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Ca**-Calcineurin Axis—Controlled NFAT Nuclear
Translocation Is Crucial for Optimal T Cell Immunity in an
Early Vertebrate

Xiumei Wei,""1 Huiying Li,""1 Yu Zhang,* Cheng Li,* Kang Li,* Kete Ai,* and
Jialong Yang®"

Calcium ion (Ca**) is a widespread and primitive second messenger that regulates physiological cell functions in almost all life
beings. Ca>* influx-induced NFAT activation is essential for T cell function and adaptive immunity. However, whether and how
Ca?* signaling modulates T cell immunity in early vertebrates, especially in nontetrapods, remains largely unknown. To address
these questions, a Nile tilapia (Oreochromis niloticus) model was employed to investigate the regulation of ancestral T cell
immunity by Ca**-NFAT signaling in jawed fish. In Nile tilapia, an evolutionarily conserved Ca>*—NFAT signaling pathway is
involved in the primary adaptive immune response during Streptococcus agalactiae infection. Meanwhile, T cell signals trigger
several events along the Ca>*~NFAT axis in this early vertebrate, including Ca>* influx, calcineurin activation, and NFAT nuclear
import. More critically, suppression of Ca**—NFAT signaling by the calcineurin inhibitor cyclosporine A impairs primordial T cell
activation, clonal expansion, and infection clearance. Mechanistically, Nile tilapia NFAT interacts with several other transcription
factors for potent gene expression, and T cells in this nontetrapod employ Cabinl and DYRKI1A to regulate NFAT nuclear
import and export, respectively. To the best of our knowledge, this study is the first to demonstrate the regulatory mechanism
of Ca>*-NFAT signaling on T cell immunity in a nontetrapod species. We suggest that modulation of T cell immunity by
Ca®*-NFAT signaling is a primitive strategy that already existed prior to the divergence of bony fish from the tetrapod
lineage. The findings of this study provide valuable perspectives for understanding the evolution of adaptive immune system.

The Journal of Immunology, 2020, 204: 569-585.

uring evolution, cells have adopted positively charged
D calcium ion (Ca*") and negatively charged phosphate

ions as two universal tools for signal transduction (1).
Benefiting from the rapid switch between on and off statuses,
strong homeostasis via influx/efflux, and the ability to interact
with thousands of proteins (2), Ca®* acts as a versatile second
messenger and plays pivotal roles in nearly every cellular process,
including excitability, motility, metabolism, exocytosis, apoptosis,
transcription, and immunity (1, 2). To achieve this versatility, cells
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employ a number of components to assemble a Ca®" signaling
system with wide spatial and temporal dynamics (2). Among
these components, the Ca?* release—activated calcium (CRAC)
channel, which mediates intracellular Ca>* increase, and its
tightly regulated NFAT are of paramount importance for T cell
immunity (3-5).

Engagement of the TCR triggers the activation of protein
tyrosine kinases, such as LCK and ZAP70, and eventually results
in tyrosine phosphorylation of phospholipase Cyl (PLCy1). Ac-
tivated PLCyl further hydrolyzes the membrane phospholipid
phophatidylinositol-4,5-biphosphate (PIP2) and generates two sec-
ond messengers inositol 1,4,5-triphosphate (IP3) and diacylglycerol
(DAG) (6, 7). DAG triggers the MAPK/ERK and PKCO-IKK-NF-
kB pathways, whereas IP; binds to the IP3 receptor (IP3R) on the
endoplasmic reticulum (ER) membrane to permit Ca** efflux from
ER Ca®* stores into the cytoplasm (7). Depletion of ER Ca>*
activates CRAC channel in the plasma membrane and induces
sustained Ca®* influx from extracellular compartment into the
cytoplasm, which is required for optimal TCR-induced signal
transduction (8, 9). An increase in intracellular Ca®* is sensed by
the EF hands of calcium-binding protein calmodulin, which in
turn activates phosphatase activity of the serine/threonine phos-
phatase calcineurin. Activated calcineurin dephosphorylates cy-
toplasmic NFAT, which exposes its nuclear localization sequence
and leads to rapid nuclear import (10). In the nuclear, NFAT co-
operates with multiple transcription factors from other signaling
pathways, such as AP-1 and NF-kB, to induce transcription of
specific genes that control T cell activation, proliferation, and
differentiation (10-13).

NFAT-driven gene expression and T cell immunity are highly
dependent on sustained Ca>* influx and calcineurin activity. For
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example, inhibition of CRAC channel impairs TCR-induced Ca**
signaling, T cell activation, and proliferation (8, 14). In addition,
deficiency of STIM1 or ORAII, two key regulators of CRAC
channel, dramatically impairs cytokine production in T cells, in-
cluding IL-2, IL-4, IL-17, TNF, and IFN-y, and thus increases
susceptibility to pathogen infection (4, 5, 15-19). Calcineurin is
the only phosphatase that promotes NFAT nuclear import, its ac-
tivity is regulated by not only upstream Ca>* and calmodulin but
also by multiple endogenous calcineurin inhibitors (10, 20, 21).
For example, calcineurin-binding protein 1 (Cabinl) interacts with
calcineurin to block its activity, inhibiting NFAT dephosphoryla-
tion and nuclear translocation (22, 23). Additionally, A-kinase
anchor protein 79 (AKAP79) prevents calcineurin from access-
ing to NFAT substrates by tethering calcineurin to the membrane
(24, 25), and members of the calcipressin family constitute
additional calcineurin regulators (26). In the absence of these
molecules, mouse T cells exhibit a lower threshold for T cell
stimulation and increased production of cytokines in response to
TCR ligation (10, 20, 26, 27), emphasizing the important roles
of these calcineurin inhibitors in T cell immunity. Moreover,
when intracellular Ca®* concentration decreases, nuclear NFAT is
immediately rephosphorylated and inactivated via the coordinated
action of multiple NFAT kinases, such as glycogen synthase kinase
3 (GSK3) and casein kinase 1 (CK1), and this inactivation results in
relocation of NFAT to the cytoplasm (28, 29). Recent studies have
also identified dual-specificity tyrosine phosphorylation-regulated
kinase 1A (DYRKI1A) as a physiological negative regulator of
NFAT-driven gene transcription that enables the phosphorylation of
NFAT by CK1 and GSK3 in the nucleus (30, 31).

Although Ca?* signaling is an ancient and evolutionarily con-
served pathway that exists in almost all animals (32), studies on
the regulatory mechanism of this signaling pathway in T cell
immunity have mainly been restricted to mammalian models,
and whether and how Ca®*-NFAT signaling modulates T cell
immune response in early vertebrates remains to be elucidated.
As fish species are the earliest evolutionary group to possess
T cells, uncovering the immune function and related mechanisms
in these ancestral T cells will undoubtedly provide valuable evi-
dence for understand the evolution of T cell immunity. Recent
advances have identified several suspected T cell populations,
such as CD3*, CD4-1*, CD4-2%, CD8a™, or TCRy3* leukocytes,
in a variety of teleost species (33-36). Like mammalian CD8"
T cells, primitive CD8” leukocytes in bony fish express high levels
of perforin A, granzyme B, and IFN-y in response to pathogen
infection and mediate protection against secondary infection
(33, 36-38), suggesting that these cells have potential cytotoxic
and memory properties in the context of cellular immunity. The
CD4" leukocyte subpopulation has been reported to have the ca-
pacity to differentiate into Th2-like and regulatory T (Treg)-like
cells in teleost (39—41). Furthermore, Th2-specific genes are
markedly induced by IL-4 in zebrafish, and interaction of IL-4
with its receptor promotes CD40 expression on B cells and en-
hances the costimulatory response (41). Treg-like cells mediate
organ-specific regenerative programs in zebrafish (40), and de-
pletion of CD4"CD25"Foxp3* Treg-like cells in puffer fish
produces an enhanced lymphocyte reaction and augments intes-
tinal inflammation (39). Thus, the T cell response appears to be a
universal feature of adaptive immunity among jawed vertebrates.

