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IL-2 Signaling Couples the MAPK and mTORC1 Axes to
Promote T Cell Proliferation and Differentiation in Teleosts

Pengfei Mu,*,† Jieying Huo,*,† Xiaofeng Li,* Wanru Li,* Xiaomeng Li,* Jingqun Ao,† and
Xinhua Chen*,†,‡

IL-2 is a pleiotropic cytokine that is critical for T cell immunity. Although the IL-2�mediated regulation of T cell immunity in
mammals is relatively well understood, it remains largely unknown whether and how IL-2 regulates T cell immunity in lower
vertebrates. To address this knowledge gap, we investigated the role played by IL-2 in the regulation of T cell response, as well as
the associated underlying mechanisms in a teleost fish, large yellow croaker (Larimichthys crocea). We found that large yellow
croaker (L. crocea) IL-2 (LcIL-2) significantly promoted T cell proliferation both in vivo and in vitro; significantly induced the
differentiation of Th1, Th2, regulatory T, and cytotoxic T cells while inhibiting Th17 differentiation; and participated in the
elimination of invading pathogenic bacteria. Mechanistically, the binding of LcIL-2 to its heterotrimer receptor complex (LcIL-
15Ra/LcIL-2Rb/Lcgc) triggered the conserved JAK�STAT5 pathway, which in turn regulated the expression of genes involved in
T cell expansion, differentiation, and biological function. The MAPK and mammalian target of rapamycin complex 1 (mTORC1)
axes, which are involved in TCR-mediated signaling, were also required for LcIL-2�mediated T cell response. Collectively, our
results demonstrated that fish IL-2 plays a comprehensive regulatory role in T cell response and highlighted the complex and
delicate network regulating T cell�driven immune response. We propose that T cell immunity is regulated by the interplay
between TCR signaling and cytokine signaling, and that this basic strategy evolved before the emergence of the tetrapod lineage.
Our findings provide valuable insights into the regulatory mechanisms underlying T cell response in teleosts. The Journal of
Immunology, 2022, 208: 1616�1631.

Adaptive immunity has evolved to provide a broader and
more finely tuned repertoire of recognition for both self-
and non�self-antigens (1). T cells are the principal cell

players in the adaptive immune response. In mammals, T cells
exclusively express coreceptors: CD4 is expressed by the Th
cell lineage, and CD8 is expressed by the cytotoxic T cell line-
age (2). After T cell activation by APCs, CD41 T cells differen-
tiate into various Th cell subsets that produce cytokines
involved in the regulation of immune responses, while CD81 T
cells develop into effector cytotoxic T cells that help to clear
infected or tumorous cells from the body (3, 4). Despite T cells
being vitally important in mediating immune response and
clearing pathogen infection or tumor cells, they have the dual
characters for adaptive immunity. Dysregulation or abnormality
of T cells immunity could cause organ-specific autoimmunity
disease, allergy, and asthma (5). The activation, differentiation, and
function of T cells is governed by various signals, for instance, Ag-
stimulated TCR and costimulatory receptor signaling, cytokine-medi-
ated signaling, and energy-controlled signaling (6�9). Thus, precise
regulation of T cell development is required to effectively control var-
ious infections and avoid autoimmune diseases (10).

Via specific receptors, cytokines such as IL trigger a cascade of
intracellular signals that regulate nearly every phase of T cell devel-
opment, including maturation in the thymus, activation, proliferation,
differentiation, effector T cell function, and the self-renewal of mem-
ory cells (11). In murine models, IL-7 signaling is considered critical
for T cell development in the thymus (12), while Ag-activated CD41

T cell differentiation is governed predominantly by cytokines, includ-
ing IL-12 (Th1 cell differentiation) and IL-4 (Th2 cell differentiation)
(13). In addition, the cytokine IL-15 is indispensable for rapid division
of memory CD81 T cells following pathogen re-exposure (14). Fur-
thermore, effective T cell function depends on cytokines. For example,
Th1 cells secrete IFN-g to enhance cellular immunity, while Th2 cells
secrete IL-4 to enhance humoral immunity. However, cytokine dysre-
gulation or cytokine signal obstruction leads to immune deficiency (8).
When IL-7 signaling is blocked because of IL-7R knockout, mice suf-
fer from a severe lack of T cells (15), while in IL-15�deficient mice,
the development of memory CD81 T cells is severely inhibited (16).
Therefore, cytokines affect almost all aspects of T cell development
and function.
IL-2, which is mainly produced by activated CD41 T cells, is

one of the best-known cytokines involved in T cell activation and is
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instrumental for the proliferation and differentiation of CD41 and
CD81 T cells (17). IL-2 promotes the differentiation of activated
CD41 T cells into Th1 and Th2 cells by inducing the expression of
the cytokine receptors IL-12Rb and IL-4Ra, respectively (18�20).
The duration and strength of the IL-2 signal affect the differentiation
of effector cytotoxic T cells, as well as the generation of memory
CD81 T cells (21, 22). Indeed, in both the primary and the second-
ary immune responses, CD81 T cell proliferation is severely inhib-
ited in the absence of IL-2 (23). IL-2 also regulates the development
and proliferation of regulatory T (Treg) cells, which are essential for
maintenance of immune homeostasis (24, 25). IL-2 acts on various
cell populations by binding to the high-affinity IL-2R, which con-
sists of three components: IL-2Ra, IL-2Rb, and common g-chain
(gc) (26, 27). Kinetically, IL-2 first binds to IL-2Ra, resulting in
a conformational change in IL-2, followed by the recruitment of
IL-2Rb, and finally the recruitment of gC (28). The formation of the
IL-2/IL-2R signaling complex triggers the JAK�STAT5 pathway, as
well as the MAPK/Erk and mammalian target of rapamycin complex
1 (mTORC1) pathways, to synergistically regulate the expression of
genes essential for T cell differentiation and function (28).
Fish are lower vertebrates, and fish ancestors possessed primor-

dial T cells as early as ∼450 million years ago. Characterization of
the initiation and regulation of T cell immunity in fish may thus
help to clarify the evolution of adaptive immune systems. Recent
studies have characterized several T cell populations, including
CD41 and CD81 T cells, in fish; Th1-like�, Th2-like�, and Treg-
mediated immune responses have also been investigated in several
fish species (29�37). Moreover, the regulatory mechanisms underly-
ing T cell immunity have been preliminarily demonstrated from a
variety of perspectives in teleosts. These studies have demonstrated
that MAPK/Erk cascade-mediated glycolysis, Ca21-calcineurin axis-
controlled NFAT nuclear translocation, and NF-kB�induced IL-17
expression, in conjunction with mTORC1-coupled metabolic pro-
gramming, collectively promote T cell immunity (38�41). However,
these previous studies have mainly focused on TCR and costimula-
tory receptor-mediated events or on metabolism-controlled signaling.
Thus, whether and how cytokine signaling modulates T cell immunity
in lower vertebrates remains largely unknown. In a previous study,
we identified and characterized an IL-2 gene from a teleost, the large
yellow croaker (Larimichthys crocea) IL-2 (LcIL-2); our results sug-
gested that LcIL-2 might be involved in the T cell response in this
species (42). In this study, we further study both the precise functions
of LcIL-2 in T cell response and the mechanisms underlying these
functions. We demonstrated that LcIL-2 promotes T cell proliferation
and differentiation, as well as ensures the clearance of pathogenic
bacteria. We found that LcIL-2 initiates JAK�STAT5 signaling
through its receptor complex LcIL-15Ra/LcIL-2Rb/Lcgc to regulate
T cell immunity. More importantly, MAPK and mTORC1 axes acti-
vated by LcIL-2 strengthen this process. Thus, this study comprehen-
sively revealed the signal pathways by which IL-2 regulates T cell
response in a teleost. Our data suggest that modulation of T cell
response by IL-2 may be an ancestral strategy that predated the diver-
gence of tetrapods from teleosts, thus providing valuable insight into
the evolution of adaptive immunity.

Materials and Methods
Experimental fish

Large yellow croakers (101.6 ± 21.9 g) were purchased from a mariculture
farm in Ningde, Fujian, China. Fish were raised at 20 ± 2◦C with a flow-
through seawater supply and were fed commercial feed pellets twice a day.
After a 7-d acclimation period, healthy fish were used for the following
experiments. This study was performed in strict accordance with the Regula-
tions of the Administration of Affairs Concerning Experimental Animals
established by the Fujian Provincial Department of Science and Technology.

All surgeries were performed under Tricaine-S anesthesia, and all efforts
were made to minimize suffering.

