COVID-192 Research Tools
Defeat the SARS-CoV-2 Variants

5
=.
<
(0]
)
®
S

| FN-y Production by CD8* T Cells Depends

%ihrﬁ)llgﬁ?’iglogy on NFAT1 Transcription Factor and

b

Regulates Th Differentiation

Thisinf ioni Leonardo K. Teixeira, Bruna P. F. Fonseca, Adriana
of geg?[ecr):\rl;lgrt |§(r)1 |§0c;12r.rent * Vieira-de-Abreu, Bianca A. Barboza, Bruno K. Robbs,
’ Patricia T. Bozzaand Jogo P. B. Viola

J Immunol 2005; 175:5931-5939; ;
doi: 10.4049/jimmunol.175.9.5931
http://www.jimmunol.org/content/175/9/5931

References Thisarticle cites 55 articles, 28 of which you can access for free at:
http://www.jimmunol .org/content/175/9/5931.ful | #ref-list-1

Why The JI? Submit online.
* Rapid Reviews! 30 days* from submission to initial decision
* No Triage! Every submission reviewed by practicing scientists

» Fast Publication! 4 weeks from acceptance to publication

*average

Subscription  Information about subscribing to The Journal of Immunology is online at:
http://jimmunol.org/subscription

Permissions Submit copyright permission requests at:
http://www.aai.org/About/Publications/Jl/copyright.html

Email Alerts Receive free email-alerts when new articles cite this article. Sign up at:
http://jimmunol.org/a erts

The Journal of Immunology is published twice each month by
The American Association of Immunologists, Inc.,

1451 Rockville Pike, Suite 650, Rockville, MD 20852
Copyright © 2005 by The American Association of
Immunologists All rights reserved.

Print ISSN: 0022-1767 Online |SSN: 1550-6606.

2202 ‘o€ Jequuendas uo 1sanb Aq /Hio’ jounwiw i :mmmy/:dny wou) papeojumoq


http://www.jimmunol.org/cgi/adclick/?ad=56318&adclick=true&url=https%3A%2F%2Fwww.invivogen.com%2Fsars2-spike-vectors%3Futm_source%3Djim-banner%26utm_medium%3Dbanner%26utm_campaign%3Djimmunol
http://www.jimmunol.org/content/175/9/5931
http://www.jimmunol.org/content/175/9/5931.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/

The Journal of Immunology

IFN-vy Production by CD8™ T Cells Depends on NFAT1
Transcription Factor and Regulates Th Differentiation’

Leonardo K. Teixeira,* Bruna P. F. Fonseca,* Adriana Vieira-de-Abreu,” Bianca A. Barboza,*
Bruno K. Robbs,* Patricia T. Bozza,” and Jodo P. B. Viola*

CDS8* T lymphocytes are excellent sources of IFN-vy; however, the molecular mechanisms that dictate IFN-vy expression upon TCR
stimulation in these cells are not completely understood. In this study, we evaluated the involvement of NFAT1 in the regulation
of IFN-vy gene expression in murine CD8" T cells and its relevance during Th differentiation. We show that CD8™, but not CD4™,
T cells, represent the very first source of IFN-y upon primary T cell activation, and also that the IFN-y produced by naive CD8*
T cells may enhance CD4™ Thl1 differentiation in vitro. TCR stimulation rapidly induced IFN-vy expression in CD8* T lympho-
cytes in a cyclosporin A-sensitive manner. Evaluation of CD8" T cells showed that calcium influx alone was sufficient to activate
NFAT]1 protein, transactivate IFN-y gene promoter, and induce IFN-vy production. In fact, NFAT1-deficient mice demonstrated
highly impaired IFN-vy production by naive CD8" T lymphocytes, which were totally rescued after retroviral transduction with
NFAT1-encoding vectors. Moreover, NFAT1-dependent IFN-vy production by the CD8™ T cell compartment was crucial to control
a Th2-related response in vivo, such as allergic inflammation. Consistently, CD8«a- as well as IFN-vy-deficient mice did not mount
a Th1l immune response and also developed in vivo allergic inflammation. Our results clearly indicate that IFN-y production by
CDS8™* T cells is dependent of NFAT1 transcription factor and may be an essential regulator of Th immune responses in vivo. The

Journal of Immunology, 2005, 175: 5931-5939.

l l pon T cell stimulation, CD4" T lymphocytes may un-
dergo a Th1/Th2 differentiation that is mostly character-
ized by the distinct pattern of cytokines they secrete.