Although equivalent T cell populations with similar immuno-
logical functions have emerged in bony fish, the underlying reg-
ulatory mechanisms of immune response mediated by these
primordial T cells are still largely unknown. In our previous study,
we used a Nile tilapia (Oreochromis niloticus) model to show that
mTORCI signaling is indispensable for teleost T cell activation,

proliferation, and effector function and that mTORCI1 directs
T cell function by regulating metabolic reprogramming (42); these
findings indicate that primordial T cells are armed with sophisti-
cated regulatory strategies similar to those reported in modern
T cells. In the current study, we identified an evolutionarily con-
served Ca**-NFAT signaling pathway in Nile tilapia and found
that T cell signals induce several hallmarks of Ca**~NFAT acti-
vation in this early vertebrate, including IP;R phosphorylation,
Ca®* influx, calcineurin activation, and NFAT nuclear import.
In addition, inhibition of calcineurin activity by cyclosporine A
impaired teleost T cell activation, proliferation, and infection clear-
ance. Furthermore, NFAT-driven activation of primitive T cells was
found to be negatively regulated by cytosolic Cabinl and nuclear
DYRKI1A, which serve as a calcineurin inhibitor and an NFAT
kinase, respectively. To the best of our knowledge, this study is the
first to demonstrate the mechanism by which Ca®*—NFAT sig-
naling regulates the adaptive immune system in a fish species. Our
data suggest that modulation of T cell immunity by Ca®>*—~NFAT
signaling might be an ancestral trait that already existed by the
appearance of adaptive immunity 450 million years ago, and the
results therefore provide valuable insight into the evolutionary history
of T cell subset.

Materials and Methods

Ethics statement

All experiments were conducted in accordance with the Guide for the Care
and Use of Laboratory Animals of the Ministry of Science and Technology
of China. The experimental procedures were approved by the East China
Normal University (ECNU) Experimental Animal Ethics Committee. All
efforts were made to minimize the suffering of experimental animals.

Fish maintenance

Nile tilapia larvae with a body length of 3—4 cm were purchased from an
aquatic farm in Guangzhou, Guangdong Province, China. All the fish were
maintained in fresh water at 28°C with continuous aeration and fed
daily with commercial pellets. When the body length reached 8—10 cm,
healthy fish, as determined by general appearance and activity, were used
for the study.

Sequence, structure, and phylogenetic analysis

The cDNA and amino acid sequences of related genes in Nile tilapia were
obtained from the whole-genome sequence with the assembly identifier
GCA_001858045.3 in National Center for Biotechnology Information
(NCBI) GenBank (https://www.ncbi.nlm.nih.gov/genome/annotation_euk/
Oreochromis_niloticus/104/) (43). Sequences of Nile tilapia Ca®*—NFAT
components in the NCBI GenBank were mined by searching the protein
name of their mammalian homologs. The sequences of other species were
obtained from NCBI GenBank (https://www.ncbi.nlm.nih.gov) or En-
semble (http://asia.ensembl.org/index.html). The accession numbers of
these genes are listed in Supplemental Tables I and II. Amino acid se-
quences were analyzed by BLAST, protein domains were predicted with
SMART version 4.0, and sketch maps of domain organization were pre-
pared with DOG version 2.0 software. Based on homology analysis,
multiple sequence alignment was carried out using ClustalW. Tertiary
structures of proteins were predicted by the SWISS-MODEL server, and
the results were displayed in PyYMOL version 0.97. Phylogenetic trees were
constructed using MEGA4.1 software with the neighbor-joining (NJ)
algorithm.

Streptococcus agalactiae infection

S. agalactiae was cultured in Brain Heart Infusion broth to the exponential
growth phase, and cells were collected and resuspended in PBS to a
concentration of 7 X 107 CFU for infection. Nile tilapia were injected i.p.
with 100 wl S. agalactiae suspension as the infection group; the same
volume of PBS was injected in the control group. The two groups of fish
were maintained at 28°C with aeration and fed daily.

Leukocyte isolation

Peripheral blood was collected from caudal vessels, mixed immediately
with prechilled anticoagulant (8.17 g/l NaCl, 5.46 g/I citric acid, 8.82 g/l
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sodium citrate, 19.8 g/l glucose, 3.72 g/l EDTA [pH 6.6]), centrifuged, and
resuspended in FBS-free DMEM. The spleen and head kidney were har-
vested, smashed in DMEM, and collected through nylon mesh. The
leukocytes were isolated according to previous report (42). In brief, 100%
Percoll, which was prepared by mixing Percoll solution (GE Healthcare)
with 10X PBS at a ratio of 9:1, was diluted into 51 or 34% with DMEM
(v/v). Then, 4 ml of 51% and 4 ml of 34% Percoll were slowly added into a
15 ml tube to obtain a discontinuous layer, and cell suspensions of the
blood, spleen, or head kidney samples were layered onto the 51/34%
discontinuous Percoll density gradient. After centrifugation at 500 X g
for 30 min with the lowest acceleration and deceleration, the cells accu-
mulated at the interface were collected, washed twice and resuspended in
DMEM (10% FBS) for further experiments.

Leukocyte stimulation

For T cell activation and proliferation, spleen leukocytes were cultured in
DMEM (10% FBS) containing 1 pg/ml PHA for different times, after
which the cells were harvested for quantitative real-time RT-PCR (qPCR)
analysis or flow cytometry. For immunoblotting analysis, after resting in
DPBS for 30 min, spleen leukocytes were stimulated with 50 ng/ml PMA
plus 500 ng/ml ionomycin for different times and then lysed in RIPA
lysis buffer (50 mM Tris, 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS) with freshly added protease inhibitor (1:1000;
Sigma-Aldrich) and phosphorylase inhibitor (1:100; Sigma-Aldrich). The
stimulated cells were also harvested for immunofluorescence analysis,
Ca** influx, or calcineurin activity examination.

2 .
Ca”™ influx assay

A 107 sample of spleen leukocytes in 1 ml loading buffer (1% FBS
and 10 mM HEPES in HBSS without phenol red) were incubated with
2.5 pg/ml Indo-1 (Life Technologies) in the presence of Pluronic at 30°C
for 30 min. After washing with loading buffer, the cells were collected on a
BD Biosciences flow cytometer to obtain the baseline fluorescence of the
450:510 nm ratio on the lymphocyte population. Then, 1 wg/ml PHA or
2 wg/ml of thapsigargin was added to induce Ca** influx. Cells from three
Nile tilapia individuals were prepared, stimulated, and analyzed, respec-
tively. The ratios of 450:510 nm, for both baseline and after stimulation,
were used for statistics.

Small interfering RNA interference

Three pairs of small interfering RNAs (siRNAs) targeting Nile tilapia
Cabinl synthesized by GenePharma (Shanghai, China) were dissolved to
20 uM and mixed with an equivalent amount of Lipo6000 transfection
reagent (1:5 diluted with PBS; Beyotime) as the working solution. Nile
tilapia individuals were i.p. injected with 100 wl working solution to
knockdown Cabinl. Nonspecific siRNA synthesized by the same company
was used as a negative control. Two days after injection, the spleen or
spleen leukocytes were collected for further qPCR, Western blot, and
enzyme activity assays. The sequences of the Cabinl siRNA and control
siRNA are listed in Supplemental Table II.

qPCR

Spleen leukocytes that were or were not subjected to stimulation/infection/
treatment were resuspended in TRIzol reagent (Invitrogen) for total RNA
extraction according to the manufacturer’s instructions. After digestion
with DNase I (Promega) at 37°C for 30 min, the cDNA was synthesized
with a First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) using
total RNA as the template and oligo (dT)-adapter as the primer. gPCR was
performed with SYBR Green Mix (Takara) on a Connect Real-Time
System (Bio-Rad). The qPCR program was set as follows: 180 s at 95°C
as initial denaturation, followed by 40 cycles of 10 s at 95°C for dena-
turation plus 30 s at 59°C as annealing. Dissociation curve of amplification
products was performed at the end of each PCR to confirm that only
one product was amplified. B-Actin was selected as the internal control.
All specific primers are listed in Supplemental Table II. The relative gene
expression level was analyzed by the 27 4 A cyele threshold oo,

Immunofluorescence assay

A total of 1 X 10° spleen leukocytes were rested in DPBS for 30 min
before the cells were stimulated with 50 ng/ml PMA plus 500 ng/ml
ionomycin. The stimulation was stopped by adding 500 wl precooled
PBS, and the cells were then centrifuged onto slides using Cytospin 4. The
cells were fixed with prechilled acetone for 15 min, and then with 0.5%
Triton X-100 for another 15 min. After blocking with 3% BSA in PBS
at room temperature for 1 h, the cells were stained with 1:100 diluted
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rabbit-anti phospho-IP;R (8548; Cell Signaling Technology), rabbit-anti
calmodulin (4830; Cell Signaling Technology) or mouse-anti NFAT1
(sc-7296; Santa Cruz Biotechnology) as primary Abs at room temperature
for 1 h. After three washes with PBS, the cells were incubated with
Alexa Fluor 488—conjugated goat—anti-mouse IgG (Abcam) or Alexa Fluor
594—conjugated goat—anti-rabbit IgG (Abcam) as secondary Abs for 1 h.
After washing and mounting with mounting solution containing DAPI, the
cells were observed using a Zeiss ApoTome Microscope and analyzed with
Photoshop CS4 software. Three groups of slides prepared from three Nile
tilapia individuals were observed for statistic. To calculate the percentage
of phospho-IP;R or calmodulin-positive cells, the number of positive
events within 100 cells under several random views were counted in each
slide. For NFAT1, 100 NFAT1-positive cells under several random views
were first recorded in each slide, and the number of the cells with positive
signal in the nucleus was recorded for statistic.

