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Tianxiang Zhang, Xin Lan, Shengfeng Huang and Yingqiu Li*

Guangdong Province Key Laboratory of Pharmaceutical Functional Genes, State Key Laboratory of Biocontrol, School of Life
Sciences, Sun Yat-sen University, Guangzhou, China

Amphioxus (e.g., Branchiostoma belcheri, Bb) has recently emerged as a new model for
studying the origin and evolution of vertebrate immunity. Mammalian lymphocyte-specific
tyrosine kinase (Lck) plays crucial roles in T cell activation, differentiation and homeostasis,
and is reported to phosphorylate both the ITIM and ITSM of PD-1 to induce the
recruitment of phosphatases and thus the inhibitory function of PD-1. Here, we
identified and cloned the amphioxus homolog of human Lck. By generating and using
an antibody against BbLck, we found that BblLck is expressed in the amphioxus gut and
gill. Through overexpression of BblLck in Jurkat T cells, we found that upon TCR
stimulation, BblLck was subjected to tyrosine phosphorylation and could partially
rescue Lck-dependent tyrosine phosphorylation in Lck-knockdown T cells. Mass
spectrometric analysis of BblLck immunoprecipitates from immunostimulants-treated
amphioxus, revealed a Bbl.ck-associated membrane-bound receptor LRR (BbLCLRR).
By overexpressing BbLcLRR in Jurkat T cells, we demonstrated that BbLcLRR was
tyrosine phosphorylated upon TCR stimulation, which was inhibited by Lck knockdown
and was rescued by overexpression of BblLck. By mutating single tyrosine to
phenylalanine (Y-F), we identified three tyrosine residues (Y539, Y655, and Y690) (3Y)
of BbLcLRR as the major Lck phosphorylation sites. Reporter gene assays showed that
overexpression of BbLcLRR but not the BbLcLRR-3YF mutant inhibited TCR-induced
NF-kB activation. In Lck-knockdown T cells, the decline of TCR-induced IL-2 production
was reversed by overexpression of BblLck, and this reversion was inhibited by co-
expression of BbLcLRR but not the BbLcLRR-3YF mutant. Sequence analysis showed
that the three tyrosine-containing sequences were conserved with the tyrosine-based
inhibition motifs (ITIMs) or ITIM-like motifs. And TCR stimulation induced the association of
BbLcLRR with tyrosine phosphatases SHIP1 and to a lesser extent with SHP1/2.
Moreover, overexpression of wild-type BbLcLRR but not its 3YF mutant inhibited TCR-
induced tyrosine phosphorylation of multiple signaling proteins probably via recruiting
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SHIP1. Thus, we identified a novel immunoreceptor BbLcLRR, which is phosphorylated
by Lck and then exerts a phosphorylation-dependent inhibitory role in TCR-mediated T-
cell activation, implying a mechanism for the maintenance of self-tolerance and
homeostasis of amphioxus immune system and the evolutionary conservatism of Lck-
regulated inhibitory receptor pathway.

Keywords: amphioxus, lymphocyte-specific tyrosine kinase (Lck), tyrosine phosphorylation-dependent inhibitory
immunoreceptor, leucine rich repeat receptor (LRR), amphioxus Lck associated LRR (BbLcLRR), tyrosine
phosphorylation, immunoreceptor tyrosine-based inhibitory motif, TCR-mediated T cell activation

INTRODUCTION

The amphioxus, the basal chordate, occupies the evolutionary
position between invertebrates and vertebrates and serves as an
excellent animal model to unveil the evolutionary enigma of the
vertebrate adaptive immune system (1-3). The discovery of the
proto-MHC region in the amphioxus genome, identification of
monocyte-like cells containing typical large reniform nuclei in
the amphioxus (4, 5), and the demonstration that RAG1/2-like
protein in the amphioxus derived from the ProtoRAG gene via
terminal inverted repeat (TIR)-dependent transposon excision
can degrade both DNA and RNA (6, 7), suggest that the immune
system of the amphioxus is much more complicated than
previously thought (4, 6, 7). Inhibitory immunoreceptors play
critical roles in mediating self-tolerance to maintain appropriate
immune responses. The origin and evolution of inhibitory
signaling are not well understood.

Lymphocyte-specific kinase (Lck), a member of the Src
superfamily, is majorly expressed in T lymphocytes (8). Lck is
stably associated with CD4 and CD8 coreceptors of TCR, which
helps initiate signaling (9, 10). After TCR and coreceptors
engagement with cognate antigens, Lck is activated and
phosphorylates the tyrosine residues on the immunoreceptor
tyrosine-based activation motifs (ITAMs) on the CD3( and
CD3y, §, and € subunits of the TCR complex. The
phosphorylated ITAM tyrosine residues of CD3{ serve as
docking sites to recruit and activate the tyrosine kinase Zap70,
which then phosphorylates the adaptor protein LAT (linker for
activation of T cells) at multiple tyrosine residues.
Phosphorylated LAT nucleates multiprotein signaling
complexes, leading to T-cell activation (10-13). In addition to
phosphorylate ITAMs, Lck can also phosphorylate the ITIMs of
HLA-specific killer cell inhibitory receptors (KIR) in NK and T
cells (14), and phosphorylate both the ITIM and immune
receptor tyrosine-based switch motif (ITSM) of programmed
cell death-1 (PD-1) to activate its inhibitory function in T
cells (15).

Lck activity is tightly regulated by two tyrosine residues, Y394
and Y505, with activating and inhibitory function, respectively
(16, 17). Phosphorylation of Y394 in the kinase domain of Lck
stabilizes its activation loop in an active conformation, whereas
interaction with SH2 domain of Lck via its phosphorylated Y505
residue induces an occluded or closed conformation (18, 19). As
a key component in initiating T-cell signaling, phosphorylation
of Lck inhibitory Y505 by C-terminal Src kinase (CSK) decreases

CD3{ phosphorylation (20-23). The Lck-deficient T cell line
does not induce phosphorylation downstream signaling
activation (24, 25).