Th1 cells produce IFN-vy, which is essential for the eradication of

intracellular pathogens, whereas Th2 cells secrete IL-4, IL-5, and

IL-13, which are crucial to the elimination of extracellular organ-

isms and to sustain allergic reactions. Several factors can influence

the differentiation pathway of CD4" Th cells, especially the cy-
tokines prevailing within the microenvironment where these cells
encounter Ags (1, 2). IL-12 and IFN-y are known to be the major

Th1-inducing cytokines (3). IFN-vy is a pleiotropic cytokine that is

essential for both innate and adaptive immunities (4), and its role

in CD4™ Th1 differentiation has been intensely addressed. In vitro
studies have shown that IFN-vy exerts both indirect and direct ef-
fects during Th1 development (5, 6). It induces APCs to produce

IL-12, which is of great importance during Th1 cell commitment

(7, 8). In addition, IFN-vy is responsible for inducing/maintaining

the expression of the B-chain of the IL-12R (IL-12R32) on CD4™

T cells, indicating an important role for IFN-vy in the Th1 effects

mediated by IL-12 (9, 10). Furthermore, IFN-y and Th1 responses

are considered to be protective against Th2-related disorders such
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as asthma and allergy (11-13). In animal models, the adoptive
transfer of IFN-y-producing cells into allergen-sensitized recipi-
ents has protected from airway eosinophilia after Ag challenge (14,
15). Defective IFN-vy production also predisposes toward the de-
velopment of allergic diseases, and patients with severe asthma
present significantly reduced IFN-vy production in response to al-
lergen compared with control individuals (16, 17).

Difterent transcription factors have been shown to regulate IFN-y
gene expression in T lymphocytes (3, 18). In CD4™ T cells, T-bet, the
master switch of the Thl response, is a key regulator of IFN-vy pro-
duction in developing Th1 lymphocytes (19). However, T-bet expres-
sion is induced by IFN-+y signaling pathway through STAT1, and thus
is dependent on an initial source of IFN-vy (10, 20). Several cellular
compartments of the immune system have been characterized as po-
tential sources of IFN-v in vivo, including NK cells and CD8™* T cells
(21, 22). It has been suggested that CD8" T cells may represent an
early source of IFN-v, which acts directly on CD4"* Thl differenti-
ation (22). Nevertheless, there are no available data concerning the
involvement of TCR-induced transcription factors in the regulation of
IFN-y expression in CD8" T cells.

NFAT proteins are pre-existing cytoplasmic transcription fac-
tors that are rapidly activated in T lymphocytes upon TCR stim-
ulation (23). The activation of NFAT proteins requires sustained
intracellular calcium levels that are induced shortly after TCR trig-
gering (23, 24). Calcium influx then activates the Ca”>"-dependent
phosphatase calcineurin, which dephosphorylates NFAT (25, 26).
Once activated, NFAT translocates to the nucleus, where it binds
to regulatory sequences and regulates the expression of several
cytokine genes, including IFN-vy (27, 28). The process of NFAT
activation is blocked by immunosuppressive drugs, such as cy-
closporin A (CsA)? and FK506, which inhibit the phosphatase
activity of calcineurin (29, 30). In fact, NFAT1-deficient mice

3 Abbreviations used in this paper: CsA, cyclosporin A; EGFP, enhanced GFP;
Eomes, eomesodermin; IRES, internal ribosomal entry sequence.
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(NFAT1 /") present a preferential differentiation toward a Th2
phenotype, including low levels of IFN-y and high levels of
IL-4 (31, 32). Consistently, CD4" T cells from NFAT1 7/~
mice present an impaired IFN-vy production (33), but no reports
regarding the participation of NFAT1 in the regulation of IFN-y
in CD8™" T lymphocytes have been described.

Thus, we addressed the involvement of NFATT transcription factor
in the regulation of IFN-vy production in CD8* T cells and its influ-
ence on Th1/Th2 immune responses using in vitro and in vivo models
of Th differentiation. In this study we show that naive CD8" T cells
do produce high levels of IFN-y upon TCR triggering during the
primary response, which is dependent on NFAT] transcription factor.
Also, we demonstrate that IFN-y production by the CD8" T cell
compartment enhances CD4" Thl differentiation in vitro and is cru-
cial to control allergic inflammation, which has been related to a Th1/
Th2 immune response deregulation. Our results thus suggest that
NFAT1 protein plays a positive regulatory role in IFN-+y production in
CD8™ T cells, which may modulate Th immune response in vivo.