Sequence analysis

The cDNA and amino acid sequences of IL-15Ra, IL-2Rb, gC, JAK1/3,
STAT5a/b, Mek1/2, Erk1/2, and mTOR of large yellow croaker were obtained
from whole-genome sequence with the accession number JRPU02000000 and
the project PRJNA245366 in National Center for Biotechnology Information
(NCBI) GenBank (https://www.ncbi.nlm.nih.gov/nuccore/JRPU00000000.2/)
(43). The sequences of human IL-2Ra, IL-2Rb, gC, JAK1/3, STAT5a/b,
Mek1/2, Erk1/2, and mTOR were obtained from the National Center for Bio-
technology Information GenBank (https://www.ncbi.nlm.nih.gov/). Potential
functional domains of IL-2Ra/IL-15Ra, IL-2Rb, gC, JAK1/3, STAT5a/b,
Mek1/2, Erk1/2, and mTOR were predicted using SMART version 4.0
(https://smart.embl.de/), and domain organization was visualized using DOG
version 2.0. The tertiary structures of the IL-2Ra/IL-15Ra, IL-2Rb, gC,
JAK1/3, STAT5a/b, Mek1/2, Erk1/2, and mTOR proteins were predicted
using SWISS-MODEL on the ExPASy server (https://swissmodel.expasy.org/
interactive) and visualized using PyMOL. The accession numbers of the mole-
cules included in this study are listed in Supplemental Table I.

Preparation of primary immune-related cells

Large yellow croaker primary peripheral blood leukocytes (PBLs), primary
head kidney leukocytes (PKLs), and primary spleen leukocytes (PSLs) were
prepared as described previously (44). Briefly, blood was drawn from the
caudal vein of a large yellow croaker and immediately diluted 10 times with
DMEM containing 15 IU/ml heparin sodium. Then, the head kidney and
spleen were removed from the freshly killed fish under sterile conditions.
Each organ was gently pushed through a 70-mm nylon mesh (BD) to yield
single-cell suspensions. The cell suspensions were washed twice with ice-
cold DMEM containing 2% FBS (Life Technologies), 15 IU/ml heparin, and
2% penicillin/streptomycin (Life Technologies). Each diluted blood sample
or single-cell suspension was loaded onto a freshly prepared 34%/51% Per-
coll (GE) density gradient and separated via centrifugation at 650 × g for
30 min at 4◦C. The PBLs, PKLs, or PSLs at the gradient interface were col-
lected and washed twice with DMEM. The washed PBLs, PKLs, or PSLs
were resuspended in DMEM containing 2% FBS and 1% penicillin/strepto-
mycin. The prepared suspensions were used in subsequent experiments.

In vivo T cell proliferation assays

Large yellow croakers were i.p. injected with 20 mg of purified recombinant
L. crocea IL-2 protein (rLcIL-2) per 100 g body weight (n 5 15 fish). Fish
were injected with BSA at the same dosage as controls. At 40 h after injec-
tion, both groups of fish were further injected with 250 mg of EdU (Invitro-
gen) dissolved in 100 ml PBS per 100 g body weight. After a further 8 h,
all fish were killed. The PBLs, PKLs, and PSLs (2 × 106 cells each) were
immediately prepared as described earlier. Isolated PBLs, PKLs, or PSLs
(2 × 106 cells) were incubated with FITC-conjugated mouse anti-large yel-
low croaker IgM mAb (prepared by our laboratory) at 4◦C for 30 min to
detect IgM1 B cells (45) and then washed three times with PBS (pH 7.4)
containing 2% BSA. Then cells were fixed with Fixation/Permeabilization
Solution (BD) for 20 min at room temperature and then washed three times
with 1×Permeabilization Buffer (Invitrogen). The fixed cells were incu-
bated with Alexa Fluor 647�conjugated rabbit anti�z-associated protein of
70 kDa (anti-Zap70) mAbs (2707; Cell Signaling Technology [CST]) for
30 min at 4◦C for T cell detection. After washing three times with
1×Permeabilization Buffer, the EdU1 cells were detected by click reaction
using a Click-iT EdU Pacific Blue Flow Cytometry Assay Kit (Invitrogen),
following the manufacturer’s instructions. Finally, cells were analyzed with a
flow cytometer (FACSymphony A3; BD) and FlowJo software (Tree Star).

In vitro T cell proliferation assays

To determine the effects of LcIL-2 on T cell proliferation in vitro, we labeled
5 × 106 PKLs using CellTrace Violet (Thermo Fisher), following the man-
ufacturer’s instructions. In brief, cells were incubated with 5 mM CellTrace
Violet for 10 min at room temperature and washed twice with DMEM. The
labeled cells were cultured in DMEM (10% FBS) containing 200 ng/ml
rLcIL-2 in the presence or absence of 1 mg/ml PHA at 28◦C. Cells were
sampled after 3 and 6 d of culture. LIVE/DEAD Fixable Near-IR Dead Cell
Stain (L34975; Thermo Fisher) was added to each cell suspension to deter-
mine cell viability prior to fixation and permeabilization. The T cells were
then labeled with anti-Zap70 mAbs as described earlier, and the fluorescence
intensity of CellTrace Violet in the viable T cells was analyzed using a flow
cytometer (FACSymphony A3; BD) as a measure of cell division.
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Gene expression analysis by real-time quantitative PCR

To further determine the effects of LcIL-2 on T cell proliferation and differ-
entiation in vitro, we stimulated 5 × 106 PKLs with rLcIL-2 (200 ng/ml) or
BSA (200 ng/ml) in the presence or absence of 1 mg/ml PHA for 24 h at
28◦C. The cultured cells were sampled for total RNA extraction using the
Eastep Super Total RNA Extraction Kit (Promega). The cDNA was synthe-
sized using GoScript Reverse Transcription Mix (Promega) with oligo(dT)
primers. The cDNA samples were diluted 20 times in nuclease-free water
for real-time PCRs. The real-time PCRs analysis was performed using TB
Green mix (Takara) and specific primers (Supplemental Table II) on a
QuantStudio5 instrument (Thermo Fisher). All reactions were run in tripli-
cate on 96-well plates. Gene expression levels were normalized against the
reference gene Lcb-actin using the 2−DDCT method (46, 47). The fold change
in gene expression level at each time point was calculated by comparing the
normalized gene expression level in the rLcIL-2�stimulated group with that
in the BSA-stimulated group. All data were obtained from three independent
experiments, and each analysis was performed in triplicate.

Western blots

To specifically detect the protein expression patterns of Zap70 after rLcIL-2
induction, we performed Western blots. A total of 2 × 107 PBLs, PKLs, or
PSLs were lysed in radioimmunoprecipitation assay buffer (P0013B; Beyo-
time). After centrifugation at 13,000 × g for 30 min, the supernatants of the
cell lysates were separated using PAGE and electrophoretically transferred
onto polyvinylidene fluoride membranes (GE). After blocking with 5% skim
milk in TBST buffer (25 mM Tris�HCl, 137 mM NaCl, 2.7 mM KCl, and
0.05% Tween 20 [pH 7.4]), the membranes were incubated with 1:2000
diluted rabbit anti-Zap70 mAb (2707; CST) at 4◦C overnight. After incuba-
tion, the membranes were washed three times with TBST buffer before a
second incubation with 1:5000 diluted goat anti-rabbit IgG Ab conjugated
with HRP (AP307P; Sigma) at room temperature for 1 h. Rabbit anti�b-
actin Ab (1:5000) (AF7018; Affinity) was used as the primary Ab to ensure
equal loading.

Cyclosporine A treatment

To inhibit LcIL-2 expression in vitro, we stimulated 2 × 106 PKLs with
10 mg/ml PHA in the presence or absence of 2 nM cyclosporine A
(CsA; HY-B0579, MedChemExpress [MCE]) for 24 h. Cells were then
collected, and LcIL-2 expression was measured using real-time PCR. To
analyze the T cell proliferation when LcIL-2 expression was inhibited
by CsA in vivo, we i.p. injected normal large yellow croakers (n 5
6 fish per treatment) with 100 ml CsA at a dosage of 1.5 mg per 100 g
body weight for 2 consecutive days. The same volume of PBS was
injected as a control. Forty hours later, both groups of fish were injected
with 250 mg EdU dissolved in 100 ml PBS per 100 g body weight. At
8 h postinjection, all fish were killed. The PBLs, PKLs, and PSLs were
isolated for detection of the EdU incorporation in T cell as described
earlier.