In this study, we identified amphioxus Lck and MS analysis of
BbLck immunoprecipitates from the gut cells, revealing an
inhibitory immunoreceptor BbLcLRR. BbLck is structurally
and functionally highly conserved with human Lck. BbLcLRR
interacts with and is phosphorylated by both BbLck and human
Lck. Upon TCR stimulation, overexpressed BbLcLRR is
phosphorylated at Y539, Y655, and Y690 by Lck in Jurkat TAg
T cells. By simultaneously mutating these three tyrosine residues
to phenylalanine (F) residues to construct BbLcLRR-3YF, we
analyzed the function of BbLcLRR wild-type and BbLcLRR-3YF
mutant in TCR signaling. Overexpression of BbLcLRR inhibited
TCR-induced activation of the transcription factor NF-xB,
whereas overexpression of BbLcLRR-3YF relieved its inhibitory
effect. Moreover, upon TCR stimulation, the decline in IL-2
production with Lck knockdown could be rescued by BbLck
overexpression, but was further inhibited by co-overexpression
with BbLcLRR but not with BbLcLRR-3YFE. TCR stimulation
induced the association of BbLcLRR with tyrosine phosphatases
SHIP1 and SHP1/2. And BbLcLRR seems to inhibit TCR-
induced tyrosine phosphorylation by recruiting SHIP1. In
summary, upon TCR stimulation, Lck or BbLck
phosphorylates BbLcLRR, which in turn inhibits T-cell
activation. Thus, BbLcLRR is an Lck-dependent inhibitory
receptor in lymphocytes.

MATERIALS AND METHODS

Sequence Retrieval and Alignment

Protein sequences were obtained via JGI (https://gold.jgi.doe.
gov/index), NCBI (https://www.ncbi.nlm.nih.gov/protein/), and
LanceletDB (http://genome.bucm.edu.cn/lancelet/index.php)
databases and subjected to BLASTP searches to predict
authentic sequences because the Branchiostoma genome
sequence was incomplete at the time of this study. Lck protein
sequences from nine vertebrate species were retrieved from the
NCBI database, and each sequence was then used for BLASTP
searches in the LanceletDB and JGI databases to identify the
BbLck sequence. Reciprocally, for verification, the putative
BbLck sequence in the NCBI database was used to search for
vertebrate Lck sequences using BLASTP. The cloned BbLcLRR
cDNA contained 2097 bp and was submitted to the GenBank
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database with the accession number MW390887. The domain
structure was predicted using the Simple Modular Architecture
Research Tool (SMART) (http://smart.embl.de/).

Plasmids and siRNAs

Human Lck (GenBank, NP_001036236.1) was amplified from
Jurkat TAg cells cDNA and cloned into the pcDNA3.1-Flag
(Invitrogen). The sequence of BbLck was cloned from Chinese
amphioxus (Branchiostoma belcheri, China) gut cDNA. The point
mutations Y539F, Y655F and Y690F were mutated using pfuUltra
IT DNA polymerase according to the manufacturer’s instructions
(Stratagene, San Diego, CA, USA). The scrambled control siRNA,
including siLck (5'-CCACCCACAUGUGACACAU-3") were
synthesized by RiboBio Co. Ltd (Guangzhou, China).

Antibodies and Reagents

Antibodies to Myc (9E10), actin (C4), Lck (SC-433), Lck
phosphorylated at Tyr394 (SC-101728), LAT (FL-233), GAPDH
(SC-25778), Lck inhibitor [7-Cyclopentyl-5-(4-phenoxyphenyl)-
7H-pyrrolo(2,3d) pyrimidin-4-ylamine, SC-204052] were from
Santa Cruz Biotechnology. Antibodies to LAT phosphorylated at
Tyr132 (ab4476) and SLP76 phosphorylated at Tyr145 (ab75829)
were from abcam. M2 antibody to Flag (F3165) was from Sigma-
Aldrich (St Louis, MO, USA). Antibody specific for ERK
phosphorylated at Thr202 and Tyr204 (E10) and phosphotyrosine
specific mADb (pY100) were from Cell Signaling Technology. Anti-
human CD3 (UCHT1) and PLC-yl phosphorylated at Tyr783
(612464) were from BD Pharmingen. Goat anti-mouse IgG
(31160) was from Thermo Fisher Scientific. Horseradish
peroxidase-conjugated secondary antibodies were from Jackson
ImmunoResearch. IL-2 ELISA Ready-SET-Go (88-7025-88) was
from eBioscience. Alexa Fluor 488-coupled chicken anti-mouse (A-
21200) was from Invitrogen.

Animal Immune Procedures and Antibody
Affinity Purification

To produce a large amount of antibody and facilitate the affinity
purification of antibody, we selected the New Zealand rabbit as
the antigen immune host. The animal experiments were
manipulated according to guidelines approved by the Animal
Care and Ethics committee of Sun Yat-Sen University. The
animal immune procedure was performed as previously
described (26). Briefly, two rabbits were first intraperitoneally
injected with the antigen protein mixed with an equal volume of
Freund’s Complete Adjuvant (CFA, Sigma). After an interval of
14 days, the rabbit was injected a second time with the antigen
protein mixed with Incomplete Freund’s Adjuvant (IFA, Sigma)
and then immunized with the same method every week until the
antibody titer met the needs of subsequent experiments.