Specific inhibitor treatment

Nile tilapia individuals were i.p. injected with 100 wl cyclosporine A
(MedChemExpress) at a dosage of 15 mg/kg/d on the indicated days to
suppress calcineurin activity, and leukocytes were isolated for assay. When
in vitro culture was performed, 1 nM of cyclosporine A was added to
continuously inhibit the calcineurin. To calculate the survival percentage,
fish infected with S. agalactiae were i.p. injected with cyclosporine A, and
the number of dead individuals was recorded daily. To inhibit DYRKIA,
Nile tilapia individuals were i.p. injected with 100 wl of the inhibitor
harmine (MedChemExpress) at a dosage of 10 mg/kg/d for two consecu-
tive days. Spleen leukocytes were then isolated and stimulated with PHA
or PMA plus ionomycin in vitro as described above for assay.

Calcineurin enzyme activity

Spleen leukocytes from cyclosporine A—treated or untreated Nile tilapia
were stimulated with 1 pg/ml PHA or 50 ng/ml PMA plus 500 ng/ml
ionomycin for different times. The cells were homogenized in normal
saline on ice for 2 min and centrifuged at 10,000 rpm at 4°C for 10 min.
The supernatant was used to examine the enzyme activity and protein
concentration. The protein concentration was measured with a BCA Pro-
tein Assay Kit (Beyotime). Calcineurin activity was assessed with a cal-
cineurin assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s instructions, and calculated as per
mg protein. Calcineurin activity in spleen leukocytes from control
siRNA- and Cabinl siRNA-injected Nile tilapia was also examined as
above 2 d after siRNA injection.

In vitro proliferation

Spleen leukocytes from Nile tilapia treated or not treated with cyclosporine
A for two consecutive days were isolated and labeled with 10 uM CFSE
(Invitrogen) at room temperature for 9 min according to the manufacturer’s
instructions. After washing twice with DMEM, the cells were cultured in
DMEM (10% FBS) containing 1 pg/ml PHA in the presence or ab-
sence of 1 nM of additional cyclosporine A for 48 h. The proliferation
of lymphocytes was detected by flow cytometry; 7AAD (1:400; Life
Technologies) was added to the samples shortly before collection to
identify live/dead cells.

Flow cytometry

Freshly isolated or CFSE-labeled leukocytes were resuspended in PBS
containing 2% FBS for FACS analysis. For intracellular LCK staining,
spleen leukocytes were fixed with Cytofix/Cytoperm buffer (BD Biosci-
ences) on ice for 30 min and washed twice with Perm/Wash solution (BD
Biosciences). After staining with an Alexa Fluor 647—conjugated-LCK Ab
(LCK-01; BioLegend) on ice for 30 min, the cells were washed twice with
Perm/Wash solution and resuspended in the same solution. All samples
were evaluated using a BD Biosciences FACSCalibur flow cytometer. Data
were analyzed using FlowJo software.

Plasmid construction, transfection, and
coimmunoprecipitation assay

Full-length fragments of transcription factors with different tags, including
NFAT1-Flag, NFAT1-HA, c-Fos-HA, NIP45-HA, T-bet-HA, IRF4-HA,
EGR1-HA, and Foxp3-HA, were amplified from Nile tilapia cDNA with
corresponding primers (Supplemental Table II). After digestion with
restriction enzymes, these fragments were ligated into pEGFP-CI1 to
construct transfection vectors. HEK 293T cells seeded in 6-cm? dishes
overnight were cotransfected with 5 wg NFAT 1-Flag-pEGFP-C1 plasmid
and 5 pg partner-HA-pEGFP-C1 plasmid, as indicated in the figures.
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At 48 h posttransfection, the cells were harvested and lysed in RIPA lysis
buffer with freshly added protease inhibitors. The supernatants obtained
were used for coimmunoprecipitation assay, which was performed using
anti-Flag Ab-conjugated agarose beads (Sigma-Aldrich). Briefly, 10 pl
anti-Flag Ab-conjugated agarose beads were added to the lysate of trans-
fected 293T cells and incubated at 4°C overnight with shaking. After
washing four times with lysis buffer, the beads were suspended in SDS
loading buffer and denatured at 95°C for 10 min, followed by Western
blot assay.

Western blot analysis

Homogenized Nile tilapia tissues or spleen leukocytes were lysed in RIPA
lysis buffer as described above, and nuclear proteins were extracted using a
Nuclear Protein Extracting Kit (Beyotime) according to the manufacturer’s
instructions. For Western blot analysis, the samples were separated by 12%
SDS-PAGE with a steady current of 40 mA, and then the protein was
transferred to nitrocellulose membrane at 100 V for 2 h. After blocking
with 4% skim milk powder in phosphate-buffered saline with 0.05% tween
(PBST) at room temperature for 1 h, the blots were incubated with 1:1000
diluted primary Abs against calmodulin (4830), calcineurin (2614), IP;R
(8568), phospho-IP;R (8548), phospho-GSK3B (9323), Histone H3 (9717),
B-actin (4970), TBP (44059) from Cell Signaling Technology, 1:1000
diluted NFAT1 Ab (sc-7296; Santa Cruz Biotechnology), 1:2000 diluted
Flag or HA Abs (Sigma-Aldrich) at 4°C overnight. The blots were washed
three times with phosphate-buffered saline with 0.05% tween (PBST) and
then further incubated with 1:10,000 diluted goat—anti rabbit or mouse IgG
H and L chain—conjugated with Alexa Fluor 790 or 680 (Abcam) as
the secondary Ab at room temperature for 1 h. Another three times of
washes were performed before the blotting results were acquired using
Odyssey CLx Image Studio. 3-Actin and histone H3 or TBP were selected
as internal controls for total and nuclear proteins, respectively.

Statistical analysis

All data are presented as the mean * SEM. Statistical evaluations of
differences were conducted by a two-tailed Student 7 test; p values were as
follows: *p < 0.05, **p < 0.01, and ***p < 0.001.

Results
An evolutionarily conserved Ca**—NFAT axis is present in
Nile tilapia

To begin our study, an indepth search for Ca®>*~NFAT signaling
components was performed in the Nile tilapia genome sequence
available in NCBI GenBank. All components of the classical
Ca**-NFAT pathway, including IPsR, calmodulin, calcineurin-A,
NFAT1, NFAT2, and NFAT4, were identified in Nile tilapia
(Fig. 1A, Supplemental Table I), indicating the potential presence
of Ca>*~NFAT pathway in this early vertebrate. As an initial re-
ceptor that senses the intracellular second messenger IP;, Nile
tilapia IP3R shares a domain organization similar to that of the
mouse receptor (Fig. 1B). Both proteins consist of four tandem
MIR domains that function as ligand transferases and two tandem
RYDR-ITPR domains that contain IP; binding sites, followed by
an RIH-assoc domain and an Ion-trans domain with six trans-
membrane helices (Fig. 1B). Downstream of IP;R, Nile tilapia
calmodulin also exhibits a pattern similar to that of its homolog
from mouse in the arrangement of its four functional EF-hand
domains, which have potential calcium-binding function (Fig. 1C).
The same is true for calcineurin-A, with both Nile tilapia and
mouse calcineurin-A comprising a catalytic domain, a calcineurin-
B-binding motif, and a calmodulin-binding motif (Fig. 1D).
Similarly, the functional domains or motifs of NFAT1, NFAT2,
and NFAT4, including the calcineurin-binding motif, nuclear lo-
calization signal, nuclear export signal, and Rel homology domain
(RHD), also adopt similar organizations in Nile tilapia and mouse
(Fig. 1E). However, one exception is that Nile tilapia NFAT2 has a
longer C terminus than does its counterpart from mouse (Fig. 1E).

Moreover, primary and tertiary structures of Nile tilapia cal-
modulin and calcineurin-A, which are associated with Ca®*
binding and signaling transduction, are well conserved with those

of homologs from other species (Fig. 1F, 1G, Supplemental Fig. 1A).
Notably, the amino acid sequences of calmodulin from seven se-
lected vertebrates are entirely the same (Fig. 1F), suggesting
high conservation of this molecule during evolution. In addition,
amino acid sequences of Nile tilapia NFATs, especially the RHD,
which is responsible for the DNA binding that is usually found in
a family of eukaryotic transcription factors, also show high con-
servation with the counterparts in other vertebrates (Supplemental
Fig. 1B). Moreover, phylogenetic trees show that Nile tilapia
IP3R, calcineurin-A, NFAT1, NFAT2, and NFAT4 cluster with
their homologs from other teleost (Fig. 1H, 11, Supplemental
Fig. 2). Taken together, these results suggest that the teleost
Nile tilapia encodes an intact and conserved Ca®>*—NFAT path-
way, which might perform functions similar to those reported in
higher vertebrates.