Bacterial challenge

To further analyze the function of LcIL-2 in bacterial clearance in large yel-
low croaker, we i.p. injected 150 fish with 200 ml of 1 × 104 CFUs/ml Pseu-
domonas plecoglossicida, an important pathogen (48), per 100 g body
weight; 50 blank control fish were injected with 200 mL PBS only. The
infected fish were randomly divided among three treatment groups (n 5
50 per group) and injected with 10 mg rLcIL-2 per 100 g body weight, 1.5 mg
CsA per 100 g body weight, or 200 ml PBS. Fish were identically rein-
jected every 2 d for 6 d. Cumulative survival was monitored for 7 d after
the bacterial challenge. The cumulative survival data from the challenge
experiments were analyzed using Kaplan�Meier methods, and differences
among groups were assessed using log-rank tests. The blood, head kid-
neys, and spleens of six surviving fish in each group at 7 d postinfection
were collected for T cell proliferation as described earlier. The head kid-
neys and spleens of another three fish in each group were collected for
total RNA and genomic DNA extraction. Total RNA was used to synthe-
size cDNA, and real-time PCRs were performed to detect the expression
of genes associated with effective T cell function (IFN-g, Granzyme B,
Perfron A, LT-a, and FasL). We specifically amplified the P. plecoglossi-
cida genes rpoD and gyrB using real-time PCR with fish genomic DNA
as the template. Relative P. plecoglossicida abundance was normalized
against the reference gene Lcb-actin using the 2−DDCT method (47). Gen-
Bank accession numbers and primer sequences for rpoD and gyrB are
given in Supplemental Table II.

Plasmid construction and coimmunoprecipitation assays

We constructed 11 plasmids by subcloning the following gene fragments:
the LcIL-2 open reading frame deleting the fragment encoding signal peptide
(L20-A141, pCMV-Flag-IL-2), the LcIL-15Ra gene fragment encoding the
extracellular region (G24-S184, pcDNA-V5-IL-15Ra-E), the LcIL-2Rb gene
fragment encoding the extracellular region (H21-T241) and the intracellular
region (C264-I551) (pCMV-HA-IL-2Rb-E, pCMV-HA-IL-2Rb-In), the Lcgc
gene fragments encoding the extracellular (K18-M218) and the intracellular
(H242-V347) regions (pcDNA3.1-myc-gc-E, pcDNA3.1-myc-gc-In, pCMV-
Flag-gc-In), the JAK1 gene fragment encoding the FERM and SH2 domains
(M1-R542, pCMV-Flag-JAK1), the JAK3 gene fragment encoding the FERM
and SH2 domains (M1-G500, pcDNA3.1-myc-JAK3), the full-length open
reading frame of STAT5a (M1-S786, pcDNA-V5-STAT5a), and the full-length
open reading frame of STAT5b (M1-G784, pcDNA-V5-STAT5b). The primers
used to amplify the gene fragments are listed in Supplemental Table II.

For the coimmunoprecipitation (Co-IP) assays, HEK-293T cells were
seeded into 10-cm cell culture dishes (4 × 106 cells/dish), incubated over-
night, and then transfected with the indicated expression plasmids using
FuGENE HD transfection reagent (E2311; Promega). At 36 h posttransfec-
tion, the cells were washed with ice-cold PBS and lysed with 400 ml IP
cell lysis buffer (P0013; Beyotime). After centrifugation at 13,000 × g
for 30 min at 4◦C, the supernatants of the cell lysates were immunopre-
cipitated using anti-Flag M2 Affinity Gel (A2220; Sigma), anti�V5-tag
mAb-Magnetic Agarose (M167-10; MBL), or anti�myc-tag mAb-Mag-
netic Agarose (M047-10; MBL). The precipitates were washed 10 times
with lysis buer and then eluted by boiling the pellets with 5× SDS-
PAGE loading buer. Finally, the eluted samples were Western blotted
with rabbit anti-Flag mAb (ab205606; Abcam), rabbit anti-V5 mAb
(ab206566; Abcam), rabbit anti-HA mAb (H6908; Sigma), or rabbit
anti-myc mAb (C3956; Sigma).

Phosphorylation analysis

Isolated 2 × 107 PKLs were incubated with rLcIL-2 at a final concentration
of 200 ng/ml for 10, 30, or 45 min at 28◦C. The equal number of PKLs
without any treatment were used as the resting control. The treated and rest-
ing cells were harvested and lysed in radioimmunoprecipitation assay buffer
for Western blots. Western blots were performed as described earlier with
the following Abs: rabbit anti-STAT5a/b (ab194898; Abcam), rabbit anti-
pSTAT5 Tyr694 (ab32364; Abcam), rabbit anti-Mek1/2 (8727; CST), rabbit
anti-pMek1/2 Ser217/218 (9154; CST), rabbit anti-Erk1/2 (4695; CST), rab-
bit anti-pErk1/2 Thr202/Tyr204 (9101; CST), rabbit anti-mTOR (2983;
CST), rabbit anti-pmTOR Ser-2481 (MA5-33139; Thermo Fisher), rabbit
anti�eIF4E-binding protein 1 (anti�4E-BP1; 9644; CST), or rabbit anti-p4E-
BP1 Thr37/46 (2855; CST). Phosphorylated AKT was detected using a
phos-tag SDS-PAGE gel (Wako), following the manufacturer's instructions.
The cell lysates were separated using 8% Phos-tag SDS-PAGE gels and
blotted onto polyvinylidene fluoride membranes for Western blot analysis
with rabbit anti-AKT (AF6261; Affinity) as the primary Ab.

Immunofluorescence microscopy

Isolated 5 × 105 PKLs were seeded onto poly-L-lysine�treated slides in 24-
well plates and cultured for 3 h. Cultured cells were stimulated with rLcIL-2
at a final concentration of 200 ng/ml for 30 min and then fixed in Fixation/
Permeabilization Solution for 20 min at room temperature. The fixed cells
were blocked with 5% normal goat serum and incubated with rabbit anti-
pSTAT5 Tyr694, rabbit anti-pMek1/2 Ser217/218, rabbit anti-pErk1/2
Thr202/Tyr204, rabbit anti-pmTOR Ser-2481, or rabbit anti-p4E-BP1 Thr37/
46 Ab as described earlier overnight at 4◦C. After incubation, cells were
reincubated with Alexa Fluor 488�conjugated goat anti-mouse IgG (Abcam)
and Alexa Fluor 647�conjugated goat anti-rabbit IgG (Abcam) for 1 h at
37◦C. Each incubation was carried out in an immunohistochemical wet box
and terminated by washing the cells three times with PBST. Finally, the
slides were mounted with an antifade solution containing DAPI and observed
under a laser scanning confocal microscope (Leica). The immunofluores-
cence intensity was analyzed by Leica software.

Specific inhibitor treatment

To inhibit the STAT5-dependent JAK�STAT pathway, MAPK pathway, and
mTORC1 axis in vitro, we treated isolated PKLs with STAT5 inhibitor
STAT5-IN-1 (HY-101853; MCE) at a final concentration of 50 mM, Erk
inhibitor SCH772984 (HY-50846; MCE) at a final concentration of 20 nM, or
mTORC1 inhibitor rapamycin (HY-10219; MCE) at a final concentration of
10 nM for 3 h, respectively. Then, rLcIL-2 was added to all cells at a final
concentration of 200 ng/ml. The stimulated cells were collected at indicated
time points for Western blots or at 24 h for real-time PCR. To determine the
effect of LcIL-2 on T cell proliferation when JAK�STAT5, MAPK/Erk, or
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mTORC1 signaling was blocked by a specific inhibitor in vitro, we
labeled isolated PKLs with CellTrace Violet as described earlier. The
labeled cells were treated with specific inhibitor STAT5-IN-1 (50 mM),
SCH772984 (20 nM), or rapamycin (10 nM) for 3 h before stimulation
with PHA (1 mg/ml) and rLcIL-2 (200 ng/ml). After culture for 6 d, the
treated cells were collected for detecting the T cell proliferation as
described earlier.

Preparation of polyclonal Abs

Gene fragments from the receptor subunits LcIL-15Ra and LcIL-2Rb that
encode the extracellular regions (LcIL-15Ra24�188 aa and LcIL-2Rb21�240 aa,
respectively) were amplified with specific primers (Supplemental Table II)
and subcloned into separate pET-28a vectors. Recombinant LcIL-15Ra and
LcIL-2Rb extracellular regions (rLcIL-15Ra and rLcIL-2Rb, respectively)
were induced with 0.5 mM isopropyl-b-D-thiogalactopyranoside and purified
under denaturing condition using the Ni Sepharose 6 Fast Flow Purification
System (GE Healthcare Life Sciences). Purified rLcIL-15Ra and rLcIL-2Rb
were quantified with a NanoDrop 1000 spectrometer (Thermo Fisher) and
used for the preparation of polyclonal Abs.