We purified rabbit anti-BbLck serum with antigen-protein-
coupled CNBr-activated Sepharose (GE Healthcare). The
workflow is as follows: I. cDNA encoding BbLck was inserted
into the pTwin-1 vector (New England Biolabs). The recombinant
plasmid was transfected into DE3 (an E. coli strain) cells for protein
expression. The recombinant protein was purified via binding to
chitin beads and eluted with elution buffer containing 50 mM Tris-
HCI (pH 6.0) and 500 mM NaCl. The recombinant protein was

finally dissolved in CNBr Sepharose-compatible buffer containing
NaHCO; (pH 8.0) through buffer exchange by ultrafiltration
(Millipore). The recombinant protein concentration was
measured using the BCA and Bradford assays (Bio-Rad). IL
Recombinant protein (1 mg/mL) was incubated with CNBr-
activated Sepharose (GE Healthcare) at 4°C overnight. The rabbit
anti-BbLck antiserum was purified according to the manufacturer’s
instructions (GE Healthcare). Through this affinity purification
procedure, we obtained antibodies that could specifically detect
endogenous BbLck protein.

Flow Cytometry Analysis

HEK293T cells were grown in a monolayer in 6-well plates one
night before the experiment. After reaching an approximately
90% density, the cells were transfected with Flag vector or Flag-
BbLCcLRR vector. Twenty-four hours after transfection, the cells
were collected and resuspended in 1 x phosphate-buffered saline
(PBS) plus 1% BSA (w/v) and incubated with anti-Flag (M2)
antibody (Sigma) for 1 h at 20-25°C. After three washes with
resuspended buffer, the cells were stained with Alexa Fluor 488-
labeled chicken anti-mouse IgG for 1 h at 20-25°C, followed by
three washes with resuspended buffer. Cells were analyzed using
a FACSCalibur flow cytometer (BD Biosciences) and CellQuest
software. Flow]Jo software was used for data analysis.

Cell Culture, Transfection, and Stimulation
Human leukemia Jurkat TAg cell line was cultured in RPMI1640
medium (Hyclone) supplemented with 10% (vol/vol) fetal bovine
serum (Gibco), 100 U/ml streptomycin, and 100 U/ml penicillin
(Sigma) at 37°C, 5% CO,. Cells in a logarithmic growth phase
were transfected with indicated plasmid by nucleofection (Lonza
4D Nucleofector " system). In each experiment, cells were
transfected with the same total amount of DNA by the
addition of the requisite quantity of empty vector. After
transfection, cells were incubated in RPMI medium containing
10% FBS without penicillin and streptomycin for 48 h. For
stimulation with antibody in Jurkat T cells, cells were washed
with serum-free RPMI1640 medium, and stimulated with 10 ug/
ml anti-CD3, which were crosslinked with goat anti-mouse IgG
(10 pg/ml). HEK293T cells were cultured in DMEM (Hyclone)
containing 10% FBS, penicillin and streptomycin. Transfections
were carried out with PEI (Sigma-Aldrich).

Western Blot Analysis and
Coimmunoprecipitation

Cells were harvested and lysed in lysis buffer containing 20 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 5 mM EDTA (pH 8.0), 5 mM
NaPPi, ] mM sodium orthovanadate (Na;VO,), 1 mM PMSF,
1% Nonidet P-40, 10 ug/mL aprotinin, and 10 pg/mL leupeptin.
After centrifugation at 13200 x g at 4°C to remove cellular debris,
the supernatant was incubated with the indicated antibody
overnight at 4°C, and the proteins were immunoprecipitated
with protein G-Sepharose (GE Healthcare) for an additional 4 h
at 4°C. The precipitated proteins or total cell lysates were
separated by SDS-PAGE, and proteins were transferred to
polyvinylidene fluoride (PVDF) membranes at 400 mA. The
membranes were blocked with 4% BSA (dissolved in TBST
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buffer) and then incubated with the indicated primary antibody
overnight at 4°C, followed by incubation with HRP-conjugated
secondary antibodies for 1 h at room temperature. Immunoblots
were developed using an X-ray film or with a ChemiDoc
instrument (Bio-Rad).

Immunofluorescence and Microscopy

Jurkat TAg T cells or amphioxus gut cells were fixed in 4%
paraformaldehyde (PFA), layered onto poly-L-lysine (PLL)-coated
microscope slides and permeabilized with PBS and Tween 0.1%.
After blocking with 2% BSA in PBS for 30 min, cells were stained
overnight at 4°C with the indicated primary antibodies. Cells were
washed with PBS three times, after which fluorescent dye-
conjugated secondary antibodies were added and incubated for
1 h at room temperature for double staining. Nuclei were
counterstained with DAPI (I ug/mL). As a negative control,
secondary antibodies were used alone. Images were acquired
using a FluoView FV1000 confocal microscope (Olympus) with
an oil immersion objective (60x 1.4 NA, Plan-Apochromat;
Olympus) using laser excitation at 405, 488, and 543 nm.

Fish Immune Stimulation and

Tissue Extraction

Amphioxi were obtained from Zhan Jiang, China, and fed algae
every day at 20-22°C before being starved for two days before the
experiments. Fish immune stimulation was performed as previously
described (27). In brief, the amphioxi were sedated with MS-222 (20
mg/L, Sigma) for coelom injection with 15 uL of 0.5x PBS
containing 10> live E. coli, 10° mouse erythrocytes, 15 ug of
phytohemagglutinin (PHA) and 20 pug of pokeweed mitogen
(Sigma). After stimulation for the indicated durations, amphioxus
tissue separation was performed as previously described (28).
Briefly, the work was performed using an ophthalmic scalpel and
forceps with the help of a stereoscope (Olympus, SZ61TR). For gut
primary cell extraction, gut tissue was cut into several segments and
cells extracted with Dounce grinder. The cell strainer (BD-40 pm)
was used to further remove tissue blocks.