Materials and Methods

Animals, cells, and reagents

C57BL/6, NFAT1/~, CD8«a ", and IFN-y ™/~ 8- to 12-wk-old female
mice were used in all experiments. Animals were bred and maintained in
the Brazilian National Cancer Institute animal facility. Animals were
treated according to the animal care guidelines of the Council for Interna-
tional Organizations of Medical Sciences. All primary cells (lymph nodes,
CD3", CD4", and CD8* T lymphocytes) and the mouse CD8" CTLL-
R8™ cell line were cultured in DMEM supplemented with 10% FCS, L-
glutamine, streptomycin-penicillin, essential and nonessential amino acids,
sodium pyruvate, vitamins, and 2-ME (all from Invitrogen Life Technol-
ogies). Hybridomas 2C11 (anti-CD3) and 53-6.7 (anti-CD8) were cultured
in RPMI 1640 supplemented with 10% FCS. All Abs were purified from
hybridoma supernatants by chromatography over protein G (Amersham
Biosciences), and their activities were functionally tested by cellular pro-
liferation, complement-dependent depletion, and ELISA. The cytokines
IFN-v, IL-2, IL-12, and IL-18 were purchased from PeproTech. The poly-
clonal Ab 67.1 (Dr. A. Rao, Harvard University, Boston, MA) was used to
detect the NFATI protein. PMA and ionomycin were obtained from Cal-
biochem, and the immunosuppressive drug CsA was obtained from LC
Laboratories. CFA and OVA were purchased from Sigma-Aldrich. The
solutions of May-Griinwald and Giemsa were obtained from Merck.
Polybrene (hexadimethrin bromide) was obtained from Fluka Chemie, and
chondroitin 6-sulfate sodium salt was purchased from Sigma-Aldrich.

Cell isolation and flow cytometry

In all experiments, different cell populations (CD3", CD4*, and CD8" T
cells) were obtained from lymph nodes (inguinal, brachial, axillary, and su-
perficial cervical). Purified single-cell suspensions were isolated by negative
selection with magnetic beads (Micro Beads, MACS technology) according to
the manufacturer’s instructions (Miltenyi Biotec). Streptavidin magnetic beads
were conjugated to specific-biotinylated Abs (anti-CD4, anti-CDS, and anti-
B220/CDA45R) to sort out undesired cell populations. For cytometric analysis,
cells were stained with specific fluorochrome-labeled Abs as previously de-
scribed (32). Labeled mAbs were all obtained from BD Pharmingen, and cells
were analyzed by flow cytometry on a FACScan (BD Biosciences). Cell pop-
ulations were isolated to >95% purity.

CD4™" Th differentiation
CD4" and CD8™ T cells were purified from C57BL/6 (IFN-y*'*) or IFN-

vy~'~ as described. For cocultivation assays, CD4" T cells from IFN-y*/*
mice were cultured together with CD8" T cells from either IFN-y*'* or
IFN-y~’~ mice (CD4:CDS8 ratio, 2:1) and primarily stimulated in vitro for
72 h with plate-bound anti-CD3 (1 ug/ml) in the presence of IL-12 (10
ng/ml). On the third day, cells were harvested, washed, and rested for 48 h.
After resting, CD4™" T cells were isolated again as described and were left
unstimulated or were in vitro stimulated for 48 h with plate-bound anti-
CD3 (1 wg/ml). After stimulation, cell-free supernatants were assessed for
IFN-vy or IL-4 by ELISA.

ELISA and intracellular cytokine staining

Cells were left unstimulated or were in vitro stimulated for 24, 48, or 72 h
at 37°C with different stimuli as indicated. Cell-free supernatant was as-

REGULATION OF IFN-y EXPRESSION IN CD8" T CELLS

sessed for IFN-vy and IL-4 protein levels by ELISA according to the man-
ufacturer’s instructions (BD Pharmingen). For intracellular cytokine stain-
ing, indicated cell populations (1 X 10° cells) from naive C57BL/6,
NFAT1**, and NFAT1 /" mice were stimulated in vitro for 72 h with
plate-bound anti-CD3 (1 wg/ml). Brefeldin A (1/1000; Cytofix/Cytoperm;
BD Pharmingen) was added to the culture 5 h before the staining proce-
dure. Briefly, cells were harvested, and surface markers were stained with
anti-CD8-FITC or anti-CD4-FITC Ab. Cells were next fixed and perme-
abilized for intracellular cytokine staining with anti-IFN-y-PE Ab, then
analyzed by flow cytometry.