Nile tilapia Ca**—NFAT axis participates in the primary
adaptive immune response

Because a potential Ca?*—FAT pathway was found in Nile tilapia,
we sought to determine in which tissue this signaling pathway
functions. Western blot assays using specific Abs revealed that the
Nile tilapia calmodulin protein is highly expressed in the gill,
intestine, spleen, liver, and head kidney and is relatively lower in
the skin, trunk kidneys, and muscle (Fig. 2A, 2B). The expression
level of calcineurin is relatively higher in gill and spleen, interme-
diate in skin, liver, head kidney, trunk kidney, and muscle, and lower
in intestine (Fig. 2A, 2C). These results suggest that Ca>*—~NFAT
might be a constitutive signaling pathway with a broad tissue
distribution in Nile tilapia.

To determine whether the Ca>*~NFAT pathway is involved in
the adaptive immune response, we infected Nile tilapia with the
pathogen S. agalactiae using a sublethal dose that caused an
~30% death rate within 10 d according to our previous study (42),
and the expression level of Ca**~NFAT components in spleen
lymphocytes was examined by qPCR and Western blot in the
primary response stage. Transcripts of IP3;R, calmodulin, and
calcineurin-A were significantly induced at 3, 5, or 8 d postin-
fection (Fig. 2D). Similarly, compared with their counterparts,
the protein levels of calmodulin and calcineurin were also in-
creased in spleen lymphocytes of S. agalactiae—infected fish at
3 or 5 d postinfection (Fig. 2E, 2F). Although mRNA expression
of NFAT1 was comparable between infected and control animals
(Fig. 2G), NFAT1 protein was obviously elevated during bacterial
infection (Fig. 2E, 2F). In addition, mRNA level of NFAT2, but
not NFAT4, was dramatically increased in response to pathogen
infection (Fig. 2G). Although we could not assess the protein
expression patterns of NFAT2 and NFAT4 during bacterial in-
fection because of the lack of effective Abs, our results indicate
that Ca**-NFAT pathway participates in the primary response
of lymphocyte-mediated adaptive immunity in Nile tilapia.

T cell signals induce sustained Ca®* influx and calcineurin
activation in Nile tilapia

Next, we examined how Ca?*~NFAT signaling participates in
lymphocyte-mediated adaptive immunity in Nile tilapia. The
T cell-specific mitogen PHA was used to stimulate Nile tilapia
spleen lymphocytes in vitro. Upon T cell activation, IP;R mRNA
or protein expression was not upregulated (Fig. 3A, 3B). However,
further investigation revealed that phosphorylation of IP3R,
which is crucial for Ca®* release, was dramatically increased in
spleen lymphocytes following activation by PMA and ionomycin
(Fig. 3B). Enhancement of IP;R phosphorylation was also con-
firmed by confocal microscopy (Fig. 3C), suggesting that IP3R
mainly participates in Nile tilapia lymphocyte activation via
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FIGURE 1. Evolutionary conservation of Nile tilapia Ca>*~NFAT signaling components. (A) Domain prediction of Nile tilapia Ca?>*~NFAT components
by the SMART program. (B—E) Comparison of the domain organization of IP;R (B), calmodulin (C), calcineurin-A (D), and NFAT (E) proteins from the
indicated species. (F) Multisequence alignment analysis of calmodulin from Nile tilapia with homologs from other animals. Amino acids with 100%
identity are in red, and similar amino acids are in gray. The four EF-hand domains are labeled. (G) Prediction of the tertiary structure of calmodulin and
calcineurin-A from Nile tilapia and mouse by SWISS-MODEL. (H and I) Phylogenetic trees for IP;R (H) and calcineurin-A (I) were constructed with the
amino acid sequences from the indicated species. The trees were constructed using the NJ algorithm in the Mega 4.1 program based on multiple sequence
alignment by ClustalW. Bootstrap values of 1000 replicates (%) are indicated for the branches. The accession numbers of selected sequences are listed in
Supplemental Table I.
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FIGURE 2. The Ca>*-NFAT pathway is involved in the adaptive immune response of Nile tilapia. (A) Calmodulin and calcineurin-A expression in the
indicated tissues was determined by Western blotting. (B and C) Quantification of calmodulin (B) and calcineurin (C) expression by calculating the
densitometry of target protein/B-actin (n = 4). (D-G) Fish were i.p. injected with S. agalactiae or PBS, and spleen lymphocytes were harvested on
the indicated days postinfection. (D and G) Relative mRNA levels of indicated molecules in lymphocytes with or without infection were examined by qPCR
(n = 4-5). (E) Immunoblotting showed the expression pattern of the indicated molecules in lymphocytes with or without infection. (F) Quantification of
indicated protein expression by calculating the densitometry of target protein/B-actin (n = 3). The data shown are representative of at least two independent
experiments. *p < 0.05, **p < 0.01, as determined by a two-tailed Student ¢ test.

phosphorylation rather than mRNA or protein level. Downstream
of IP;R, the mRNA level of calmodulin was significantly induced
after lymphocytes were stimulated by PHA (Fig. 3A). Concor-
dantly, we also found elevated protein expression of calmodulin
in lymphocytes after activation by PMA plus ionomycin (Fig. 3B,
3D). Furthermore, although much weaker than thapsigargin-
induced Ca®* influx, an obvious and sustained Ca®* influx ac-
companying PHA-induced T cell activation was observed by flow
cytometry on the gated lymphocyte population (Fig. 3E, 3F).
Although neither mRNA nor protein level of calcineurin was in-
creased during T cell/lymphocyte activation (Fig. 3A, 3B), T cell
or lymphocyte activation did cause a prompt increase in calcineurin
enzyme activity (Fig. 3G, 3H). Altogether, our results suggest
that IPsR phosphorylation, calmodulin expression, sustained Ca*

influx, and calcineurin activation are crucial events during Nile
tilapia T cell activation.

Nile tilapia calcineurin-regulated NFAT nuclear import
controls T cell activation

In mammals, TCR signal-induced Ca®* influx and calcineurin
activation are crucial for NFAT nuclear translocation and T cell
activation. To determine whether these events is also indispensable
for ancestral T cell activation, we first examined the expression
and translocation patterns of NFAT upon T cell or lymphocyte
activation. After PHA stimulation, mRNA expression of NFAT1,
NFAT?2, and NFAT4 in spleen lymphocytes was significantly up-
regulated (Fig. 4A), suggesting the potential involvement of NFAT
in T cell activation at the transcriptional level. Total NFAT1 protein
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FIGURE 3. T cell signals induce Ca2+ influx and calcineurin activation in Nile tilapia. (A) Spleen lymphocytes of Nile tilapia were stimulated with PHA
in vitro, and relative mRNA levels of the indicated molecules were examined by qPCR (n = 4). (B-D) Spleen lymphocytes were stimulated with PMA and
ionomycin in vitro. (B) Immunoblotting showing protein or phosphoprotein levels of the indicated molecules in lymphocytes with or without stimulation.
(C and D) Immunofluorescence analysis showing the level of IP;R phosphorylation (C) and calmodulin (D) in lymphocytes with or without stimulation. Bar
figures shown the percentage of positive cells within 100 cells (n = 3). (E and F) Ca>* influx was determined by flow cytometry of Indo-1-loaded spleen
lymphocytes based on the change in the 450:510 nm ratio after PHA or thapsigargin stimulation (E), and bar figure showing the ratio of 450:510 nm
statistics before and after stimulation (F) (n = 3). (G and H) Enzyme activity of calcineurin was examined in Nile tilapia spleen lympho-
cytes after in vitro PHA (G) or PMA plus ionomycin (H) stimulation (n = 3). The data shown are representative of at least two independent experiments.
#*p < 0.05, **p < 0.01, #**p < 0.001, as determined by a two-tailed Student ¢ test.
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levels were also induced when spleen lymphocytes were activated
by PMA plus ionomycin (Fig. 4B). More importantly, NFAT1
translocation into the nucleus increased notably within 15 min
during this process (Fig. 4C). Elevated NFAT1 nuclear translo-
cation upon lymphocyte activation was further confirmed by
confocal microscopy (Fig. 4D). These results indicate that NFAT
translocation is a remarkable event during lymphocyte activation
in Nile tilapia.