Mass Spectrometry

Protein samples were prepared for mass spectrometry
measurements as previously described (29). In short, the
indicated protein complex was subjected to SDS-PAGE. After
the sample became a compact slit-like band after loading, the
protein band was excised from a Coomassie-stained SDS-PAGE
gel and fragmented into small pieces. Thereafter, the proteins
were reduced with 10 mM dithiothreitol (DTT) for 30 min at
55°C, followed by alkylation with 55 mM iodoacetamide (IAA)
for 30 min at room temperature in the dark. Overnight digestion
at 37°C was performed with 0.6 pg of trypsin (Proteomics-grade,
Promega) in 25 mM NH4HCOj;. The resulting peptides were
acidified with 0.1% formic acid (FA) to stop trypsin
digestion (30).

Luciferase Reporter Assay

For reporter assays, by using the Lonza 4D Nucleofector
system, Jurkat TAg T cells were electroporated in triplicate
with a combination of NF-kB and Renilla luciferase reporter

plasmids, and the indicated plasmids. After 24 h, cells were
treated with or without anti-CD3 for 8 h, lysed, and collected for
the luciferase reporter assay. The luminescence was evaluated
with a luciferase assay kit (Promega) using a Lumat LB 9507 tube
luminometer (Berthold Technologies). Renilla luciferase reporter
plasmids were used as internal controls.

Measurement of IL-2 Production by ELISA
Jurkat TAg cells were stimulated for 24 h with anti-CD3 and the
concentration of IL-2 in culture supernatants was determined by
enzyme-linked immunosorbent assay (ELISA) according to the
manufacturer’s instructions (eBioscience). A 96-well plate
(Corning Costar) was coated overnight at 4°C with a
monoclonal antibody against IL-2. Triplicates of IL-2 standards
and supernatants from the cultured cells were then added to the
plate and incubated for 2 h at room temperature. A biotinylated
polyclonal antibody specific for IL-2 was added, followed by
incubation for 1 h at room temperature, and then Avidin-HRP
was added, followed by incubation for 30 min at room
temperature. The amount of bound avidin was then assessed
with 3,3’,5,5’-tetramethylbenzidine (TMB) peroxidase that was
acidified with 2 N H,SO,. The absorbance of each well was
measured at 450 and 570 nm using a spectrophotometric plate
reader (BioTek Instruments).

Quantitative Real-Time PCR

Quantitative real-time PCR was performed in a total volume of
10 pl with 5 pl of 2x realstar green power mixture (Genstar),
0.2 ul of primers, 0.5 pl of cDNA templates and double-distilled
water. Real-time PCR was performed in LightCycler® 480
System (Roche). Data were collected and quantified using the
2-AACt method according to the Ct values of target genes and
normalized to endogenous control 185 RNA.

Race PCR

Total RNA derived from amphioxus gut cells was used for Race
PCR (GeneRacer kit, Invitrogen). Briefly, to obtain Race-ready
RNA, aliquot amounts of RNA were dephosphorylated with CIP
(Calf intestinal phosphatase) followed by decapping with TAP
(Tobacco Acid Pyrophosphatase). And then, decapped RNA was
ligated with RNA Oligo by T4 RNA ligase. Race-ready RNA was
then reverse transcribed to ¢cDNA with appropriate reverse
transcriptase. Finally, these cDNAs were stored at -80°C.

Statistical Analysis

Statistical Analysis was performed with a two-tailed unpaired ¢-
test. P-values of < 0.05 were considered statistically significant.
GraphPad 7.0 software and Image] software were used for graphs
and statistical analysis.

RESULTS

Cloning and Sequence Analyses of BbLck

To determine whether the Lck gene is present in the amphioxus,
NCBI, JGI, and LanceletDB databases were used for BbLck
sequence retrieval. Based on the retrieved gene sequences, we
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cloned the BbLck gene from Branchiostoma belcheri (Bb), and
the deduced protein sequences are shown in the supplementary
data (Supplementary Figure 1). BbLck encodes a 535-amino
acid polypeptide with a highly conserved protein structure
consisting of an SH3 domain, an SH2 domain adjacent to the
SH3 domain, and a central tyrosine kinase (TyrKc) domain.
Homology analysis of the BbLck protein sequence with other
known Lck sequences, showed that its kinase domain and key
amino acids corresponding to Gly 2 (myristoylation site), Cys 3
(palmitoylation site), Ser 59 (phosphorylated by MAPK), Y394
(activating phosphorylation site), and Y505 (inhibitory
phosphorylation site) in human Lck are strongly conserved,
which correlates with its highly conserved membrane
localization, protein binding, kinase activation, and kinase
activity inhibition (Figure 1A) (31-33). Using the SMART
domain prediction analysis, the protein domains of BbLck
were the same as those of the human Lck protein (Figure 1B).
A phylogenetic tree based on the human, mouse, xenopus,

zebrafish, lamprey, sea urchin, sea squirt, cestode, fly, and
amphioxus Lck sequences was constructed. Phylogenetic
analysis showed that BbLck clusters in invertebrates, in
agreement with traditional taxonomy, and that BbLck is the
closest ortholog to vertebrate Lck (Figure 1C).