RNase protection assays, Western blot, and immunofluorescence
staining

For RNase protection assay analysis, purified CD8" T cells (2 X 10° cells)
from C57BL/6 mice were left unstimulated or were in vitro stimulated for
6 h at 37°C with plate-bound anti-CD3 (1 ug/ml) as indicated. CsA (5 uM)
was added to cells 15 min before anti-CD3 stimulation. Total RNA was
immediately extracted with TRIzol reagent according to the manufacturer’s
protocol (Invitrogen Life Technologies). mRNA expression was analyzed
with a multiprobe RNase protection assay kit (Ribo-Quant; BD Pharmin-
gen). For IFN-vy expression analysis, mCK-1 and mCK-2 multiprobe sets
were used, and RNA loading was estimated by measuring GAPDH and
L32 housekeeping genes.

To detect the presence of the NFATI protein, purified CD8" T cells
from C57BL/6 mice or the CTLL-R8™ cell line (2 X 10° cells) were left
unstimulated or were in vitro stimulated for 15 min at 37°C with ionomycin
(5 uM). CsA (5 uM) was added to cells 15 min before stimulation. Total
protein lysates were obtained as previously described (26). Briefly, cells
were lysed in buffer containing 40 mM Tris (pH 7.5), 60 mM sodium
pyrophosphate, 10 mM EDTA, and 5% SDS, followed by incubation at
100°C for 20 min. Small-scale nuclear extracts were made as previously
described (34). Briefly, cells were resuspended in buffer containing 0.5%
Nonidet P-40, 10 mM Tris (pH 7.5), 10 mM NaCl, 3 mM MgCl,, 0.5 mM
DTT, 0. mM EGTA, 2 mM leupeptin, 1 mg/ml aprotinin, and 1 mM
PMSF. The supernatant was removed to a separate tube, and the nuclear
pellet was lysed in the same buffer as described above. Cell extracts were
analyzed by electrophoresis on 6% SDS-PAGE. The separated proteins
were transferred to nitrocellulose membrane, and NFAT1 protein was de-
tected by the polyclonal Ab 67.1 as previously described (26).

Intracellular localization of NFAT1 protein was addressed in purified
CD8™ T cells (2 X 10° cells) from C57BL/6 mice by immunofluorescence
staining, also as previously described (26). Briefly, cells were attached to
coverslips previously coated for 1 h with 2% gelatin and were left un-
stimulated or were stimulated for 16 h at 37°C with ionomycin (5 uM).
CsA (5 uM) was added to cells 15 min before ionomycin. Then cells were
fixed in 3% paraformaldehyde, permeabilized with 0.1% Nonidet P-40, and
stained with anti-NFAT1 67.1 Ab. The cells were photographed under
X100 magnification with a Zeiss Axiovert S100 microscope.

Retroviral construction and lymphocyte transduction

The pLIRES-EGFP bicistronic vector was constructed by inserting a 1.4-kb
BgllI-Notl fragment from the pIRES2-EGFP vector (BD Clontech), compris-
ing the encephalomyocarditis virus internal ribosomal entry sequence (IRES)
and the enhanced GFP (EGFP) coding region, into the pLEGFP-N1 retroviral
vector (BD Clontech; pLIRES-EGFP-empty). To generate the retroviral vector
encoding for NFATI, the full-length cDNA from NFATI isoform C was
cloned into the pLIRES-EGFP (pLIRES-EGFP-NFAT1). Then, the BD Eco-
Pack? ecotropic packing cell line (BD Biosciences) was transiently transfected
with retroviral vectors by calcium phosphate precipitation for 16 h. Cell-free
virus-containing supernatant was collected 48 h after transfection, and con-
centrated as previously described (35). The supernatant was supplemented
with IL-2 (20 U/ml), and immediately used for spin infection (twice, 45 min
each time, 1800 rpm, room temperature) of purified CD8" T cells from naive
NFAT1** and NFAT1™/~ mice previously stimulated with anti-CD3 (1 pg/
ml) for 24 h. Infected cells were incubated at 37°C for an additional 48 h,
supplemented with fresh medium, and stimulated with anti-CD3 (1 pg/ml) for
another 48 h. Cells were then stained for intracellular cytokine as described
above, and EGFP™ CD8™ lymphocytes were analyzed by flow cytometry for
IFN-vy production as described.

