells with the tendency to prolif-

erate and survive. This analysis is consistent with previous

studies on FYNwhere FYN controls cell growth.40,41 On the other

hand, the LCK-specific signaling partners are more relevant in

immune activity. It is likely that CAR-T cells with LCK present

are more easily overactivated and thus exhausted. For example,

overactivated and chronic nuclear factor kB (NF-kB) signaling—

which is more involved in the LCK-unique system in T cells—

would lead to cellular senescence and apoptosis.42,43 This could

be important for CD28-CAR-T cells, which may be chronically

activated, leading to early exhaustion.44 Treating CD28-CAR-T

cells with the LCK inhibitor dasatinib during culture or changing

to aCD137 co-stimulatory domain, whichwould recruit THEMIS-

SHP1 to inhibit LCK activity, could avoid early exhaustion.9,45

Dasatinib, however, has broad inhibition of the SFK and other ki-

nases, including both LCK and FYN. This could obscure the fact

identified in this study that FYN could be more important to

CD28-CAR. Nevertheless, it will not affect its application to con-

trol CAR signaling and as a pharmacological switch since LCK

and FYN are both inhibited by using dasatinib.46 Overall,

disLCK-CAR-T cells became more proliferative, showed resis-

tance to exhaustion, and tended to retain memory phenotype,

leading to their increased in vivo efficacy and suggesting signif-

icant benefits for translation in clinical settings.

In conclusion, we report that CAR-T signaling can be triggered

without the presence of LCK. We show that this non-canonical

signaling pathway bypassing LCK is related to the CD28 co-

stimulatory domain. Moreover, FYN is revealed to be more

crucial than LCK in CD28-CAR signal transduction. This kinase

switch provides distinct properties for disLCK-CAR-T cells,

including tolerance to inhibitory signals and a propensity to pro-

liferate and differentiate to memory cells. The disLCK-CAR-T

cells could provide a more durable and effective CAR-T therapy

for clinical use and suggest that editing signaling molecules may

be a fruitful avenue to construct the next generation of CAR-T

technologies.

Limitations of the study
The study primarily focuses on CD8+ T cells. CD4+ T cells were

not part of the study. Although LCK-independent CAR signaling
12 Cell Reports Medicine 4, 100917, February 21, 2023
should be replicable, the impact to CD4+-CAR-T cells could be

different compared with CD8+-CAR-T cells. Future studies

should include both CD4+ and CD8+ T cells. In addition, omics

studies such as transcriptome and phosphoproteomics were

not performed. With the disruption of LCK in CAR-T cells, cell

fate and signaling associated with CD28 co-stimulatory signaling

after activation could be distinct. A better understanding of the

disLCK-CAR-T cells can be acquired after such omics studies.
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Data and code availability
All data needed to evaluate the conclusions in the paper are present in the paper or the supplemental information. This paper does not

report original code. Any additional information required to re-analyze the data reported in this work paper is available from the lead
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture
Endogenous TCR and co-receptor-deficient Jurkat76 was a kind gift fromProfMirjamHeemskerk47 (Leiden Univ, NL). Other cell lines

(Raji, Nalm-6, Daudi, MCF-7, SKBR3 including LCK-deficient Jurkat cam1.6) were from the American Type Culture Collection

(ATCC). No commonly misidentified cell lines were used (ICLAC database). Jurkat lines were maintained in RPMI-1640 media

(Hyclone) supplemented with 10% fetal bovine serum (Hyclone), 2 mM L-glutamine (Gibco) and MEM non-essential amino acid

(Gibco) (cRPMI) in humidified 5% CO2 incubator at 37�C. Human embryonic kidney epithelial cells (HEK293) were cultured in

DMEM (Hyclone) supplemented with 10% fetal bovine serum (Hyclone), 2 mM L-glutamine (Gibco) and MEM non-essential amino

acid (Gibco). Tetracycline-Regulated Expression (T-REx) CHO cell line was purchased from Invitrogen and used for the generation

of artificial APC. The CHO cells were cultured in Ham’s F-12 (Gibco) medium with 10% fetal bovine serum (Hyclone), 2 mM

L-glutamine (Gibco) and MEM non-essential amino acid (Gibco). Transfections of Single-chain trimer MHC constructs into CHO

were performed using the polyethylenimine (PEI) method. After transfection, cells were drug-selected (1.0 mg/mL G418, Hyclone),

then single cell sorted. The pMHC complex expression was checked regularly by flow cytometry, and cell lines used were checked

routinely to detect mycoplasma contamination.