Six-week-old male BALB/c mice were immunized with 20 mg puri-
fied rLcIL-15Ra in CFA, and 6-wk-old male New Zealand white rabbits
were immunized with 100 mg purified rLcIL-2Rb in CFA. Both mice
and rabbits were immunized four times at biweekly intervals. A week
after the final immunization, blood samples were taken from the mice
and rabbits, and Ab titers in the sera were measured using ELISA with
the corresponding recombinant proteins adsorbed to the solid phase.
When the Ab titers were >1:10,000, mice and rabbits were bled. Mouse
anti�LcIL-15Ra and rabbit anti�LcIL-2Rb polyclonal Abs were pread-
sorbed using Escherichia coli lysate supernatants to remove the irrele-
vant Abs and then purified using HiTrap Protein A HP column on an
AKTA prime Plus instrument following the manufacturer’s instructions
(GE Healthcare). Nonspecific mouse and rabbit Abs were purified from
unimmunized mice and rabbits as controls, respectively. The obtained
polyclonal Abs were stored at −80◦C until use.

LcIL-15Ra� and/or LcIL-2Rb�blocking assays

To explore whether LcIL-15Ra and LcIL-2Rb participate in LcIL-2�induced
signal transduction, we performed LcIL-15Ra- and/or LcIL-2Rb-blocking
assays using mouse anti�LcIL-15Ra and rabbit anti�LcIL-2Rb polyclonal
Abs. PKLs (2 × 107 cells/ml) were cultured in 10 ml DMEM containing
10% FBS and 1% penicillin/streptomycin for 3 h. Then, PKLs were treated
with mouse anti�LcIL-15Ra Ab (2 mg/ml) and/or rabbit anti�LcIL-2Rb Ab
(2 mg/ml) for 30 min, followed by stimulation with rLcIL-2 (200 ng/ml).
The stimulated cells were collected at 30 min for Western blots or at 24 h
for real-time PCR. To determine the effect of LcIL-2 on T cell proliferation
when LcIL-15Ra and/or LcIL-2Rb was blocked by corresponding Ab, we
labeled isolated PKLs with CellTrace Violet. The labeled cells were treated
with mouse anti�LcIL-15Ra Ab (2 mg/ml) and/or rabbit anti�LcIL-2Rb Ab
(2 mg/ml) for 30 min, followed by stimulation with PHA (1 mg/ml) and
rLcIL-2 (200 ng/ml). After culture for 6 d, the treated cells were collected
for detecting the T cell proliferation as described earlier.

Statistical analyses

All statistical analyses were performed using SPSS 20.0 (SPSS Inc.). All data
are expressed as mean ± SD. The cumulative survival data from the challenge
experiments were analyzed using Kaplan�Meier methods, and differences
among groups were assessed using log-rank tests. For all other data, significant
differences among means were identified using unpaired Student t tests.

Results
IL-2 plays a pivotal role in T cell proliferation in large yellow
croaker

IL-2 acts as a T cell growth factor in mammals (49). To test
whether IL-2 participates in T cell proliferation in the large yellow
croaker, we first measured the in vivo proliferation of Zap701 T
cells stained with EdU. The EdU content of the Zap701 T cells
from the PBLs, PKLs, and PSLs was monitored using flow cytome-
try (Fig. 1A). Significantly more EdU1 Zap701 T cells were found
in the PBLs, PKLs, and PSLs from the rLcIL-2�injected fish as
compared with the BSA-injected control fish (Fig. 1B�1E). In addi-
tion, the mRNA expression levels of the T cell marker genes CD3z,
CD4-1, CD8a, and Zap70 were significantly upregulated in the

PBLs, PKLs, and PSLs from the rLcIL-2�stimulated fish as com-
pared with those from the BSA-injected control fish (Fig. 1F).
Finally, Zap70 protein expression was also noticeably greater in the
PBLs, PKLs, and PSLs from the rLcIL-2�stimulated fish as com-
pared with the BSA-injected control fish (Fig. 1G). Thus, our results
indicated that LcIL-2 promoted T cell proliferation in vivo.
To verify that LcIL-2 increased T cell proliferation in vitro, we

stimulated CellTrace Violet�labeled lymphocytes with rLcIL-2 in
the presence or absence of PHA. The effects of LcIL-2 on the prolif-
eration of T cells were monitored by flow cytometry (Fig. 1H).
When lymphocytes were stimulated with rLcIL-2 alone, T cell pro-
liferation was observed only at 6 d poststimulation (Fig. 1I, 1J). In
the presence of PHA, rLcIL-2 significantly increased T cell prolifer-
ation at both 3 and 6 d poststimulation (Fig. 1I, 1K). T cell marker
genes (CD3z, CD4-1, CD8a, and Zap70) were also significantly
upregulated at 6 d after rLcIL-2 stimulation, irrespective of PHA
(Fig. 1L). Thus, our results indicated that LcIL-2 induced the prolif-
eration of T cells, particularly activated T cells, in vitro.

IL-2 is involved in T cell differentiation

Given that LcIL-2 induced T cell proliferation, we next investigated
the effects of LcIL-2 on T cell differentiation. Because we lack
appropriate Abs with which to distinguish T cell subsets in the large
yellow croaker, gene expression levels were used to reflect T cell
differentiation. The Th1-associated genes IFN-g and T-bet were sig-
nificantly upregulated in response to rLcIL-2 stimulation (Fig. 2A),
as were the Th2-associated genes IL-4/13A, IL-4/13B, and GATA-3
(Fig. 2B) and the Treg-associated genes Foxp3 and CTLA-4
(Fig. 2C). By contrast, the Th17 cytokine genes IL-17A/F2 and
IL17A/F3 and transcription factor gene RORg were significantly
downregulated in response to rLcIL-2 (Fig. 2D). However, four
genes associated with the cytotoxic activity of CD81 T cells
(perforin A, granzyme B, LT-a, and FasL) were significantly
upregulated in response to rLcIL-2 (Fig. 2E). These results indi-
cated that LcIL-2 played a role in the regulation of CD41 and
CD81 T cell development and differentiation.

IL-2 facilitates T cell�mediated infection elimination in the large
yellow croaker

CsA is an immunosuppressive drug that effectively inhibits IL-2
production in mammals (17, 50). Previously, we showed that
LcIL-2 transcription was dramatically increased in PKLs in
response to PHA (42). To test whether CsA suppressed LcIL-2
expression in the large yellow croaker, we treated PKLs with PHA
in the presence and absence of CsA. PHA alone markedly
increased the mRNA expression of LcIL-2 in PKLs, but this PHA-
induced upregulation of LcIL-2 was severely inhibited in the pres-
ence of CsA (Fig. 3A), suggesting that CsA may suppress LcIL-2
expression in the large yellow croaker. Subsequent in vivo experi-
ments confirmed that LcIL-2, as well as the T cell�associated
genes CD3z, CD4-1, and CD8a, were significantly downregulated
in the PBLs, PKLs, and PSLs from the CsA-treated large yellow
croakers as compared with the PBS-treated controls (Fig. 3B, 3C). T
cell proliferation was also significantly decreased in the PBLs, PKLs,
and PSLs from the CsA-treated fish as compared with the controls
(Fig. 3D�H). These results suggested that CsA effectively suppressed
LcIL-2 production and the LcIL-2�mediated T cell response in large
yellow croakers.
To test the efficacy of the LcIL-2�mediated T cell response in the

presence of CsA, we performed infection experiments with P. pleco-
glossicida. We found that administration of rLcIL-2 significantly
promoted the proliferation of T cells (Fig. 3I) and upregulated the
expression of genes involved in ab T cells (TCRa) and gd T cells
(TCRd), as well as in T cell toxicity (IFN-g, granzyme B, perforin

The Journal of Immunology 1619
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/208/7/1616/1487902/ji2100764.pdf by guest on 18 Septem
ber 2023