Transactivation assays

CTLL-R8™ cell line (2 X 10° cells) was eletroporated (950 uF, 250 V) in
a 0.4-cm GenePulser Cuvette (Bio-Rad) with 5 ug of the indicated IFN-
y-promoter constructs fused to a luciferase reporter gene (Luc; donated by
Dr. C. Wilson, University of Washington, Seattle, WA) (28) in serum-free
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medium. After 24 h, cells were washed and left unstimulated or were stim-
ulated in vitro for 16 h at 37°C with PMA (10 nM) or ionomycin (5 uM)
as indicated. CsA (5 uM) was added to cells 15 min before any other
treatment when indicated. The next day, cells were harvested, and lysis was
performed for 20 min at room temperature with 50 ul of 1X cell culture
lysis reagent (Promega). Crude extract (10 ul) was added to 100 ul of
luciferase assay substrate (Promega). Luciferase activity was promptly
measured in a Monolight 3010 Luminometer (Analytical Luminescence
Laboratory) and was expressed as relative light units.

Eomesodermin (Eomes) RT-PCR

Purified CD8" T cells (2 X 10° cells) from naive NFAT1*"* and
NFAT1 /" mice were left unstimulated (0 h) or were in vitro stimulated
for the indicated time periods at 37°C with plate-bound anti-CD3 (1 ug/
ml). Total RNA was extracted with TRIzol reagent (Invitrogen Life Tech-
nologies), and semiquantitative RT-PCR for murine Eomes expression was
performed using the Ready-To-Go You-Prime First-Strand Beads, accord-
ing to the manufacturer’s instructions (Amersham Biosciences). The prim-
ers used were as follows: Eomes, 5'-GCC CAC GTC TAC CTG TGC
AAC CG-3'" and 5'-TGT TAT TGG TGA GTT TTA ACT TCC C-3'
(334-bp product); and GAPDH, 5'-TGA AGG TCG GTG TGA ACG GAT
TTG-3" and 5'-ACG ACA TAC TCA GCA CCA GCA TCA-3'" (276-bp
product). PCR conditions were as follows: 95°C for 3 min; 35 cycles at
95°C for 30 s, 60°C for 30 s, and 72°C for 45 s; and final elongation at
72°C for 10 min. PCR products were resolved on 1.5% agarose gels and
visualized with ethidium bromide.

Pleurisy model

Naive animals were s.c. sensitized with 200 g (0.1 ml) of OVA emulsified
in CFA in a hind footpad, as previously described (36). Fifteen days later,
animals were intrathoracically challenged with PBS or OVA (12 ug) as
indicated. After 24 h, thoracic cavity was rinsed with 1 ml of PBS/0.1%
BSA. Cells were then cytocentrifuged and stained with May-Griinwald/
Giemsa for differential leukocyte analysis. Draining lymph nodes (popliteal
and inguinal) were harvested, and cells (2 X 10° cells) were stimulated in
vitro for 48 h with plate-bound anti-CD3 (1 ug/ml). Cell-free supernatants
were then assessed for IFN-y and IL-4 by ELISA. For in vivo CD8" T cell
depletion, NFAT1*"* mice were i.v. treated with anti-CD8 Ab (100 ug/
animal) every 2 days in a total of five injections before sensitization
(NFAT1"* and anti-CD8). Thereafter, mice continued to be treated with
anti-CD8 Ab (100 pg/animal) every 2 days until challenge. CD8" T cell
depletion was evaluated by flow cytometry of lymph nodes, which always
showed <3% CD8™" T cells.

Statistical analysis

Statistical analysis of values from wild type (+/+) and knockout (—/—)
mice and between control and treated groups was performed using un-
paired Student’s ¢ test for single comparison. A value of p < 0.05 was
considered statistically significant.

Results
Influence of IFN-vy produced by CD8" T cells on CD4™" Thl
differentiation