Primary CD8+ T cell activation and culture
Naive CD8+ T-cells were isolated isolated from blood using RosetteSep human CD8+ T cell enrichment cocktail (Stemcell) and Ficoll

(GE Healthcare Life Sciences) gradient centrifugation. Naive CD8+ T-cells were stimulated by anti-CD3+CD28 Dynabeads

(ThermoFisher) in Biotarget medium (Biological Industry) supplemented with 4% human platelet lysate (Ultra-GRO-Advanced,

AventaCell) with 100U/mL IL-2 (R&D System) for 48hrs. Activated CD8+ T-cells were maintained in medium containing 100 U/mL

IL-2, 10 ng/mL IL15 and 10 ng/mL IL7 (R&D System). T-cells were restimulated every 14-20 days by feeder cells, which were freshly

isolated peripheral blood mononuclear cells (PBMC) and irradiated at 30 Gy. PBMC and T-cells were resuspended at a ratio of 2:1 in

the medium with concentrations of 100U/mL IL-2, 10 ng/mL IL7, 10 ng/mL IL15 and 1.5 mg/mL of Lectin from Phaseolus vulgaris

(Sigma-Aldrich). Blood collection protocol was approved by NUS IRB. Informed consent was obtained from all donors.

In vivo animal model
NOD.Cg-PrkdcscidIL2Rgtm1wjl/SzJlnv (NSG) female mice, 6-8 weeks old, (InVivos) were used for in a standard leukemia model using

Nalm-6 cells, which has been transduced with luciferase, and a solid tumor model using MCF7-HER2 cells. CAR-T-cells were sorted

by FACSFusion sorter and restimulated by feeder cells at day�3. Cancer cells were administered intravenously (i.v.) via tail (Nalm-6)

or subcutaneously (MCF7- HER2). Both cell lines produced even tumor burdens in our experiments, and no mice were excluded

before treatment. Expanded CAR-T-cells were administered i.v. at day 4 after cancer cell injection or at day 5 after solid tumor initial

growth. The mice were euthanized when paralysis was observed or tumor size exceeded 2000 mm3. For ex vivo CAR-T-cell pheno-

typing, bone marrow and spleen cells were extracted and analyzed by FACS. Animal Protocols were approved by NUS IACUC.

METHOD DETAILS

Constructs and sequences
CARs with CD28 and CD137 costimulatory sequences were synthesized and cloned into lentiviral vector pLV. This and associated

packaging plasmids, bearing Gag/Pol, Rev, and VSV-G respectively, were supplied by Vectorbuilder. Human HER2 genes were

cloned from a human cDNA library in-house. The scFv constructs for TCR-like antibodies13 were produced in P.A.M.’s lab, and

FMC63 scFv and 4D5 scFv were used for anti-CD19CAR and anti-HER2CAR, respectively.50,51 TCR specific for HLA-A*02:01

with peptide LMP2A426-434 (from EBV) was a generous gift from Hans Stauss (University College London). Single-chain trimer

GAG-HLA-A2 was a gift from Keith Gould (Imperial College London). Peptide mutagenesis: GAG (SLYNTVATL) to LMP2A426-434

(CLGGLLTMV) (L2); CD28 Y170F, P187,190A, and other mutations were made with Q5 mutagenesis Kit (New England Biolabs).

Molecular cloning work used In-Fusion HD cloning kit (Clontech), and single-chain trimer MHC constructs were cloned into

pcDNA3-Clover (Addgene plasmid #40259) to generate artificial antigen presenting CHO cells.52–54 shRNA-CAR constructs were

based on pLV-CAR vector described above, in which a cassette of the human U6 and shRNA sequence were added. shLCK sequen-

ce48:50-CTGCAAGACAACCTGGTTATC-30 shNTC sequence49: 50-CCTAAGGTTAAGTCGCCCTCG-30.

Lentivirus production and transduction
6.53 105 HEK293-Lenti-X cells/well were seeded onto 6 well plates one day before transfection and incubated at 37�Cwith 5%CO2.