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100764/-/DCSupplemental


FIGURE 1. IL-2 plays a pivotal role in T cell proliferation in a teleost. (A�G) T cells (Zap701 cells) proliferation of PBLs, PKLs, and PSLs from fish
stimulated with rLcIL-2 or with BSA for 48 h (control; n 5 15 fish per group). (A) Gating strategy used to identify proliferating and nonproliferating T cells
(Zap701 cells). (B�D) Flow cytometry scatterplots, showing the percentages of EdU1 Zap701 cells in total Zap701 cells of PBLs (B), PKLs (C), and PSLs
(D). (E) Statistical data, showing the percentages of EdU1 Zap701 cells in total Zap701 cells. The expression levels of the T cell marker genes CD3z, CD4-
1, CD8a, and Zap70 (F) in PBLs, PKLs, and PSLs from fish stimulated with rLcIL-2 or BSA (control), and the protein expression levels of Zap70 (G) in
PBLs, PKLs, and PSLs from fish stimulated with rLcIL-2 or BSA (control). (H�L) Analysis of T cell proliferation in PKLs after (Figure legend continues)
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A, LT-a, and FasL) in the infected fish, whereas administration of
CsA inhibited the proliferation of T cells and the expression of these
genes (Fig. 3J, 3K). It is worth noting that IL-17A/F3 expression
was significantly inhibited by LcIL-2 in the P. plecoglossicida-
�infected fish (Supplemental Fig. 2N) but was not influenced by
CsA treatment. In addition, 7 d after P. plecoglossicida infection,
the expression levels of the P. plecoglossicida genes rpoD and gyrB
in the fish spleen and head kidney were significantly greater in the
CsA-treated fish as compared with the rLcIL-2�treated fish (Fig. 3L),
suggesting that P. plecoglossicida abundance was also significantly
greater in the CsA-treated fish as compared with the LcIL-2�treated
fish. Compared with the mortality rate of the untreated infected fish,
administration of LcIL-2 significantly reduced the mortality rate of
the infected fish, while administration of CsA significantly increased
the mortality rate of the infected fish (Fig. 3M). Thus, our results

indicated that the LcIL-2�induced T cell response was required for
elimination of bacterial infection in the large yellow croaker.

The large yellow croaker possesses an uncanonical IL-2R complex

Because our results showed that LcIL-2 plays a role in T cell prolif-
eration and differentiation, we next investigated the molecular mech-
anisms underlying those functions. Mammalian IL-2 acts on the
target cell via its receptor complex, which is composed of IL-2Ra,
IL-2Rb, and gc (49). Previously, we successfully cloned LcIL-15Ra,
LcIL-2Rb, and Lcgc based on the large yellow croaker genome
(51). The functional domain organization and tertiary structures of
LcIL-2Rb and Lcgc were highly similar to those of their human
counterparts (Fig. 4A, 4B). However, LcIL-15Ra, like other teleost
IL-15Ra proteins, contains only one sushi domain at the N terminus,
while mammalian IL-2Ra contains two sushi domains (Fig. 4A). To

stimulation with rLcIL-2 alone or with rLcIL-2 plus PHA for 3 and 6 d. (H) Gating strategy used to identify proliferating T cells (Zap701 cells). (I) Represen-
tative histograms showing Zap701 cell proliferation at 3 and 6 d after stimulation with rLcIL-2 alone (upper panel) or with rLcIL-2 plus PHA (lower panel).
(J and K) Statistical data, showing the percentages of dividing Zap701 cells in total Zap701 cells of PKLs after stimulation with rLcIL-2 alone (J) or with
rLcIL-2 plus PHA (K). (L) The expression levels of the T cell marker genes CD3z, CD4-1, CD8a, and Zap70 of PKLs after stimulation with rLcIL-2 alone or
with rLcIL-2 plus PHA. In all graphs, bars represent the means of three independent experiments ± SD. All experiments were performed in triplicate. *p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (unpaired Student t test).

FIGURE 2. IL-2 is involved in T cell differentiation. Gene expression analysis in PKLs after 24 h of stimulation with rLcIL-2 or BSA (control). The
expression levels of Th1-associated genes IFN-g and T-bet (A); Th2-associated genes IL-4/13A, IL-4/13B, and GATA3 (B); Treg-associated genes Foxp3
and CTLA-4 (C); Th17-associated genes IL-17A/F2, IL-17A/F3, and RORg (D); as well as genes associated with the cytotoxic activity of CD81 T cells:
Granzyme B, Perforin A, LT-a, and FasL (E). For all genes, relative expression levels were normalized against Lcb-actin and expressed as fold change com-
pared with the BSA-stimulated control group at 24 h poststimulation. Bars represent the means of three independent experiments ± SD. All experiments were
performed in triplicate. *p < 0.05, **p < 0.01 (unpaired Student t test).
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FIGURE 3. IL-2 facilitates T cell�mediated infection elimination in large yellow croaker. (A) The expression levels of LcIL-2 in PKLs stimulated with
PHA in the presence or absence of CsA for 24 h. (B) The expression levels of LcIL-2 in PBLs, PKLs, and PSLs from large yellow croaker treated with CsA
or PBS (control; n 5 6 fish per group). (C�H) T cells (Zap701 cells) proliferation of PBLs, PKLs, and PSLs from large yellow croaker treated with CsA or
PBS (control; n 5 6 fish per group). (C) The expression levels of T cell marker genes CD3z, CD4-1, and CD8a. (D) Gating strategy used to identify the pro-
liferation of T cells (Zap701 cells). (E�G) Flow cytometry scatterplots, showing the percentages of EdU1 Zap701 cells in total Zap701 cells of PBLs (E),
PKLs (F), and PSLs (G). (H) Statistical data, showing the percentages of EdU1 Zap701 cells in total Zap701 cells of PBLs, PKLs, and PSLs from normal
fish. (I�M) Effects of rLcIL-2 or CsA treatment on the immune response to P. plecoglossicida (P. p) challenge in the large yellow croaker. The blank control
group was uninfected (injected with PBS); the negative control group was infected with P. plecoglossicida and treated with PBS. (I) Statistical data, showing
the percentages of EdU1 Zap701 cells in total Zap701 cells of PBLs, PKLs, and PSLs from the P. plecoglossicida�infected (Figure legend continues)
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determine whether these three receptor subunits were involved in
LcIL-2 signaling, we measured their response to LcIL-2 stimulation.
We found that the mRNA expression levels of all three subunits
(LcIL-15Ra, LcIL-2Rb, and Lcgc) were significantly increased in
PKLs in response to rLcIL-2 (Fig. 4C), indicating that these subunits
might participate in LcIL-2 signaling.
We next used Co-IP assays to confirm the participation of LcIL-

2R subunits in LcIL-2 signaling. We found that LcIL-2 interacted
with LcIL-15Ra and LcIL-2Rb, but not with Lcgc (Fig. 4D�F). It
has been shown that IL-2R subunits do not preform a stable hetero-
trimer in the absence of IL-2 in mammals (28). Therefore, we next
investigated whether the LcIL-2R subunits formed a heterotrimer in
the absence of LcIL-2. Co-IP analyses showed that LcIL-15Ra did
not associate with LcIL-2Rb or Lcgc in the absence of LcIL-2, but
LcIL-2Rb was physically associated with Lcgc (Fig. 4G�I). How-
ever, LcIL-2, LcIL-15Ra, and LcIL-2Rb formed a stable heterodimer,
as did LcIL-2, LcIL-2Rb, and Lcgc (Fig. 4J, 4K). These results led
us to propose that LcIL-2 may bind to both LcIL-15Ra and LcIL-
2Rb equally, resulting in the formation of a heterotrimer (LcIL-2/
LcIL-15Ra/LcIL-2Rb), and that LcgC was then recruited by LcIL-
2Rb to form the signal transduction complex LcIL-2/LcIL-15Ra/
LcIL-2Rb/LcgC.