Characterization of BbLck Expression

in Amphioxus

To rule out the possibility that we cloned a BbLck pseudogene
and to analyze the endogenous cellular expression of BbLck and
its function. First, a specific homemade rabbit polyclonal
antibody recognizing BbLck was prepared (Supplementary
Figures 2A-C). The BbLck antibody could not recognize
human Lck, while human Lck antibody did weakly recognize
BbLck (Supplementary Figure 2D), suggesting they have species
specificity. Using this antibody, we found that BbLck was
expressed in the amphioxus immune organs (the gut and gill)
(Figure 2A). Morphological observations showed lymphocyte-
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FIGURE 2 | Characterization of BbLck distribution in amphioxus and function in Jukart TAg cells. (A) Different tissue distributions of BblLck. Homemade rabbit anti-
BbLck antibody was used for immunoblotting. (B) Localization of BbLck in the gut cells of an amphioxus. Single cells were separated from gut tissue and then
immunostained with BbLck antibody followed by fluorophore-conjugated secondary antibody (green). Nuclei were stained with DAPI dye (blue). Images were
acquired using fluorescence microscopy at 400x magnification (scale bar, 2 um). (C) Tyrosine phosphorylation of human Lck and BbLck. The indicated plasmids
were transfected into Jurkat TAg cells for 48 h, and the cells were then stimulated with anti-CD3 for the indicated times. The identity of activated Lck was confirmed
by anti-Flag immunoprecipitation followed by pY antibody immunoblotting. The densitometric quantification of the ratio of phosphorylated Lck to immunoprecipitated
Lck (the ratio for the O min was set as 1) is shown on the bottom. (D) Jurkat TAg T cells were cotransfected with the siRNA designed specifically targeting Lck
mRNA (siLck) and plasmid for 48 h, followed by stimulation with anti-CD3 for the indicated time. Whole-cell lysates (WCLs) were immunoblotted with pY antibody
and the indicated antibodies. n.s., not significant; *P < 0.05, **P < 0.01 (two-tailed unpaired t-test). The data are presented as the mean (+ s.e.m.). Data are

representatives of three (A, B, D) or two (C) independent experiments.

like cells in the gut organs of the amphioxi (28). Consistent with
this finding, immunostaining for BbLck showed that BbLck
proteins were localized in the cytosol of gut cells (Figure 2B).

BbLck Is Functionally Homologous to
Human Lck

In T cells, TCR ligation results in phosphorylation and activation
of Lck, which in turn phosphorylates TCR subunits and triggers a
cascade of tyrosine phosphorylations that leads to T-cell activation
(12, 34). To demonstrate the tyrosine phosphorylation of BbLck,
we transfected Jurkat TAg T cells with BbLck. Similar to human
Lck, BbLck is tyrosine phosphorylated upon TCR stimulation
(Figure 2C). BbLck partially rescued the decrease of tyrosine

phosphorylation of TCR signaling proteins, such as SLP76,
ZAP70, LAT, PLC-y1, Vav and Cbl, induced by the knockdown
of endogenous Lck expression in Jurkat TAg T cells (Figure 2D).
Together, these results showed that BbLck was functionally
homologous to human Lck in kinase function.

BbLcLRR Cloning and Identification

To explore the potential immune receptor binding to BbLck in
amphioxus, we first analyzed whether tyrosine phosphorylation
occurs in cephalochordates in response to immune stimulation
which has not been documented. Therefore, amphioxi were
injected with a cocktail containing PHA, pokeweed, and mouse
erythrocytes to induce an immune response, as previously
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described (3, 27). We found that whole-cell tyrosine
phosphorylation in the gut cells of amphioxi was substantially
enhanced upon stimulation with this cocktail; while Lck
inhibitor was coinjected, the induced tyrosine phosphorylation
was obviously decreased (Figure 3A). These results implied the
involvement of tyrosine phosphorylation of gut cellular proteins
in amphioxus immune responses and that was largely dependent
on BbLck activation, suggesting an important role of BbLck in
amphioxus immune responses. We surmised that upon cocktail
stimulation, BbLck could interact with immune receptors and
other kinases or adaptor proteins to induce signaling cascade
responses in the gut cells of the amphioxi. Using liquid
chromatography-mass spectrometry (LC-MS) technology, the
protein complexes immunoprecipitated with the homemade
anti-BbLck antibody were analyzed. Intriguingly, one
transmembrane protein containing leucine-rich repeats (that
we named BbLcLRR) was found to interact with BbLck at the
8 h time point. Using the 5" and 3’ race PCR, we cloned the full-
length ¢cDNA of BbLcLRR (submitted to GenBank, accession
number MW390887). The coding sequence and deduced amino
acid sequence of BbLcLRR was shown in Figure 3B, which shows
that BbLcLRR consists of 699 amino acids with a predicted

molecular weight of approximately 77 kDa. Domains predicted
by the SMART program (http://smart.embl-heidelberg.de/)
showed that the BbLcLRR contained LRR NT (N-terminal
domain), followed by one LRR and three LRR TYPs (typical
subfamily), WSC domain (putative carbohydrate binding
domain), LRR CT (C-terminal domain), and TM
(transmembrane region) (Figure 3C). The transmembrane
region of BbLcLRR was also predicted using the TMHMM 2.0
server (Figure 3D). We further analyzed the expression of
BbLcLRR in different amphioxus tissues with real-time PCR
(Figure 3E). The result showed that BbLcLRR mRNA was highly
expressed in gut cells as expected, but it had a relative lower
mRNA level in gill cells (Figure 3E). The result seems not to be
completely consistent with the tissue distribution of BbLck
protein (Figure 2A), however, mRNA expression levels do not
necessarily reflect the protein expression levels.

Membrane Localization of BbLcLRR

Both prediction tools predicted that BbLcLRR has a
transmembrane region from 456 to 478 aa, and the N-
terminus has an extracellular localization. To confirm these
predictions, we overexpressed N-terminal Flag-tagged
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FIGURE 3 | Identification of BoLcLRR. (A) Tyrosine phosphorylation of gut cellular proteins costimulated by £ coli (10°), erythrocytes (10°%), PHA (15 ug) and
pokeweed (20 ng). Amphioxi were stimulated for the indicated duration in the absence or presence of Lck inhibitor, after which their gut cells were extracted.
Tyrosine phosphorylation in whole-cell lysates was detected using the antibody P-Tyr-100. (B) Nucleotide sequence and deduced amino acid sequence of
BbLcLRR. (C) Conserved domains prediction of BbLcLRR by SMART prediction tool online. (D) Transmembrane motif of BbLcLRR predicted by TMHMM server
2.0. (E) Relative expression level of BbLcLRR gene in various tissues of Branchiostoma belcheri by qRT-PCR. 2-AACt values (normalized to endogenous control
18S) represented the expression of the BbLcLRR gene in various tissues (gut, gill, muscle, skin, ovum) of Branchiostoma belcheri. n.s., not significant; *P < 0.05,
**P < 0.01 (two-tailed unpaired t-test). The data are presented as the mean (+ s.e.m.). Data are representatives of three (A) or two (E) independent experiments.
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BbLcLRR in HEK293T cells and immunostained it with anti-Flag
antibody without cell permeabilization treatment, and analyzed
afterwards by flow cytometry. The results showed that the Flag-
tagged BbLcLRR could be stained without permeabilization,
indicating that the N-terminus of BbLcLRR was localized
outside of the cell membrane (Figure 4A). Furthermore, the
colocalization of overexpressed BbLcLRR with the membrane-
localized protein LAT (endogenous) could be detected in Jurkat
TAg T cells (Figure 4B). Together, these results showed that
BbLcLRR is a transmembrane protein.