The cells were transfected with packaging plasmids and lentiviral vector using polyethylenimine (PEI), and the medium replaced after

12h. Viral supernatant was harvested twice in the following 2days. The collected viral supernatant was titred, filtered through 0.45mm

membrane (Millipore) and concentrated by ultracentrifugation filter (100kDa, Amicon). For lentivirus transductions, polybrene and

HEPES were added at 8-10 mg/mL and 10mM, respectively, with Jurkat or CD8+ T-cells after 48h initial activation by anti-

CD3+CD28 Dynabeads (ThermoFisher) at 106/mL, followed by spinoculation at 2,500 rpm for 2 hrs at 32�C. For CHO cell transduc-

tion, viral solution was directly added without spinoculation for 24h. Cells and viral solutions were separated after transduction.
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CRISPR-Cas9 knock-out and knock-in genetic editing
Cas9 lentivectorwasobtained fromAddgene (#52961).55 ThegRNAsequences for FYNandLCKwere retrieved fromhttp://chopchop.

cbu.uib.no/and are shown in the Table S1. Cas9 sequence was linked with mTagBFP by P2A cleavable linker. The Cas9 lentivector

was used tomake lentivirus for transduction of Jurkat. Single cells were sorted bymTagBFP andwestern blotting was used to screen

LCK or FYN KO Jurkat clones. In primary CD8+ T cells, LCK targeted homologous directed repair (HDR) was performed as previously

described.56 The LCK gRNA2, GCCGGGAAAAGTGATTCGAG, was selected and chemically modified. Full sgRNA sequence was,

50-G*C*C*GGGAAAAGUGAUUCGAGGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCCGUUAUCAACUUGAAAAAG

UGGCACCGAGUCGGUGCU*U*U*U-3’. Asterisk (*) represents 20-O-methyl 30 phosphorothioate. The Cas9-NLS protein (New

England Biology) was incubated with sgRNA at amolecular ratio of 1:2 at 37�C for 30min to form ribonucleoprotein (RNP) complexes.

ThedsDNAdonorwasdesignedso that 1kbof the homologous armwasflanking theCARconstruct oneach side. 120pmol ofRNPand

2mg of dsDNAwere electroporated into 106 activated primary CD8+ T-cells by Amaxa P3 Primary Cell Kit (V4XP-3024) and Amaxa 4D

electroporation system (Lonza) via program EH115. The CAR + population was stained by anti-Myc tag conjugates (Cell Signaling

Technology) and later sorted by FACSFusion sorter (BD) in flow cytometry core facility team of The Life Sciences Institute (LSI), NUS.

Calcium flux assay
The calcium flux assay was performed as previously described.57 In brief, cells were suspended at 107/mL in PBS (PBS) and loaded

with 2 mM Indo-1 AM for 30 min at 37�C, followed by washing twice with cRPMI. Cells were pre-warmed to 37�C for 10min before

analysis and kept at 37�C during analysis. For cell stimulation, an HLA-A2-L2 monomer was pre-refolded, biotinylated58 and cross-

linked with streptavidin Alexa 647 (ThermoFisher) to form tetramer, that was used to stimulate cells. Mean fluorescence ratio of Indo-

1high/Indo-1low was calculated using FlowJo kinetics program.

T cell stimulation and cytokine secretion assay
This was performed largely as described.53,54 Artificial antigen presenting CHO cells (APC-CHO) were seeded onto a 96well flat plate

at 2–3x104/well one day before use. Each CAR-T-cell or TCR-T-cell sample was counted and 23 105 cells/well was added into APC-

CHO pre-seeded plate for 18h. After incubation, supernatant was collected for IL-2 ELISA assay (Invitrogen). T cell pellets were

resuspended for immunophenotyping or for another round of stimulation. For primary CAR-T-cell cytokine secretion, target cells

(at 1:1 ratio) or precoated anti-CD3 antibody (5 mg/mL) were used to activate CAR signaling or endogenous TCR signaling, respec-

tively. CAR-T-cells were stimulated together with Brefeldin A in onewell of a 96well plate for 6h. After stimulation, cells were collected

and stained with anti-CD8 for T cell gating and anti-Myc to measure CAR expression. T-cells were then further permeabilized and

stained with anti-TNF and IFNg before FACS analysis. For proliferation experiments, CAR-T-cells labeled with CellTrace Violet and

Nalm-6 cells weremixed at a ratio of 1:1 at 53 104 cells/well in 96well plates. Cells were collected after 5 days and analyzed by FACS.