To investigate the role of NFAT translocation on T cell activation
in Nile tilapia, the calcineurin specific inhibitor cyclosporine A was
employed to block Ca**~NFAT signaling. In vivo injection of cy-
closporine A obviously suppressed the enzyme activity of calci-
neurin in Nile tilapia spleen lymphocytes after PHA stimulation
(Fig. 4E) and further impaired nuclear translocation of NFAT1
(Fig. 4F). Moreover, blockade of calcineurin activity and NFAT
translocation by cyclosporine A hindered upregulation of CD122
and IFN-y during PHA-induced T cell activation (Fig. 4G, 4H),
indicating that NFAT nuclear translocation is indispensable for
T cell activation in Nile tilapia. Taken together, our results show that
NFAT nuclear translocation induced by calcineurin activity plays a
crucial role during T cell activation in the teleost Nile tilapia.

Cabinl represses calcineurin activity to prevent NFAT-induced
T cell activation

The activity of calcineurin is controlled not only by upstream Ca**
and calmodulin, but also by several endogenous calcineurin in-
hibitors (10, 20). Among these inhibitors, the Cabinl interacts
with calcineurin to block its enzyme activity independently of
calmodulin, resulting in inhibition of NFAT dephosphorylation
and nuclear translocation (22, 23). A Cabinl identified in the Nile
tilapia genome displays the same domain organization as its ho-
molog from human. In both proteins, the N terminus contains six
tetratrico peptide repeat region (TPR) domains (Fig. SA), which
facilitate protein—protein interaction and multiprotein complex
assembly, and the C terminus contains the MEF2-binding domain
(Fig. 5A), whose interaction with MEF2 domain would cause
repression of transcription (44). Compared with that of the human
protein, amino acid sequence of the Nile tilapia protein, including
but not limited to the MEF2-binding domain, is relatively con-
served (Fig. 5B). In addition, the phylogenetic tree suggests that
Nile tilapia Cabinl clusters with homologs from other teleost
(Fig. 5C). Therefore, Nile tilapia Cabinl appears to be an evolu-
tionarily conserved molecule that might perform similar functions
with that in higher vertebrates.

Next, we assessed whether Nile tilapia Cabinl influences cal-
cineurin activity and NFAT nuclear import. Upon PHA-induced
T cell activation, Cabinl mRNA expression was notably in-
creased in spleen lymphocytes from Nile tilapia (Fig. SD). The
efficient knockdown of Cabinl expression by siRNA (Fig. 5E)
significantly enhanced calcineurin enzyme activity (Fig. 5F),
suggesting potential inhibition of calcineurin activity by Cabinl in
Nile tilapia. Furthermore, increased calcineurin activity induced
by Cabinl interference was accompanied by higher levels of
NFAT1 protein in the nucleus of Nile tilapia spleen lymphocytes
(Fig. 5G). Concordantly, spleen lymphocytes isolated from
Cabin1-siRNA-treated fish exhibited a stronger T cell activation
status, as manifested by obviously elevated CD122 and IFN-vy
mRNA expression (Fig. 5SH). Altogether, our data indicate that
Cabinl prevents NFAT-induced T cell activation of Nile tilapia by
repressing calcineurin enzyme activity.

DYRKIA promotes NFAT nuclear export in Nile tilapia

In addition to the calcineurin-regulated NFAT nuclear import,
NFAT-driven gene expression is controlled by several NFAT

kinases in the nucleus, which promote NFAT rephosphorylation,
nuclear export signal exposure and nuclear export (30, 31). We
identified a homolog of NFAT kinase, DYRKI1A, in the Nile ti-
lapia genome. The amino acid sequence of Nile tilapia DYRKI1A,
especially the functional protein kinase domain, is highly con-
served compared with the corresponding sequences from mouse
(Fig. 6A). Moreover, DYRK1As from Nile tilapia and mouse
share almost identical domain organization and tertiary structure
(Fig. 6B, 6C), suggesting evolutionary conservation of this kinase.
Similar to other molecules that regulate Ca®*~NFAT signaling,
Nile tilapia DYRKIA shows close evolutionary distance with
teleost species (Fig. 6D). Based on these sequence, structure, and
phylogenetic properties of Nile tilapia DYRK1A, we suspect that
it performs a similar regulatory function in the context of NFAT
nuclear translocation.

In Nile tilapia spleen lymphocytes, the mRNA expression of
DYRKI1A was dramatically increased following activation by PHA
(Fig. 6E), suggesting its potential involvement in T cell activation.
To investigate the regulatory role of DYRKIA in Nile tilapia
NFAT nuclear translocation, we treated fish with the specific in-
hibitor harmine before spleen lymphocytes were stimulated with
PMA and ionomycin. Inhibition of DYRK1A caused more NFAT'1
protein to be retained in the nucleus during lymphocyte activation
(Fig. 6F), indicating that DYRK1A promotes NFAT nuclear ex-
port. In accordance with the higher level of nuclear NFATI,
T cells from DYRK1A-inhibited fish were more easily activated
than were those from normal animals, as revealed by the higher
expression levels of CD122 and IFN-y in response to PHA
stimulation (Fig. 6G). Thus, DYRK1A-mediated NFAT nuclear
export negatively regulates T cell activation in Nile tilapia.
Meanwhile, we found that DYRKI1A blockade by harmine en-
hanced GSK33 phosphorylation in spleen lymphocytes during
PMA and ionomycin stimulation (Fig. 6H). GSK3 is another
reported NFAT kinase that promotes NFAT nuclear export in mam-
mals (10, 29), and both mRNA and phosphorylation levels of Nile
tilapia GSK3 were enhanced during T cell activation (Fig. 61, 6J).
Because phosphorylation of GSK3 inactivates it, our results in-
dicate that DYRK1A might regulate NFAT nuclear export via
GSK3 in Nile tilapia.

Teleost NFAT might cooperate with other transcription factors
to initiate gene expression

The NFAT protein has been considered to be an important factor for
integrating of Ca”* signaling with many other pathways in T cells,
because it can interact with different transcription factors to ini-
tiate T cell-specific gene expression in the nucleus (10, 20). AP1,
NIP-45, EGR-1, IRF-4, and T-bet are well-known mammalian
transcription partners of NFAT, and their interactions with NFAT
are crucial for IL-2, IL-4, or IFN-y expression and T cell acti-
vation (45-50). Using coimmunoprecipitation assay, Nile tilapia
NFAT1 was found to directly associate with the AP1 compo-
nent c-Fos, NIP-45, T-bet, and IRF4 (Fig. 7A-D), suggesting
the potential regulatory roles of NFAT in T cell gene expres-
sion. However, Nile tilapia NFAT1 could not associate with
EGR-1 (Fig. 7E). We also revealed that Nile tilapia NFAT1 is
able to form a homodimer (Fig. 7F). In contrast, depending on
the milieu, NFAT interacts with Foxp3 at the IL-2 promoter to
inhibit IL-2 expression and suppress T cell activation (51).
Interestingly, the interaction between NFAT1 and Foxp3 is also
observed in Nile tilapia (Fig. 7G), indicating its potential
negative regulatory effect on T cell immunity. Altogether, these
data suggest that teleost NFAT might serve as a versatile in-
tegrator that cooperates with multiple transcription factors to
regulate T cell immunity.
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FIGURE 4. Calcineurin-regulated NFAT nuclear import is crucial for Nile tilapia T cell activation. (A) Spleen lymphocytes of Nile tilapia were
stimulated with PHA in vitro, and relative mRNA levels of the indicated molecules were examined by qPCR (n = 4). (B-D) Spleen lymphocytes were
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Teleost T cell requires Ca’*—NFAT signaling for proper
expansion during the antibacterial response

Upon activation, T cells rapidly proliferate and differentiate into
effector T cells to eliminate infection. Because Ca>*—NFAT sig-
naling is crucial for Nile tilapia T cell activation, we sought to
know whether this signaling controls T cell expansion during the
primary immune response. Nile tilapia was treated with cyclo-
sporine A during S. agalactiae infection. The relative spleen and
head kidney weights of infected animals were obviously increased
at 8 d postinfection (Fig. 8A). In contrast, the gaining weight of
immune related organs was dramatically impaired in fish whose
Ca”*-NFAT signaling were blocked (Fig. 8A). Furthermore, the
total leukocyte numbers isolated from spleen and head kidney of
cyclosporine A—treated fish were markedly reduced compared
with those from infected control animals (Fig. 8B). Our previous

results revealed that cyclosporine A treatment decreases the fre-
quencies of lymphocyte population in the PBL and spleen of
Nile tilapia during S. agalactiae infection (42). In the current
study, we found that inhibition of Ca>*~NFAT signaling caused
an obvious decrease of lymphocyte frequencies, not only in PBL
and spleen, but also in the head kidney (Fig. 8C, 8D). The lower
leukocyte numbers and lymphocyte frequencies in the spleen and
head kidney in the absence of Ca®>*—NFAT activity collectively
resulted in a severe reduction of lymphocyte numbers compared
with those in infected control fish (Fig. 8E). These observations
suggest that Ca>*—NFAT signaling is indispensable for patho-
gen-induced lymphocyte expansion in teleost.