IL-2 initiates JAK�STAT5 signaling to regulate T cell proliferation
and differentiation in the large yellow croaker

To further explore the mechanisms by which LcIL-2 regulates
T cell proliferation and differentiation, we investigated the LcIL-
2�initiated signaling pathway. Because JAK�STAT5 is the intrinsic
signaling pathway for the IL-2�mediated T cell response in mam-
mals (49), we investigated the involvement of the JAK�STAT5
pathway, represented by the JAK1, JAK3, STAT5a, and STAT5b
molecules, in the LcIL-2�mediated T cell response. JAK1, JAK3,
STAT5a, and STAT5b were searched from the large yellow croaker
genome database. Notably, the organization, primary structure, and
tertiary structure of key functional domains of these molecules were
highly similar to their counterparts in human (Supplemental Fig.
1A�D), intimating that the JAK�STAT5 signaling pathway might
be conserved across vertebrates such as fish and mammals.
To specifically investigate how LcIL-2 regulates downstream sig-

naling, we examined the interactions of key signaling molecules in
the JAK�STAT5 pathway with the cytoplasmic tails of LcIL-2Rb
and Lcgc, which contain the predicted signaling motifs that may
transduce signals to the cytoplasm (51). Co-IP analyses showed that
LcIL-2Rb interacted with JAK1, and that Lcgc interacted with
JAK3 (Fig. 5A, 5B). Both STAT5a and STAT5b interacted with
LcIL-2Rb, but neither interacted with Lcgc (Fig. 5C�F). These
results suggested that LcIL-2Rb might be especially important for
LcIL-2 signaling. Notably, the mRNA expression levels of JAK1/3
and STAT5a/b increased significantly in response to rLcIL-2 stimu-
lation (Fig. 5G), as did the phosphorylation of STAT5a/b (Fig. 5H).
Indeed, after 30 min of rLcIL-2 stimulation, elevated STAT5a/b
phosphorylation was observed in PKL nuclei (Fig. 5I). These results
suggested that LcIL-2 may activate the JAK�STAT5 signaling
pathway.
Consistent with this suggestion, subsequent blockade of STAT5a/b

using the specific inhibitor STAT5-IN-1 reduced the LcIL-2�induced
increase in STAT5a/b phosphorylation (Fig. 5J). LcIL-2�induced T
cell proliferation was also reduced because of this inhibition of

STAT5a/b phosphorylation (Fig. 5K�M), as was the LcIL-2�induced
upregulation of genes associated with T cell differentiation (Fig. 5N).
Collectively, these observations indicated that LcIL-2 activated the
conserved JAK�STAT5 signaling pathway to regulate T cell immu-
nity in the large yellow croaker.

The MAPK and mTORC1 axes are critical for IL-2�regulated T cell
proliferation and differentiation in the large yellow croaker

MAPK/Erk signaling is implicated in IL-2�mediated T cell prolifer-
ation and differentiation in mammals (49). To determine whether
the MAPK/Erk signaling pathways similarly participate in LcIL-
2�mediated T cell proliferation and differentiation, we investigated
key components of the MAPK axis: Mek1/2 and Erk1/2. The orga-
nization, primary structure, and tertiary structure of large yellow
croaker Mek1/2 and Erk1/2 were highly similar to their human
homologs (Supplemental Fig. 1E�H). Mek1/2 and Erk1/2 were sig-
nificantly upregulated in response to rLcIL-2 stimulation (Fig. 6A),
suggesting their role in LcIL-2�mediated signaling. Because the
phosphorylation of Mek1/2 and Erk1/2 is crucial for MAPK/Erk sig-
naling activation and downstream function, we examined the phos-
phorylation of these proteins in response to rLcIL-2 stimulation in
the large yellow croaker. Mek1/2 and Erk1/2 phosphorylation, but
not total protein content, was noticeably increased in PKLs after
rLcIL-2 stimulation as compared with resting cells (Fig. 6B). Indeed,
elevated Mek1/2 and Erk1/2 phosphorylation in the cytoplasm of
PKLs was obvious after 30 min of rLcIL-2 stimulation (Fig. 6C, 6D).
These results again suggested that MAPK/Erk signaling was activated
in the PKLs in response to rLcIL-2 stimulation.
Consistent with this supposition, the blockade of Erk1/2 with the

specific inhibitor SHC772984 before LcIL-2 stimulation reduced the
LcIL-2�induced enhancement of Erk1/2 phosphorylation (Fig. 6E).
LcIL-2�induced T cell proliferation was also impaired after Erk1/2
inhibition (Fig. 6F�H), as was the LcIL-2�regulated expression of
genes associated with T cell differentiation (Fig. 6I). Collectively,
these observations suggested that MAPK/Erk signaling was crucial
for LcIL-2�induced T cell proliferation and differentiation in the
large yellow croaker.
Another important serine/threonine kinase for IL-2 signal trans-

duction is mTOR (49). In mammals, mTOR is the central molecule
in two different kinase complexes: mTORC1 and mTORC2 (52,
53). Mammalian mTORC1 has been implicated in IL-2�mediated T
cell immunity (52). Because mTOR in the large yellow croaker is
highly similar to mammalian mTOR with respect to functional
domain organization, tertiary structure, and overall conformation
(Supplemental Fig. 1I, 1J), we explored the involvement of large
yellow croaker mTORC1 in LcIL-2 signaling. The mRNA expres-
sion levels of mTOR and AKT (upstream of mTORC1) increased
significantly in response to LcIL-2 stimulation, while 4E-BP1
(downstream of mTORC1) was unaffected (Fig. 7A). AKT, mTOR,
and 4E-BP1 phosphorylation, but not total protein content, was
markedly increased in PKLs after up to 45 min of rLcIL-2 stimula-
tion (Fig. 7B, 7C). Indeed, the elevated phosphorylation of mTOR
and 4E-BP1 in the PKLs was obvious after 30 min of LcIL-2 stimu-
lation (Fig. 7D, 7E). These results suggested that the mTORC1 axis
plays a role in LcIL-2 signaling.
Consistent with this supposition, the inhibition of mTORC1 with

the specific inhibitor rapamycin before LcIL-2 stimulation severely
impaired the LcIL-2�induced phosphorylation of 4E-BP1 (Fig. 7F),

fish. (J) Relative expression of T cell marker genes TCRa and TCRd upon rLcIL-2 or CsA treatment in the P. plecoglossicida�infected fish (n 5 3 fish per
group). (K) Relative expression of genes involved in T cell toxicity in the fish spleen on day 7 postinfection (n 5 3 fish per group). (L) Relative expression of
P. plecoglossicida genes (as a proxy for P. plecoglossicida abundance) 7 d postinfection (n 5 3 fish per group). (M) Kaplan�Meier survival curves for the
four treatment groups (n 5 50 per group). In all histograms, bars represent the means of three independent experiments ± SD. All experiments were per-
formed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (unpaired Student t test).
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FIGURE 4. The large yellow croaker possesses an uncanonical IL-2R complex. (A) The domain organization of IL-2R subunits in the large yellow croaker
and human. (B) SWISS-MODEL predictions of the tertiary structures of IL-2R subunits from the large yellow croaker and human. (C) The expression levels
of LcIL-2R subunits in PKLs after 24-h stimulation with rLcIL-2 or BSA (control). Bars represent the means of three independent experiments ± SD. *p <

0.05, **p < 0.01 (unpaired Student t test). (D�K) Western blots showing Co-IP assay results. After cotransfection of HEK-293 T cells with the indicated
plasmids, Western blot analyses were performed using the indicated Abs directly for input control or after immunoprecipitation with agarose beads. Blots
show the following potential interactions: LcIL-2 and LcIL-15Ra (D), LcIL-2 and LcIL-2Rb (E), LcIL-2 and Lcgc (F), LcIL-15Ra and LcIL-2Rb (G), LcIL-
15Ra and Lcgc (H), LcIL-2Rb and Lcgc (I), the LcIL-2 complex with LcIL-15Ra and LcIL-2Rb (J), and the LcIL-2 complex with LcIL-2Rb and Lcgc (K).
All experiments were performed in triplicate.

1624 MECHANISMS UNDERLYING TELEOST IL-2 REGULATE T CELL RESPONSE
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/208/7/1616/1487902/ji2100764.pdf by guest on 18 Septem
ber 2023