TCR Induces Tyrosine Phosphorylation of
BbLcLRR via Lck

Because BbLcLRR was identified in the BbLck
coimmunoprecipitates, we determined whether BbLcLRR
directly interacts with and is phosphorylated by BbLck. We
found that both BbLck and human Lck associated with
BbLcLRR when coexpressed in HEK293T cells (Figure 5A and
Supplementary Figure 3). And BbLcLRR was tyrosine
phosphorylated when coexpressed with human Lck or BbLck,
further treatment with pervanadate (PV, an inhibitor of protein-
tyrosine phosphatases) enhanced the phosphorylation,
meanwhile, a upshift band was observed for Myc-BbLcLRR
(Figure 5A). These results indicated both human Lck and
BbLck could phosphorylate BbLcLRR. Next, we tested whether
BbLck or endogenous human Lck could phosphorylate BbLcLRR
in T cells. As expected, TCR stimulation induced BbLcLRR
tyrosine phosphorylation, which was inhibited by knockdown
of endogenous Lck with siRNA, and this inhibition was rescued
by co-expression of BbLck (Figure 5B). This result indicates that
BbLck or endogenous human Lck could phosphorylate BbLcLRR
upon TCR stimulation, suggesting BbLck-BbLcLRR axis could be
activated in T cells. To map the tyrosine phosphorylation sites of
BbLcLRR, we analyzed BbLcLRR sequence using the online

anti-Flag
(Alexa Fluor 488)

anti-Flag

representatives at least three independent experiments.

(Alexa Fluor 488)

NetPhos 2.0 server and found that four tyrosine residues of
BbLcLRR, Y451, Y539, Y655, and Y690 are the sites with a high
probability of phosphorylation (Figure 5C). We mutated Y539,
Y655, and Y690 to phenylalanine (F) residues, respectively,
and ruled out Y451 based on its predicted ectodomain
localization (Figures 3C, D). By analyzing TCR-induced
tyrosine phosphorylation of immunoprecipitated BbLcLRR,
we found that each YF mutation decreased TCR-induced
phosphorylation of BbLcLRR to various degrees (Figure 5D).
In addition, simultaneous mutation of the three tyrosine
sites to F residues (3YF) completely blocked TCR-induced
phosphorylation of BbLcLRR (Figure 5E). Consistent with the
association and dissociation kinetics of a kinase and its substrates
that the binding of a kinase with its substrate is weaker than that
with a pseudosubstrate (35), we observed that endogenous Lck
associated with BbLCLRR-3YF was stronger than that with
BbLcLRR wild-type in Jurkat TAg T cells (Figure 5F).
Together, these data suggest that Lck is responsible for multi-
tyrosine phosphorylation of the receptor BbLcLRR at its
cytoplasmic tail.

BbLcLRR Plays an Inhibitory Role on T
Cell Activation Probably via Recruiting a
SH2-Containing Phosphatase

The induced tyrosine phosphorylation of BbLcLRR by Lck raises
the question as to whether BbLcLRR plays a role in T cell
activation. Analysis of the sequences containing Y539 and
Y655 showed that both DDY (539)ATV and HDY (655)SEV
are conserved in the key tyrosine and valine positions with ITIM
motif I/V/LxYxxL/V (where x represents any amino acid) (36),
suggesting they are amphioxus ITIM motifs. The sequence
containing Y690 is HDY (690)DDP, which is conserved with
the reported amphioxus ITIM-like motif (AIYQSD) in
amphioxus VCP, a member of the Ig superfamily (37).

FIGURE 4 | Membrane localization of BbLcLRR. (A) The Flag-BbLcLRR was identified by flow cytometry. Flag-BbLcLRR was overexpressed in HEK293T cells and
stained with anti-Flag antibody followed by fluorophore-conjugated secondary antibody without cell membrane permeation treatment. (B) Cell membrane
colocalization of overexpressed Myc-BbLcLRR (green) and endogenous LAT (red) in Jurkat TAg T cells. Nuclei were stained blue. Scale bar, 5 um. Data are
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FIGURE 5 | Lck phosphorylates BbLcLRR at multi-tyrosine sites. (A) Both human and amphioxus Lck bind to and phosphorylate BbLcLRR. The indicated plasmids
were cotransfected into HEK293T cells, and cell lysates were immunoprecipitated with anti-Myc antibody followed by immunoblotting with the indicated antibodies.
PV (pervanadate, phosphatase inhibitors) was used here for detection of tyrosine phosphorylation easily. (B) Knockdown of endogenous Lck reduced TCR-induced
BbLcLRR tyrosine phosphorylation, and overexpression of BbLck rescued this reduction. The indicated siRNA and plasmids were cotransfected into Jurkat TAg T
cells. After 48 h, the cells were collected and stimulated with anti-CD3 antibody for the indicated times. Cell lysates were immunoprecipitated by anti-Myc antibodly,
followed by immunoblotting with pY antibody (P-Tyr-100). (C) The tyrosine phosphorylation sites of BoLcLRR were predicted by the NetPhos 2.0 server. (D) The
Y539F, Y655F and Y690F mutations decreased TCR-induced tyrosine phosphorylation of BbLcLRR. Cells were transfected with the indicated plasmids. After 48 h of
transfection, the cells were treated as in (B). The densitometric quantification of the ratio of phosphorylated BbLcLRR to immunoprecipitated BbLcLRR-WT or YF
mutants (the ratio for the BbLcLRR-WT was set as 1) is shown on the bottom. (E) The simultaneous Y539F, YB55F and YB90F mutations (3YF) eliminated TCR-
induced tyrosine phosphorylation of BbLcLRR. Cells were treated in the same way as in (B). (F) BbLcLRR and BbLclLRR-3YF interacted with endogenous Lck with
different affinities. Cells were treated in the same way as in (B). Cell lysates were immunoprecipitated by anti-Myc antibody, followed by immunoblotting with anti-Lck
antibody. n.s., not significant; **P < 0.01, and **P < 0.001 (two-tailed unpaired t-test). The data are presented as the mean (+ s.e.m.). Data are representatives of