S. agalactiae infection induces mRNA expression of TCR and
coreceptors in Nile tilapia lymphocytes (42). In our study, a dra-
matic decrease expression of TCR3, CD4-1 and CD8a mRNA in
spleen lymphocytes treated with cyclosporine A was observed on
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FIGURE 5. Cabinl represses calcineurin and prevents NFAT nuclear import-driven T cell activation. (A) Comparison of the domain organization of
Cabinl from the indicated species. (B) Alignment analysis of the MEF2-binding domain of Nile tilapia Cabinl with its homolog in human. Amino acid
residues with 100% identity are in light gray, and similar amino acids are in dark gray. (C) A phylogenetic tree for Cabinl was constructed with the
amino acid sequences from the indicated species. The trees were constructed using the NJ algorithm with the Mega 4.1 program based on multiple
sequence alignment by ClustalW. Bootstrap values of 1000 replicates (%) are indicated for the branches. The accession numbers of selected sequences
are listed in Supplemental Table I. (D) Spleen lymphocytes of Nile tilapia were stimulated with PHA in vitro, and the relative mRNA level of Cabinl
was examined by qPCR (n = 4). (E-H) Nile tilapia was i.p. injected with control- or Cabinl-siRNA, and cells were harvested for assay at 48 h
after injection. (E) Bar figure shows the relative mRNA level of Cabinl in blood or PBL after injection of the indicated siRNA (n = 4). (F) Relative
calcineurin enzyme activity in spleen lymphocytes injected with control- or Cabinl-siRNA (n = 4). (G) Immunoblotting showing NFAT1 levels in
the nuclei of spleen lymphocytes from siRNA-injected fish. (H) Relative mRNA levels of the indicated molecules in spleen lymphocytes after
siRNA injection (n = 4). The data shown are representative of two independent experiments. *p < 0.05, ***p < 0.001, as determined by a two-tailed
Student 7 test.

day 5 after S. agalactiae infection (Fig. 8F), suggesting the po-
tential regulatory role of Ca”*—NFAT signaling on proliferation of
the T cell lineage in Nile tilapia. To investigate this regulation,
CFSE-labeled Nile tilapia spleen lymphocytes were stimulated
with PHA in the presence or absence of cyclosporine A. Upon
PHA-induced T cell activation, a severely defective proliferation
was detected in lymphocytes lacking of Ca®*—NFAT activity
(Fig. 8G). Meanwhile, inhibition of Ca**—-NFAT signaling might
not affect lymphocyte survival, because the frequencies of 7AAD*
cells were comparable between the Ca®*—NFAT inhibited and
uninhibited groups (Fig. 8G). To further confirm the regulatory

effect of Ca>’~NFAT signaling on the clonal expansion of the
T cell lineage in vivo, an anti-LCK Ab, which could specifically
identify Nile tilapia T cells (42), was used to trace T cells during
S. agalactiae infection. Ca**~NFAT suppression by cyclosporine
A resulted in a marked defect in T cell frequency, as indicated
by LCK" cells among the gated spleen lymphocyte population
(Fig. 8H, 8I). In addition to the frequency of LCK" cells, the
level of LCK expression was decreased in cyclosporine A-treated
spleen lymphocytes (Fig. 8J). Collectively, these observations
suggest that Ca’*—NFAT signaling promotes pathogen-induced
expansion of T cells in Nile tilapia.

020z 'S AeIN U0 AlUN feWION BUIyD 1seT e /B.0" jounwiw [:mman//:dny woly papeojumoq


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1901065/-/DCSupplemental
http://www.jimmunol.org/

The Journal of Immunology

A

Nile tilapia

YYAKKKRRHQQGQGE DSSHKKERKY)

579

NDGYDDDNYDY IVKNGEKWMDRYEIDSLIGKGSFGQVVKAYDRAEQEWVAIKIIKNKKAFLNQAQIEVRLLELM 214

mouse YYAKKKRRHQQGQGEDSSHKKERKVENDGYDEDNYDY IVKENGEKWMDRYEIDSLIGKGSFGQVVKAYDRVEQEWVAIKIIKNKKAFLNQAQIEVRLLELM 210

A A

mouse NKHDTEMKYYIVHLKRHFMFRNHLCLVFEMLSYNLYDLLRNTNFRGVSLNLTRKFAQQOMCTALLFLATPELSIIHCDLKPENILLCNPKRSAIKIVDFGS 310

Nile tilapia
A

Nile tilapia
A A

Nile tilapia GKR-YKPP

SCQLGQRIYQYIQSRFYRSPEVLLGMPYDLAIDMWSLGCILVEMHTGEPLFSGANEVDQMNKIVEVLGIPPNHIMDLAPKARKFFEKLSDGTWS|

NKHDTEMKYYIVHLKRHFMFRNHLCLVFEMLSYNLYDLLRNTNFRGVSLNLTRKFAQQLCTALLFLATPELSIIHCDLKPENILLCNPKRSAIKIVDFGS 314

A

KKTKD 414

mouse SCQLGQRIYQYIQSHFYRSPEVLLGM?YDLAIDHNSLGCILVEHHTGEPLFSGRHEVDQMNKIVEVLGIE‘PAHIi.DQhPKhRKFFEKL?BGTWSEKKTKDV‘HO

mouse GKREYKPPEETRKLHNILGVETGGPGGRRAGESGHTVADYLKFKDLILRMLDYDPKTRIQPYYALQHSFFK 480
SRKLHSILGVETGGPGGRRAGESGHAVADYLKFKDLILRMLDYDPKSRIQPYYALQHSFFK 483

A

[[]

mouse |

0 | —

1 736
tilapia | L] LD | |
1 755 mouse
Bipartite nuclear localization signal Protein kinase o
B Poly-Ser Poly-His Ser/Thr-rich %’
>
o
) ) :
8rHomo sapiens =
771 =Mus musculus . g g
100 Taeniopygia guttata‘# Z ) . =
"“Alligator mississippiensis . o k=
Xenopus tropicalis "_JJ oy s
——Danio rerio ===« tilapia g >¢ '
100 _Preochromis niloticus 42¥Ee E:
190% arimichthys crocea < 3
Drosophila sechellia » 3
| — 9
0.05 Q
=4
m
E F G CD122 IFN-y o}
DYRK1A 4 25- Q
_ 87 [ control 2 ** * 3
o o 5 min 15 min 45 min B 2.0 =
® B2 PHA-Sh harmi harmi harmi d 3
< 6- B PHA-10h Ctrl harmine Ctrl harmine Ctrl harmine % 154 3
Z NFAT1 | — SR ——— £ 2 c
£ 41 _ = —— _ . o 1.0 =]
0 Histone H3 l”-— — — £ 11 °
= - < -3 ‘ = 0.5+ =
21 i =
& 0- 0.0- &
0- PHA + + + + o
harmine - + - + N
N
N I J °
ok * [ control
>
P+| i 204 Il PHA
Ctrl_harmine 5 154 resting 5min 15 min 45 min
p-GSKap [=— =] E ] p-GSkap [— |
. : [0) * ———— -
Histone H3 2 B-actin [ — —d—]
T 5 =
;N
T
GSK3q GSK3p

FIGURE 6. DYRKIA promotes NFAT nuclear export in Nile tilapia. (A) Alignment analysis of the functional domain of Nile tilapia DYRKI1A with its
homolog in mouse. Amino acid residues with 100% identity are in red, and similar amino acids are in gray. The bipartite nuclear localization signal
is marked with a green line, the protein kinase domain is marked with a blue line, and the autophosphorylation sites are labeled with a red triangle.
(B) Comparison of the domain organization of DYRK1A from the indicated species. (C) Prediction of the tertiary structure of DYRKI1A from Nile tilapia
and mouse by SWISS-MODEL. (D) A phylogenetic tree for DYRK1A was constructed with the amino acid sequences from the indicated species. The
trees were constructed using the NJ algorithm with the Mega 4.1 program based on multiple sequence alignment by ClustalW. Bootstrap values of
1000 replicates (%) are indicated for the branches. The accession numbers of selected sequences are listed in Supplemental Table 1. (E) Spleen lymphocytes
of Nile tilapia were stimulated with PHA in vitro, and the relative mRNA level of DYRKIA was examined by qPCR (Figure legend continues)


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1901065/-/DCSupplemental
http://www.jimmunol.org/