FIGURE 5. IL-2 initiates JAK�STAT5 signaling to regulate T cell proliferation and differentiation in the large yellow croaker. (A�F) Western blots show-
ing Co-IP assay results. After cotransfection of HEK-293 T cells with the indicated plasmids, Western blot analyses were performed using the indicated Abs
directly for input control or after immunoprecipitation with agarose beads. Blots show the following potential interactions: (A) LcIL-2Rb and JAK1, (B) Lcgc
and JAK3, (C) LcIL-2Rb and STAT5a, (D) Lcgc with STAT5a, (E) LcIL-2Rb and STAT5b, and (F) Lcgc with STAT5b. (G) The expression levels of JAK1/
3 and STAT5a/b in PKLs after 24-h stimulation with rLcIL-2 or BSA (control). (H) Western blots showing STAT5a/b protein expression and phosphorylation
after up to 45 min of rLcIL-2 stimulation. (I) Immunofluorescence analysis showing STAT5a/b phosphorylation after 30 min of rLcIL-2 stimulation. (J�N)
Effects of pretreatment with the STAT5a/b inhibitor STAT5-IN-1 on STAT5a/b in PKLs stimulated with rLcIL-2 or rLcIL-21PHA. (J) Western blots show-
ing STAT5a/b protein expression and phosphorylation after up to 45 min of rLcIL-2 stimulation. (K) Representative histograms showing Zap701 cells prolif-
eration. (L) Statistical data, showing the percentages of dividing Zap701 cells at 6 d poststimulation. (M) The expression levels of the T cell marker genes
CD3z, CD4-1, and CD8a in PKLs after 24-h stimulation. (N) The expression levels of representative Th1-, Th2-, Treg-, Th17-, and cytotoxic T cell�associ-
ated genes after 24 h of stimulation. In all histograms, bars represent the means of three independent experiments ± SD. All experiments were performed in
triplicate. *p < 0.05, **p < 0.01 (unpaired Student t test).
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FIGURE 6. The MAPK/Erk axis is critical for IL-2�regulated T cell proliferation and differentiation in large yellow croaker. (A) The expression levels of
Mek1/2 and Erk1/2 in PKLs after 24-h stimulation with rLcIL-2 or BSA (control). (B) Western blot analysis showing protein and phosphorylation levels after
up to 45 min of rLcIL-2 stimulation. (C and D) Representative immunofluorescence analysis showing phosphorylation of Mek1/2 (C) and Erk1/2 (D) after 30
min of rLcIL-2 stimulation. (E�I) Effects of pretreatment with the Erk1/2 inhibitor SCH772984 on Erk1/2 in PKLs stimulated with rLcIL-2 or rLcIL-
21PHA. (E) Western blots showing Ekr1/2 protein expression and phosphorylation after up to 45 min of rLcIL-2 stimulation. (F) Representative histograms
showing Zap701 cell proliferation. (G) Statistical data, showing the percentages of dividing Zap701 cells at 6 d poststimulation. (H) The expression levels of
the T cell marker genes CD3z, CD4-1, and CD8a in PKLs after 24-h stimulation. (I) The expression levels of representative Th1-, Th2-, Treg-, Th17-, and
cytotoxic T cell�associated genes after 24 h of stimulation. In all histograms, bars represent the means of three independent experiments ± SD. All experi-
ments were performed in triplicate. *p < 0.05, **p < 0.01 (unpaired Student t test).
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FIGURE 7. The mTORC1 axis is required for IL-2�regulated T cell proliferation and differentiation in the large yellow croaker. (A) The expression levels
of AKT, mTOR, and 4E-BP1 in PKLs after 24-h simulation with rLcIL-2 or BSA (control). (B) Western blot analysis of Phos-tag SDS-PAGE gels, showing
protein and phosphorylation levels of AKT after up to 45 min of rLcIL-2 stimulation. (C) Western blot analysis showing protein and phosphorylation levels
of mTOR and 4E-BP1 after up to 45 min of rLcIL-2 stimulation. (D and E) Representative immunofluorescence analysis showing phosphorylation of mTOR
(D) and 4E-BP1 (E) after 30 min of rLcIL-2 stimulation. (F�J) Effects of pretreatment with the mTORC inhibitor rapamycin on the mTORC1 axis in PKLs
stimulated with rLcIL-2 or rLcIL-21PHA. (F) Western blots showing 4E-BP1 protein expression and phosphorylation after up to 45 min of rLcIL-2 stimula-
tion. (G) Representative histograms showing Zap701 cell proliferation. (H) Statistical data, showing the percentages of dividing Zap701 cells at 6 d poststi-
mulation. (I) The expression levels of the T cell marker genes CD3z, CD4-1, and CD8a after 24-h stimulation. (J) The expression levels of representative
Th1-, Th2-, Treg-, Th17-, and cytotoxic T cell�associated genes after 24 h of stimulation. In all histograms, bars represent the means of three independent
experiments ± SD. All experiments were performed in triplicate. *p < 0.05, **p < 0.01 (unpaired Student t test).
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FIGURE 8. IL-2 modulates T cell proliferation and differentiation through its receptor complex in the large yellow croaker. (A and B) Immunofluorescence
micrographs showing LcIL-15Ra+ lymphocytes (A) labeled with anti�LcIL-15Ra Abs and (B) LcIL-2Rb+ lymphocytes labeled with anti�LcIL-2Rb Abs.
(C�H) Analysis of PKLs incubated with anti�LcIL-15Ra and/or anti�LcIL-2Rb, followed by stimulation with rLcIL-2; control groups were incubated with
PBS, rLcIL-2 alone, or nonspecific mouse Abs (moAbs) and/or nonspecific rabbit Abs (raAbs) prior to rLcIL-2 or rLcIL-21PHA stimulation. (C and D)
Western blots showing total protein (C) and phosphorylation (D) of STAT5a/b, Mek1/2, Erk1/2, mTOR, and 4E-BP1 after 30 min of rLcIL-2 stimulation. (E)
Representative histograms showing Zap701 cell proliferation at 6 d poststimulation. (F) Statistical data, showing the percentages of dividing Zap701 cells at
6 d poststimulation. (G) The expression levels of the T cell marker genes CD3z, CD4-1, and CD8a after 24 h of rLcIL-2 stimulation. (H) The expression lev-
els of representative Th1-, Th2-, Treg-, Th17-, and cytotoxic T cell�associated genes after 24 h of rLcIL-2 stimulation. In all histograms, bars represent the
means of three independent experiments ± SD. All experiments were performed in triplicate. *p < 0.05, **p < 0.01 (unpaired Student t test).
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demonstrating that rapamycin effectively inhibited LcIL-2�induced
mTORC1 signaling. LcIL-2�induced T cell proliferation was also
impaired after mTORC1 inhibition (Fig. 7G�I), as was the LcIL-
2�regulated expression of genes associated with T cell differentia-
tion (Fig. 7J). Collectively, these results suggested that mTORC1
signaling is required for LcIL-2�mediated T cell activation in the
large yellow croaker.

IL-2 modulates T cell proliferation and differentiation though its
receptor complex

Given gc serves as a common receptor for gc cytokine family members
in mammals (54), we next explored the participation of LcIL-15Ra and
LcIL-2Rb in IL-2 signaling by blocking LcIL-15Ra and/or LcIL-
2Rb with the polyclonal Abs anti�LcIL-15Ra and anti�LcIL-2Rb
designed for this study. Western blots showed that the affinity-puri-
fied anti�LcIL-15Ra and anti�LcIL-2Rb polyclonal Abs bound spe-
cifically to endogenous LcIL-15Ra and LcIL-2Rb in the head kidney
and spleen, respectively; no cross-reactivity was observed (data not
shown). Consistent with this, immunofluorescence analysis showed
that anti�LcIL-15Ra and anti�LcIL-2Rb specifically recognized
the corresponding molecules expressed on PKLs (Fig. 8A, 8B).
Blockade with normal mouse and/or rabbit Abs had no effect on

the rLcIL-2�stimulated phosphorylation of STAT5a/b, Mek1/2,
Erk1/2, mTOR, and 4E-BP1 in PKLs (Fig. 8C, 8D). However, the
rLcIL-2�stimulated phosphorylation of these proteins was reduced
when LcIL-15Ra or LcIL-2Rb was blockaded with the specific
anti�LcIL-15Ra polyclonal Ab or the specific anti�LcIL-2Rb
polyclonal Ab, respectively (Fig. 8C, 8D). When both LcIL-15Ra
and LcIL-2Rb were blockaded, the rLcIL-2�stimulated phosphory-
lation of STAT5a/b, Mek1/2, Erk1/2, mTOR, and 4E-BP1 was
almost completely inhibited (Fig. 8C, 8D). LcIL-2�induced T cell
proliferation was also suppressed by the Ab-driven blockade of
LcIL-15Ra, LcIL-2Rb, or both (Fig. 8E�G). The blockade of
LcIL-15Ra and/or LcIL-2Rb also weakened the regulatory effects
of LcIL-2 on T cell�associated gene expression in PKLs (Fig. 8H).
Thus, our results suggested that LcIL-2 activates the pathways
associated with the JAK�STAT5, MAPK, and mTORC1 axes via
its receptor complex LcIL-15Ra/LcIL-2Rb/Lcgc (Fig. 9).