To verify whether BbLcLRR plays an inhibitory role as an ITIM-
containing receptor, we transfected Jurkat TAg cells with
BbLcLRR wild-type or BbLcLRR-3YF together with an NF-kB-
luciferase reporter plasmid and then stimulated with anti-CD3

antibody. We found that BbLcLRR wild-type inhibited TCR-
induced NF-xB activation significantly, whereas the BbLcLRR-
3YF mutant had no effect on NF-xB-luc activity (Figure 6A).
Further ELISA analysis of the effect of BbLcLRR wild-type and
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BbLcLRR-3YF on TCR-induced IL-2 production showed that,
while knockdown of endogenous Lck inhibited IL-2 production,
overexpression of BbLck could rescue this inhibition,
overexpression of BbLcLRR wild-type, but not BbLcLRR-3YF,
together with BbLck blocked this rescue (Figures 6B, C). These
data suggest that BbLcLRR negatively regulates T cell activation
which requires Lck/BbLck-mediated inhibitory phosphorylation
on its ITIM or ITIM-like motifs.

ITIM-containing inhibitory receptors can recruit SH2-
containing phosphatase and thus attenuate signaling in a broadly
similar manner (38). Therefore, we analyzed whether BbLcLRR

could interact with SH2-containing phosphatases, such as
mammalian SHIP1, SHP1 and SHP2. The result showed that
while BbLcLRR did not interact with the three phosphatases in
resting T cells, it did bind to them with different degrees upon TCR
stimulation (Figure 6D). We next investigated the impact of
BbLcLRR on the phosphorylation of TCR signaling proteins. Due
to the strong binding between BbLcLRR and SHIP1 (Figure 6D),
we transfected Jurkat T cells with BbLcLRR wild-type or 3YF
mutant alone or together with SHIP1, respectively. The results in
Figure 6E showed that, BbLcLRR wild-type expression alone
reduced TCR-induced tyrosine phosphorylation of PLC-y1, SLP76
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FIGURE 6 | Function analysis of BbLcLRR in Jurkat TAg T cells. (A) Wild-type BbLcLRR, but not 3YF mutant BbLcLRR, inhibited CD3-induced NF-kB activity. 48
hours after cotransfection with the indicated plasmids, Iuciferase reporter vector driven by an NF-kB-responsive promoter and Renilla luciferase reporter, cells were
stimulated with anti-CD3 antibody for 8 h, and relative NF-xB luciferase (NF-kB-Luc) activity was then measured (the NF-xB luciferase activity for vector control
unstimulated was set as 1). (B) ELISA of IL-2 production in the culture supernatants of Jurkat TAg cells transfected with negative control (siNC) or silLck together with
Flag-BbLck and Myc-BbLcLRR-WT or -3YF as indicated combination, followed by stimulation with anti-CD3 for 24h. (C) The protein expression levels in experiment
of (B). (D) BbLcLRR interaction with SHIP1, SHP1/2. The indicated plasmids were cotransfected into Jurkat TAg T cells. After 48 h, the cells were collected and
stimulated with anti-CD3 antibody for the indicated times. Cell lysates were immunoprecipitated by anti-Flag antibody, followed by immunoblotting with indicated
antibody. (E) Jurkat TAg T cells were transfected with empty vector, Myc-BbLcLRR-WT or BbLcLRR-3YF together with Flag-SHIP1 or not as indicated for 48 h,
followed by stimulation with anti-CD3 for the indicated time. Whole-cell lysates (WCLs) were immunoblotted with the indicated antibodies. (F) Relative expression
level of BbLcLRR gene of Branchiostoma belcheri stimulated with E coli (1 0°), erythrocytes (10°), PHA (15 1g) and pokeweed (20 ug) for various time by gRT-PCR.
2-AACt values (normalized to endogenous control 18S) represented the expression of the BbLcLRR gene in Branchiostoma belcheri stimulated various duration. n.s.,
not significant; *P < 0.05, **P < 0.01, and **P < 0.001 (two-tailed unpaired t-test). The data are presented as the mean (+ s.e.m.). Data are representative of at least
three independent experiments.
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and Lck, and coexpression of SHIP1 with BbLcLRR wild-type
further slightly strengthen the inhibition. Whereas compared with
wild-type expression alone, BbLcLRR-3YF alone had much less
inhibitory impact and even increased the phosphorylation,
especially that of PLC-yl, SLP76 and Lck, at 5 min stimulation
(Figure 6E, lane 9), and the coexpression of 3YF mutant with
SHIP1 showed similar phosphorylation at 2 min stimulation to 3YF
alone as expected, the phosphorylation of PLC-y1, SLP76 and Lck at
5 min stimulation was almost completely disappeared (Figure 6E,
lane 15). Of note, the ERK activation level seemed not to be affected
by different transfections (Figure 6E), which was unexpected
because of the decreased phosphorylation of TCR proximal
signaling proteins. We speculated that other signaling other than
PLC-y1 signaling may compensate the ERK activation, such as
phosphatidylinositol-3-kinase (PI3K) could mediate ERK activation
upon TCR stimulation (39, 40). As to the increased tyrosine
phosphorylation of PLC-y1, SLP76 and Lck at 5 min stimulation
of BbLcLRR-3YF expression alone, it might be caused by the
competition of overexpressed BbLcLRR-3YF with an
phosphatases-associated endogenous inhibitory receptor and thus
excluding these phosphatases from TCR signaling to sustain the
tyrosine phosphorylation, which may also explain the 3YF mutant
increasing IL-2 production in Figure 6B; as to the disappeared
phosphorylation of PLC-y1, SLP76 and Lck at 5 min stimulation of
BbLcLRR-3YF coexpression with SHIP1, it might be caused by the
overexpressed SHIP1(which should be excluded by the 3YF)
binding to an induced endogenous inhibitory receptor after TCR
stimulation for 5 min and then efficiently dephosphorylation of
TCR signaling proteins. Also, considering the integration into TCR
signalsome, BbLcLRR-WT-SHIP1 should be less efficient than
SHIP1 with endogenous inhibitory receptor in T cells, therefore
the phosphorylation of TCR signaling proteins at 5 min stimulation
was decreased but not disappeared when coexpression of BbLcLRR
wild-type with SHIP1.