Cytotoxicity assay
Target cells were seeded at 43 104/well in U-bottom 96 well plates, followed by adding 43 103 to 43 105 CAR-T-cells at effector to

target (E:T) ratio 0.1:1 to 10:1. Cells were cocultured for 18 h at 37�C, 5%CO2. The supernatant was then collected, and the CytoTox

96 Non-Radioactive Cytotoxicity Assay (Promega) was used. Cytotoxicity (%) was calculated by formula (LDHrelease-negative)/

(LDHmaxrelease-negative). The cell pellet was suspended and stained with antibody conjugates to do immunophenotyping. For

real-time killing experiments, xCelligence (Agilent) was used. 2 3 104 CD19-transduced CHO cells (CHO-CD19) were pre-seeded

in 96-well RTCA E-plates and incubated for 24h. CAR-T-cells were added at designated ratio. Cell growth was monitored for addi-

tional 36h.

Western blotting and immunoprecipitation (IP)
106 cells/sample were lysed in NP-40 lysis buffer. Cell debris was pelleted, supernatant collected and heated with reducing protein

loading buffer (Nacalai-Tesque). To detect phosphorylation after stimulation, 105 APC-CHO cells were seeded per well in a 24-well

plate one day before stimulation. 106 CAR-T or TCR-T-cells were added into each well and cocultured for the designated duration.

Cells were collected and prepared as above. To detect FYN association with CAR, 107 CAR-Jcam cells and 2 3 106 CHO-L2 cells

were mixed for 5min in 1mL cRPMI. Stimulation was stopped by adding 10mL pre-cooled PBS. Cells were collected and lysed in

200mL NP-40 lysis buffer. Lysate was incubated overnight with protein G Dynabeads (Invitrogen, 10003D) with anti-Myc. IP samples

were washed in lysis buffer and heated with reducing protein loading buffer. All samples were loaded in a 4-12%Bis-Tris gradient gel

(NuPAGE, Invitrogen) and transferred to a PVDF membrane (Immobilon-FL Transfer Membrane, Millipore). The membrane was

blocked using blocking buffer (Odyssey, LI-COR). The membrane was probed with different primary antibodies, followed after

washing by secondary antibodies: IRDye 800CW Goat anti-Mouse IgG2b (Cat# 926–32,352, LI-COR) and IRDye 680LT Goat anti-

Rabbit (Cat#926-68021). Visualization and quantification of the blot was by the LI-COR Odyssey infrared imaging system.

Flow cytometry and cell sorting
Flow cytometry experiments were conducted on BD LSR Fortessa X-20 (Becton Dickinson). Cell sorting was conducted on either

Mo-Flo XDP (Beckman Coulter, Inc.) or SY3200 (Sony Biotechnology Inc.) by Flow Cytometry Laboratory, Immunology Program,

National University of Singapore. Data analysis was performed on FlowJo.
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Signal pathway analysis
The ‘‘T-cell receptor pathway’’, ‘‘T cell signaling’’, ‘‘T cell activation’’, ‘‘T cell stimulation’’, ‘‘T cell costimulation’’, and ‘‘T cell inhibitory

signaling’’ were queried in GSEA (https://www.gsea-msigdb.org/gsea/index.jsp), GO (http://geneontology.org/), and NCBI to create

a total TCR signaling-related molecules pool. The molecules in the pool were later screened by their expression in Naive or activated

CD8+ T-cells via The Human Protein Atlas (https://www.proteinatlas.org/) and Database of Immune Cell Expression (DICE) (https://

dice-database.org/), where the proteins with low or no expression in CD8 T cells were filtered out. These filtered signaling molecule

pools were then the ‘‘TCR signaling molecules pool’’. Signaling molecules within the ‘‘TCR signaling molecules pool’’ that interact to

FYN or LCK and their respective link score were acquired via String webtool (https://string-db.org/). Signal pathway identification

was done by analyzing the FYN or LCK group molecules (described in the main text) in KEGG pathway database via DAVID Bioin-

formatics Resource (https://david.ncifcrf.gov/summary.jsp).

Statistical information and data analysis
Two-tailed Student’s t test or two-way ANOVA analysis was performed for column data or curve data respectively by usingGraphPad

Prism 7. The data meet the assumptions of the tests. Variance is similar between the compared groups. For principal component

analysis (PCA), in vivo performance factors were consolidated, and the data analyzed by ClustVis (https://biit.cs.ut.ee/clustvis/),

obtaining converted PCA values for each factor acquired.
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