Discussion
The vertebrate immune system is composed of a variety of immune
cells that are distributed throughout the body of the host, and the

development of mechanisms that enable efficient cell�cell commu-
nication was therefore critical for the evolution of this complex
immune system (55). One such communication mechanism is medi-
ated by an array of secreted factors collectively termed cytokines
(56). Cytokines, which are widely distributed, highly efficient, and
functionally pleiotropic, are critically important for the delicate coor-
dination of different immune cells in response to pathogen invasion.
T cell immunity processes, including activation by an APC, the dif-
ferentiation and functioning of effector T cells, and the activation of
cognate B cells, also rely on cytokines (8). One of the most well-
known cytokines, IL-2, is mainly produced by activated CD41 T
cells; IL-2 plays crucial roles in the promotion of CD41 and CD81

T cell proliferation, the regulation of CD41 T cell differentiation,
and the mediation of the cytolytic activity of CD81 T cells (18, 19,
57�59). Although IL-2 homologs have been identified in several
fish species (42, 60�62), details of the regulatory roles played by
IL-2 in T cell immunity remain largely unclear in teleosts. In this
study, we demonstrated that LcIL-2 enhanced T cell proliferation
and modulated T cell differentiation. Because we still cannot visu-
ally distinguish T cell subsets in the large yellow croaker as the lack
of effective Abs, we have detected the marker gene expression to
reflect the function of LcIL-2 in T cell differentiation. Gene expres-
sion analyses suggested that LcIL-2 induced the differentiation of
CD81 T cells into effector cytotoxic T cells; facilitated the differenti-
ation of CD41 T cells into Th1, Th2, and Treg cells; and inhibited
the differentiation of CD41 T cell into Th17. Although the use of
gene expression to follow the immune response has inherent limita-
tions, our results have provided valuable evidence to clarify the roles
played by IL-2 in T cell response in teleosts. However, further study
is needed to elucidate the roles of LcIL-2 in regulating the differentia-
tion of Th cell subsets.
IL-2 signaling is required for the development of Th1 and CD81

T cells, which are crucial for host defense against pathogens in
mammals (18, 58). Recent studies show that IL-2 induced the
expression of Th1-secreted IFN-g in several fish species (61�64).
Consistent with this, we found that LcIL-2 promoted T cell expan-
sion, upregulated genes associated with Th1 and CD81 cytotoxic
T cells, and facilitated the elimination of invading bacterial patho-
gens in the large yellow croaker. Importantly, these beneficial effects
disappeared when LcIL-2 production was suppressed by CsA, and
fish treated with CsA were more susceptible to P. plecoglossicida
infection. In both mammals and teleosts, Th1 T cells and cytotoxic
CD81 T cells play important roles in the eradication of

FIGURE 9. Canonical IL-2 signaling couples
MAPK/Erk and mTORC1 to regulate ancestral T cell
immunity in fish. In the large yellow croaker, LcIL-2
may bind to both LcIL-15Ra and LcIL-2Rb equally,
resulting in the formation of a heterotrimer (LcIL-2/
LcIL-15Ra/LcIL-2Rb), and that LcgC was then
recruited by LcIL-2Rb to form the signal transduc-
tion complex LcIL-2/LcIL-15Ra/LcIL-2Rb/LcgC.
This complex may then activate the conserved
STAT5-dependent JAK�STAT signaling pathway,
as well as the MAPK/Erk and mTORC1 signaling
pathways. These three signaling pathways may then
synergistically regulate the expression of genes
involved in T cell proliferation, differentiation, and
function, thus modulating T cell immunity.
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extracellular pathogenic bacteria (41, 65, 66). Therefore, we specu-
lated that IL-2�mediated elimination of invaded bacteria may
result from the protective Th1 and CD81 cytotoxic T cell immunity
in this species. Although the inhibition of LcIL-2 production by the
immunosuppressive drug CsA cannot exclude confounding effects
from other cell lineages and cytokines, our results nonetheless pro-
vide intriguing insights into the possible roles played by IL-2 in
the T cell�mediated clearance of invading bacteria in teleosts. In
future studies, IL-2�knockout models using CRISPR-Cas9 is
expected to further clarify the IL-2�mediated regulation of T
cell�associated immunity in teleosts.
The mechanisms underlying IL-2�regulated T cell proliferation,

differentiation, and function have been well characterized in mam-
mals (49). In mammals, the IL-2 activation of STAT5-mediated
transcriptional programs is undoubtedly key to the biological activi-
ties of IL-2 (49). For example, IL-2�stimulated peripheral T cell
proliferation is eliminated in STAT5a/b-knockout mice (67). It has
also been shown that, primarily via STAT5, IL-2 inhibits IL-17A/F
and induces IFN-g, IL-4, T-bet, GATA3, Foxp3, and CTLA-4 in
humans and mice (19, 49, 59, 67). LcIL-2 stimulation also affected
the expression of these genes in the large yellow croaker. In addi-
tion, the phosphorylation of STAT5a/b was markedly increased in
PKLs after rLcIL-2 stimulation, suggesting that LcIL-2 activates the
conserved STAT5-dependent JAK�STAT signaling pathway. Con-
sistent with this supposition, blockade of STAT5a/b with the spe-
cific inhibitor STAT5-IN-1 severely reduced LcIL-2�induced T cell
proliferation and weakened LcIL-2�mediated effects on the expres-
sion of related genes. LcIL-2 also triggered the MAPK/Erk axis to
promote T cell proliferation and differentiation in the large yellow
croaker. In mammals, IL-2 production depends on TCR-initiated
MAPK/Erk signaling, suggesting the existence of a positive feed-
back loop between TCR- and IL-2�mediated signaling (17). Our
results suggested that this positive feedback loop may be conserved
across mammals and fish and may facilitate the rapid proliferation
of T cells in response to pathogen invasion. Finally, mTORC1 sig-
naling was also required for LcIL-2�driven T cell proliferation and
differentiation in the large yellow croaker. Indeed, it has been shown
that TCR-activated mTORC1 signaling directs effector T cell func-
tion by controlling metabolic programming in fish (68). Thus,
mTORC1 signaling is crucial for both the IL-2� and the TCR-medi-
ated T cell response. Our results suggested that IL-2 signaling in
fish might integrate MAPK/Erk and mTORC1 axes, which are also
involved in TCR signaling, to modulate T cell response. This link
between TCR and IL-2 signaling in fish highlights the sophistication
of the network regulating T cell response in lower vertebrate.
Mammalian IL-2 regulates the functions of various T cells by

binding to the high-affinity trimeric IL-2R (49, 57). IL-2Ra acts as
a carrier, increasing the affinity of IL-2R for its ligand, while both
IL-2Rb and gc conduct signals to the cytoplasm via their cytoplas-
mic tails, which contain signaling motifs (27, 69). Three potential
IL-2R subunits, IL-15Ra, IL-2Rb, and gc, have been identified in
several bony fish, including the large yellow croaker, grass carp,
and rainbow trout (62, 70�73). In this study, LcIL-15Ra, a mamma-
lian IL-2Ra homolog, was incapable of transducing signals because
of its short cytoplasmic domain. However, this subunit was required
for LcIL-2�mediated T response: when LcIL-15Ra was blocked
using a specific Ab, the LcIL-2�activated JAK�STAT5, MAPK,
and mTORC1 signals were suppressed, and LcIL-2�regulated
expression of certain genes was weakened. In addition, the intercel-
lular regions of LcIL-2Rb and Lcgc bound JAK1 and JAK3, respec-
tively, while LcIL-2Rb bound STAT5a and STAT5b, demonstrating
that LcIL-2Rb and Lcgc are irreplaceable components of the LcIL-
2�mediated JAK�STAT5 signaling pathway. Furthermore, the Ab-
mediated blockage of LcIL-2Rb or both LcIL-15Ra and LcIL-2Rb

almost completely eliminated the LcIL-2�driven activation of the
JAK�STAT5, MAPK/Erk, and mTORC1 pathways and inverted the
expression profiles of LcIL-2�regulated genes associated with T cell
function. These results emphasized the critical role of LcIL-2Rb in
IL-2 signaling transduction in the large yellow croaker. Based on
our results, we propose that LcIL-2 may activate intercellular signal-
ing through the LcIL-15Ra/LcIL-2Rb/Lcgc heterotrimer complex.
In summary, we demonstrated that LcIL-2 promotes T cell prolif-

eration, modulates T cell differentiation, and is indispensable for T
cell�mediated bacterial infection clearance. As an early vertebrate,
the large yellow croaker possesses the uncanonical IL-2R complex
LcIL-15Ra/LcIL-2Rb/Lcgc, via which LcIL-2 initiates the
JAK�STAT5 signal pathway to regulate T cell proliferation,
differentiation, and biological function (Fig. 9). More impor-
tantly, the LcIL-2 signal couples the MAPK/Erk and mTORC1
axes to modulate T cell response (Fig. 9). Thus, this study com-
prehensively revealed the signal pathways by which IL-2 regu-
lates T cell response in a teleost. Our results help to clarify the
regulatory mechanisms underlying the role of cytokine signaling
in teleost T cell response and therefore fill an important gap in
our understanding of the evolution of the adaptive immune
system.
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