Moreover, we searched the NCBI database and found that
amphioxus BbINPPLI1(Accession No. XP_019617039.1) is
homologous to SHIP1, and Bb-PTPNI1la (Accession No.
XP_019637720.1) is homologous to SHP1/2 (Supplementary
Figure 4). These results suggest BbLcCLRR may exert its
inhibitory function through similar mechanisms in amphioxus.
Furthermore, we checked the mRNA expression phase of
BbLcLRR in gut cells by qRT-PCR. We found that the mRNA
expression level of BbLcLRR was relatively low in resting gut
cells, and was significantly increased after stimulation with a
cocktail of immunostimulants for two hours and back to baseline
level after 8 hours stimulation (Figure 6F). This result indicated
that BbLcLRR may be an activation-induced inhibitory receptor
by recruiting SH2-containing phosphatases.

DISCUSSION

In this study, we first elucidated the amphioxus Lck which is
structurally and functionally homologous to human Lck. We also
discovered a novel Lck-associated receptor BbLcLRR and
demonstrated that it is an inhibitory immunoreceptor that

depends on Lck or BbLck-mediated inhibitory
phosphorylation. Therefore, BbLck-regulated and BbLcLRR-
mediated immune inhibitory pathways may exist in amphioxus.

In vertebrates, Lck is predominantly expressed in
lymphocytes (8). We found that BbLck was majorly expressed
in the gut and gill tissues of the amphioxi, which strongly
suggests that lymphocyte-like cells and important adaptive
immune response elements have emerged in gut or gill tissues
of the amphioxi, consistent with the findings of the presence of
lymphocyte-like cells in gills (28). Tyrosine phosphorylation of
Lck and Lek-mediated tyrosine phosphorylation of receptors and
signaling proteins are hallmarks of T-cell activation. Similar to
human Lck, BbLck could be tyrosine phosphorylated upon TCR
stimulation and partially replace human Lck functionally.
Moreover, the cocktail of immunostimulants induced tyrosine
phosphorylation of gut cellular proteins could be decreased by
Lck specific inhibitor. Therefore, a similar signaling pathway
mediated by BbLck may exist in amphioxus.

The inhibitory immunoreceptors could be mainly divided
into two distinct functional categories: receptors that express
constitutively in resting cells and modulate the signaling
threshold for immune cell activation, and receptors which are
induced by immune activation and mediate the negative
feedback of immune cell activation (41). Based on the finding
of BbLcLRR in BbLck immunoprecipitates from the gut cell
lysates stimulated for 8 hours and the mRNA expression phase of
BbLcLRR, we may conclude that BbLcLRR is an immune
activation-induced ‘negative feedback’ receptor.

Intriguingly, the sequence (TRYLRV) in the predicted
ectodomain containing BbLcLRR Y451 is highly conserved
with the immunoreceptor tyrosine-based switch motif (ITSM),
defined as TxYxxV/I, which has been described in receptors
conveying either an activating or inhibitory signal (42).
Extracellular phosphorylation of a receptor mediated by
extracellular kinases plays an important role in receptor
function (43). Whether this ITSM of BbLcLRR is
phosphorylated and how it functions deserve further studies.

Lck binds CD4 and CD8 coreceptors to initiate its activation
upon stimulation and then phosphorylates the tyrosine on
ITAMs of CD3 subunits of TCR complex to trigger TCR
signaling, Lck can also phosphorylate the ITIMs of HLA-
specific killer cell inhibitory receptors (KIR) in NK and T cells
(14), and phosphorylate both the ITIM and ITSM of PD-1 in T
cells (15).Dual phosphorylation of PD-1 by Lck is required for its
optimal SHP2 interaction and thus its inhibitory function (15).
The findings of ITIM-containing BbLcLRR and BbLck-mediated
activation of BbLcLRR inhibitory function and that BbLcLRR
inhibited T cell activation probably via recruiting a SH2-
containing phosphatase in T cells imply the homologous
inhibitory regulation mechanism and professional immune cell
type might exist in amphioxus.

In summary, our study suggests the existence of a novel
BbLck-regulated inhibitory immunoreceptor BbLcLRR pathway
in amphioxus, implying a tolerance and homeostasis mechanism
of amphioxus immune system and the evolutionary
conservatism of Lck-regulated inhibitory receptor pathway.
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