580 Ca”**-NFAT IS CRUCIAL FOR EARLY VERTEBRATE T CELL IMMUNITY

B C
IB: HA EI IB: HA [ ] N e —
IB: Flag IEI input IB: Flag IE' input IB: Flag|[ [ S s S8 |input
T — o ocin | 5:acin [—]

NFAT1-Flag - + + NFAT1-Flag - + + NFAT1-Flag - + +
c-Fos-HA  + - + NIP45-HA  + - + T-bet-HA + - +

D

E F
BHAL____  "liP:Flag B:HA__ |iP:Flag BHAL _ « “]IP:Flag
IB:Flag[ = = = =]|input IB: Flag === = = ]|input IB: Flag | g == ||input
IB: actin IE' IB: actin IEI IB: actin IE'
NFAT1-Flag - + + NFAT1-Flag - + + NFAT1-Flag + - +
IRF4-HA + -+ EGRI-HA + -+ NFAT1-HA -  +  +

B:HA[______ | SR |IP:Flag
IB: FIagIZI input
IB: actin IEI

NFAT1-Flag - + +
Foxp3-HA + - +

FIGURE 7. Interaction of Nile tilapia NFAT1 with its transcription factor partners. 293 T cells cotransfected with NFAT1-Flag-pEGFP-C1 and partner-
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beads. Immunoblotting was performed using the indicated Abs. (A—G) Interaction of Nile tilapia NFAT1 with c-Fos (A), NIP-45 (B), T-bet (C), IRF4 (D),
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Activity of Ca®*—NFAT axis is indispensable for Nile tilapia expression of T-bet, an effector CD8"* T cell transcription factor,
T cells to eliminate infection was also reduced in the absence of Ca®*~NFAT activity (Fig. 9F).
Therefore, the results suggest that activity of Ca>*—NFAT axis is
indispensable for Nile tilapia T cells to eliminate infection.

Altogether, in Nile tilapia, T cell signaling induces IP;R
phosphorylation, Ca** influx, and calcineurin activation, sub-
sequently promoting NFAT nuclear import (Fig. 10A). In the
nucleus, in conjunction with transcription factors from other
signaling, NFAT initiates expression of genes that are responsible
for T cell activation (Fig. 10A). In addition, Ca**~NFAT activity
is indispensable for Nile tilapia T cell proliferation and infec-
tion elimination (Fig. 10B). Ca®*-NFAT signaling-controlled
T cell immunity is regulated at multiple levels in Nile tilapia,
and exogenous cyclosporine A and endogenous Cabinl suppress
calcineurin-driven NFAT nuclear import, whereas DYRK1A pro-
motes NFAT nuclear export (Fig. 10A).

Because Ca>*—NFAT signaling is pivotal for Nile tilapia T cell
proliferation during the antibacterial immune response, we next
sought to determine whether defective expansion of T cells affects
their ability to eliminate infection. Blockade of Ca®*~NFAT ac-
tivity by cyclosporine A during S. agalactiae infection rendered
the fish more vulnerable to pathogen (Fig. 9A). The high mortality
rate of animals lacking of Ca**~NFAT activity was associated with
a hampered ability to control the infection, as shown by dramatical
higher bacterial burdens in both spleen and liver compared with
the corresponding control (Fig. 9B). Recent studies have elucidated
the indispensable roles of cytotoxic T cells or INF-y-producing Th1
cells in controlling infection caused by extracellular Streptococcus
pathogens in both mammals and teleost (42, 52, 53). We found
that inhibition of Ca**-NFAT activity impaired expression of
the cytotoxic-related gene perforin A, but not granzyme B, in
spleen lymphocytes during S. agalactiae infection (Fig. 9C).  Discussion

Meanwhile, transcriptional levels of the proinflammatory cytokines Ca®* is a versatile second messenger that controls numerous cel-
IFN-vy and LT-a, as well as the proapoptotic gene FasL, were ob- lular processes. Binding of Ca®" to alter the charge of organelles
viously lower in lymphocytes isolated from cyclosporine A—treated and protein conformation represents a widespread and primitive

Nile tilapia than in those from control fish (Fig. 9D, 9E). Moreover, signal transduction mechanism (32). Different cell types adopt

(n =4). (F-H) Nile tilapia individuals were treated with the DYRKI1A inhibitor harmine for two consecutive days, and spleen lymphocytes were stimulated
with PHA or PMA plus ionomycin in vitro. (F) Immunoblotting showed the protein level of NFAT1 in the nuclear protein fraction of harmine-treated or
untreated lymphocytes after PMA plus ionomycin stimulation. (G) Bar figures show the relative mRNA levels of the indicated molecules in harmine-treated
or untreated spleen lymphocytes after PHA stimulation (n = 4). (H) Immunoblotting demonstrated the phosphorylation level of GSK3@ in the nuclear
protein fraction of harmine-treated or untreated lymphocytes at 15 min after PMA plus ionomycin stimulation. (I) Spleen lymphocytes of Nile tilapia were
stimulated with PHA in vitro, and the relative mRNA level of GSK3a or GSK3B was examined by qPCR (n = 4). (J) Inmunoblotting indicating the
phosphorylation level of GSK3p in spleen lymphocytes with or without PMA plus ionomycin stimulation. The data shown are representative of two
independent experiments. *p < 0.05, **p < 0.01, as determined by a two-tailed Student ¢ test.
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FIGURE 8. Ca**-NFAT signaling is indispensable for Nile tilapia T lymphocyte expansion during the antibacterial response. Nile tilapia individuals
infected with S. agalactiae were i.p. injected with cyclosporine A on days 2, 3, 4, and 6, and the animals were sacrificed for assay on day 8. (A and B)
Relative organ weight (A) and leukocyte number (B) of the spleen and head kidney of cyclosporine A—treated or untreated fish (n = 4). (C—E) Representative
dot plots (C), percentage (D), and absolute number (E) of lymphocytes within PBL, spleen, and head kidney leukocytes (n = 4). (F) Nile tilapia infected with
S. agalactiae were i.p. injected with cyclosporine A on days 2, 3, and 4, and relative mRNA expression of the indicated molecules in spleen lymphocytes
was examined by qPCR on day 5 postinfection (n = 4-5). (G) Nile tilapia individuals were treated with cyclosporine A for two consecutive days, and spleen
lymphocytes were labeled with CFSE and stimulated with PHA in the presence or absence of additional cyclosporine A. The dot plot shows the CFSE and
7TAAD staining at 48 h after stimulation. (H-J) Nile tilapia individuals infected with S. agalactiae were i.p. injected with cyclosporine A on days 2, 3, 4,
and 6, and the animals were sacrificed for assay on day 8. (H) Representative density plots showing the frequencies of LCK* lymphocytes in the spleen.
(1) Bar figures show the percentage of LCK* lymphocytes in the spleen (n = 4). (J) Overlaid histograms showing LCK expression in spleen lymphocytes
with or without cyclosporine A treatment. The data shown are representative of two independent experiments. *p < 0.05, **p < 0.01, as determined by a

two-tailed Student ¢ test.
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FIGURE 9. Ca®*-NFAT signaling is critical for Nile tilapia effector cells to eliminate infection. Nile tilapia individuals infected with S. agalactiae were
i.p. injected with cyclosporine A on days 2, 3, 4, and 6. (A) Kaplan—Meyer survival plot showing the survival percentage of Nile tilapia with or without
cyclosporine A treatment postinfection (n = 20). ***p < 0.001. The data shown are representative of three independent experiments. (B) S. agalactiae
titers in the spleen and liver on the indicated day postinfection (n = 5). (C—F) Relative mRNA levels of the indicated molecules in spleen lymphocytes
with or without cyclosporine A treatment on day 8 after S. agalactiae infection (n = 4). The data shown are representative of two independent experiments.

*p < 0.05, **p < 0.01, as determined by a two-tailed Student ¢ test.

distinct sets of Ca** signaling molecules. As with other excitable
cells, lymphocytes express ion channels to ensure Ca>* influx/
efflux as well as physiological functions, such as gene expres-
sion, development, migration, and apoptosis (3, 4, 15). During the
past decade, essential regulatory roles of Ca>* influx in T cell
immune processes, including maturation, activation, prolifera-
tion, differentiation, and function, have been well elucidated in
mammalian models (4, 5, 8-10, 14, 15). Nevertheless, whether
and how Ca®* signaling modulates the T cell response in early
vertebrates remains unclear. In the current study, we found that
tight regulation of calcineurin—NFAT axis activation by Ca>" in-
flux is indispensable for ancestral T cell activation, proliferation,
and infection clearance in a fish species. Because regulatory
mechanism of T cell immunity is not well understood in teleost,
we anticipate the findings of this study will fill in an important
gap in our knowledge regarding mechanism of adaptive immunity
in early vertebrates and provide a valuable perspective on T cell
evolution.

Bony fish has evolved an integral adaptive immune system armed
with fundamental weapons similar to those of tetrapod, for ex-
ample, B cells that express IgM/D/T, T cells with diverse sub-
populations, and cytokines (IL-2, IL-4, IFN-vy, etc.) with specific
regulatory functions (36, 54-56). Recent evidence demonstrates
the paramount importance of teleost IgT* B cells in resisting
parasite infection in mucosal sites (55, 57-59). In contrast, sus-
pected T cell subpopulations, such as CD4*, CD8*, or TCRyd*
leukocytes, also exert immunological functions similar to those of
helper T cells, cytotoxic T cells, or APCs in mammals (33-36, 38,
41). Despite great progress regarding teleost lymphocyte function,
the underlying mechanisms by which these cells develop, activate,
proliferate, or differentiate are largely unknown. For teleost
T cells, the slow progress is largely due to the lack of effective
mAbs of CD3e for all T cells or TCRB for a3 T cells. In our
previous study, we found that a mAb against human LCK was able

to identify the T cell population from Nile tilapia lymphocytes and
revealed that mTORCI1 signaling is indispensable for teleost
T cell activation and effector function via controlling metabolic
reprogramming (42). Using the Nile tilapia model, we further
illustrate in this study the potential mechanism by which Ca>*—
NFAT signaling regulates teleost T cell activation and function.
The lymphocyte signaling agonist PMA plus ionomycin, T cell-
specific mitogen PHA, and anti-LCK Ab were used to exclude
interference from other cell lineages. Meanwhile, to block Ca®*—
NFAT signaling in Nile tilapia, an immunosuppressive agent that
is widely used in organ transplantation, cyclosporine A, was
employed. Although such inhibition cannot exclude effects from
other cell lineages, our study provides valuable evidence for
understanding the regulatory mechanism of ancestral T cells.
Knockout model based on LCK or CD4 Cre-driven CRISPR/Cas9
is expected to facilitate further elucidation of the intrinsic regu-
latory roles of Ca>*~NFAT signaling in teleost T cell immunity.
Recent comparative genomic studies focusing on Ca”* signal-
ing have suggested that animals, fungi, and plants use different
mechanisms to control cytosolic Ca** concentrations, indicating
that Ca®* signaling acquired more extensive and varied functions
when life evolved from prokaryotic organisms to multicellu-
lar eukaryotes (32). However, whether Ca®* signaling and its
regulation on physiological processes, such as T cell immunity,
evolved within vertebrates remains unknown. The bony fish
Nile tilapia encodes the highly conserved components of Ca>*—
calcineurin—-NFAT axis, and these molecules were found to be
distributed widely in tissues/organs, suggesting potential versatile
functions of teleost Ca®* signaling, as reported in mammals. Ca>*—
calcineurin-driven NFAT activation is of paramount importance
for T cell activation. In mammals, TCR engagement results in the
phosphorylation of PLCvyl, which further hydrolyzes PIP2 to
generate the second messenger IP5; IP; in turn binds to its receptor
on the ER membrane to trigger intracellular Ca>* depletion and
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plays significant roles in Nile tilapia T cell activation, proliferation and effector T cell-mediated infection clearance.

sustained Ca?* influx (4, 9). Binding to Ca®* alters the confor-
mation of calmodulin and activates calcineurin to promote gene
transcription driven by nuclear import of NFAT, and this tran-
scription is indispensable for T cell activation and function (5, 8).
Strikingly, by examining Nile tilapia, we found that these events
of the Ca®*—NFAT regulatory strategy are not specific for modern
T cells; instead, they had already emerged in primitive T cells of
teleost during their activation. Moreover, Nile tilapia T cells
employ Cabinl to suppress calcineurin activity, and DYRKIA to
promote NFAT nuclear export, which are also sophisticated
strategies for modern T cells (10, 20). Thus, our data support an
argument that Ca®*—-NFAT-modulated T cell activation might be
an ancestral trait that already existed with the appearance of
adaptive immunity prior to the divergence of bony fish from
the tetrapod lineage. Downstream of calmodulin, the cAMP-
responsive element-binding (CREB) protein, which is regulated
by Ca**—calmodulin-dependent kinase (CaMK), also plays a
central role in T cell-related gene transcription after T cell acti-
vation (8). Further study is needed to elucidate the potential

cooperative roles of Ca**—calmodulin-CaMK—~CREB axis in tel-
eost T cell immunity.

To a large extent, the functional versatility of Ca>*—NFAT
signaling in T cell immunity can be attributed to the ability of
this axis to integrate signals from other pathways (10, 20). AP1, a
dimer that is formed by c-Fos and c-Jun that downstream of
MAPK signaling, is the best characterized transcriptional partner
of NFAT, and its cooperation with NFAT is responsible for a
specific pattern of gene expression that is essential for T cell ac-
tivation (46, 50). Nevertheless, AP1 is not the only transcriptional
partner of NFAT that synergistically influences gene expression.
For example, NFAT binds with c-Maf, IRF-4, or NIP-45 at the
IL-4 promoter to favor its expression (45, 49, 60); NFAT also
cooperates with EGR-1 or IRF-4 to activate the IL-2 promoter (48,
61, 62). In addition, NFAT and STAT4 together induce IFN-vy
expression and work synergistically with the transcription factor
T-bet to maintain Thl cells and commit cells to Th1 differentia-
tion (10, 20, 47). In Treg cells, NFAT directs T cell tolerance via
formation of the NFAT:Foxp3:DNA complex, which displaces the
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NFAT:AP1:DNA complex, to suppress IL-2 expression (51). Struc-
turally, flexibility of the linker region between N- and C-terminal
regions of RHD is responsible for the broad binding ability of
NFAT with other transcription factors (10). The high conservation
of Nile tilapia NFAT1 with its homologs from mammals indicates
that this protein may have similar synergistic roles with its part-
ners in teleost. As expected, Nile tilapia NFAT1 was found to
specifically associate with c-Fos, NIP-45, T-bet, IRF4, and Foxp3
in our present study. In addition to interaction with other tran-
scription factors, Nile tilapia NFAT1 forms a homodimer, which is
expected to occupy palindromic sites in gene regulatory regions
and to turn on specific gene-expression programs (63, 64). Al-
though the exact gene expression driven by the interaction of
NFAT with its transcription partners needs to be further eluci-
dated in Nile tilapia, our preliminary data provide helpful ev-
idence for understanding the potential regulatory mechanism of
Ca®*—NFAT signaling in T cell immunity in a fish species.

Ca®*-NFAT signaling is crucially important for adaptive immune
response that confers resistance to pathogen infection. Mammals
with deficiencies in intracellular Ca>* depletion, Ca>* influx, cal-
cineurin activity, or NFAT nuclear import show severe defects in
T cell immunity (4, 5, 15-17) and are even at high risk of SCID,
which is associated with uncontrollable bacterial infection and
high mortality (18, 19). In our study, we found that expression of
Nile tilapia Ca®>*~NFAT signaling components was obviously in-
duced by bacterial infection; moreover, suppression of signaling
activity by cyclosporine A impaired T cell activation, expansion,
and infection clearance, rendering the animals more vulnerable to
pathogens. These observations suggest that, as in modern mammals,
Ca®*-NFAT signaling-regulated T cell immunity is a key strategy
for resisting invasion of pathogenic microorganisms in early ver-
tebrates. However, many immunological events, including but not
limited to the regulation of Ca®* channels, the relationships among
different NFATSs, and the intrinsic roles of Ca®>*~NFAT signaling
in T cell immunity, should be elucidated in the future.

In summary, after identifying an evolutionarily conserved
Ca**-NFAT pathway in Nile tilapia, we elucidated its activation
mechanisms in a fish species. More importantly, we found that
Ca”**-NFAT signaling is indispensable for the activation, prolif-
eration, and infection clearance of primordial T cells in jawed fish,
thus providing the first description, to our knowledge, regarding
regulatory roles of Ca>*—~NFAT signaling-mediated T cell immu-
nity in a nontetrapod. Mechanistically, our data obtained using this
early vertebrate revealed interaction of NFAT with several other
transcription factors and clarified the potential regulatory mech-
anisms of NFAT nuclear translocation. Because knowledge of
adaptive immunity in early vertebrates remains limited, our results
have shed light on the mechanism of T cell immunity in teleost.
Moreover, from an evolutionary perspective, we propose that
Ca**-NFAT-modulated T cell immunity is a primitive strategy that
already existed upon the appearance of ancestral T cells, prior to
the divergence of bony fish from the tetrapod lineage.
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