The cytokine IL-12 was initially characterized as the dominant
cytokine influencing the Th1 phenotype (3, 7, 8). However, addi-
tional studies have shown that other cytokines, such as IFN-y, may
also play a role during Thl development (5, 6). In an in vitro
model of Th differentiation, disruption of IFN-yR signaling path-
way drastically reduced IFN-vy production by CD4™ T cells even
when stimulated in the presence of IL-12, indicating that IFN-y
directly enhances CD4™" Th1 differentiation (data not shown). Sev-
eral cellular sources of IFN-y may enhance CD4" Thl differen-
tiation, such as NK, dendritic cells and CD8™ T cells (3, 21, 22).
As shown in Fig. 1A, upon TCR stimulation of primary lymph
node cells, CD8* T lymphocytes represent the very first source of
IFN-v production. To specifically address the influence of the
IFN-v produced by CD8* T cells on CD4* Thl differentiation,
naive CD4 " T lymphocytes cultivated together with CD8™ T cells
from IFN-y"/* or IFN-y~/~ mice were stimulated in vitro for 72 h
with anti-CD3. After this primary stimulation, CD4™ T lympho-
cytes were purified, stimulated in vitro, and assessed for their abil-
ity to produce IFN-y and IL-4. We observed in this study that
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FIGURE 1. IFN-y produced by CD8" T Iymphocytes enhances CD4*
Th1 differentiation. A, Total lymph node cells from naive C57BL/6 mice
were stimulated in vitro with anti-CD3 (1 ug/ml). After stimulation, cells
were analyzed for intracellular IFN-vy production at 72 h as described. Data
are representative of three independent animals. B, Purified CD4* T lym-
phocytes from IFN-y™* mice were cultivated together with CD8™ T cells
from IFN-y"/" or IFN-y /" mice, and then stimulated in vitro for 72 h
with anti-CD3 (1 wg/ml) in the presence of IL-12 (10 ng/ml). On the third
day, cells were rested for 48 h. After resting, CD4* T cells were purified
again and were left unstimulated (Unst) or were stimulated in vitro for 48 h
with anti-CD3 (1 wg/ml). Cell-free supernatants were assessed for IFN-y
and IL-4 by ELISA. All results are from a pool of three mice and are
representative of two independent experiments.

CD4™ T cells, which were cocultivated with IFN-vy-competent
CD8™ T cells, clearly produce more IFN-y and less IL-4 than
those cocultivated with IFN-y-deficient CD8" T lymphocytes
(Fig. 1B). Thus, our results demonstrate that the IFN-y produced
by CD8™ T cells enhances Thl phenotype development of CD4™
T lymphocytes during primary stimulation in vitro.

IFEN-vy production by CD8™ T lymphocytes

The molecular mechanisms that control IFN-y gene expression in
CD4" Th cells are widely known; however, the mechanisms that
dictate its expression in CD8* T lymphocytes are not completely
elucidated. Thus, we decided to address the molecular pathways by
which CD8™" T cells produce IFN-y. We show in this study that pu-
rified naive CD8* T cells produce IFN-vy upon TCR stimulation, but
not in response to IL-12/IL-18 treatment alone (Fig. 24). We also
observed that the IFN-vy production level was not altered when anti-
CD28 costimulation was administered together with anti-CD3 (data
not shown). However, 1L-12/IL-18 administration highly increased
IFN-vy levels when associated with TCR triggering, suggesting that
both cytokines may play a secondary role on TCR-induced IFN-y
production by CD8™" T lymphocytes (Fig. 2B). To evaluate the influ-
ence of other pathways in IFN-y production, we stimulated naive
CD8™ T cells with different stimuli. Surprisingly, ionomycin-driven
Ca”” influx was sufficient to induce IFN-y production in CD8" T
cells, which was slightly potentiated by PMA administration (Fig.
2C). However, PMA stimulation alone was not sufficient to induce
IFN-vy production in these cells (Fig. 2C). In addition, we found
that IFN-y expression is totally dependent on TCR stimulation, be-
cause IFN-vy transcript levels could be detected as early as 6 h after
TCR triggering, but not in unstimulated CD8" T cells (Fig. 2D). In
this study, we also show that IFN-vy expression/production by CD8 ™"
T lymphocytes is totally inhibited when CsA is administered together
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FIGURE 2. TCR triggering induces IFN-y production in CD8* T lym-
phocytes in a CsA-sensitive manner. CD8" T Iymphocytes were purified
from naive C57BL/6 mice as described, and then left unstimulated or stim-
ulated in vitro as indicated: anti-CD3 (1 pg/ml), IL-12 (10 ng/ml), IL-18
(50 ng/ml), PMA (10 nM), ionomycin (Iono; 5 uM), or CsA (5 uM). CsA
was added 15 min before the other treatments. A—C, Analysis of IFN-y
production by CD8™ T cells after 72 h of stimulation as indicated. Cell-free
supernatant was assessed for IFN-y by ELISA. D, Analysis of IFN-vy ex-
pression in CD8™" T cells by RNase protection assay after 6 h of stimula-
tion. RNA loading was estimated by measuring the intensity of L32 house-
keeping ribosomal protein gene. All results are from a pool of three mice
and are representative of three independent experiments.

with any other stimulus (Fig. 2). These results clearly demonstrate that
CD8™ T lymphocytes are competent for IFN-v production upon TCR
engagement, and IFN-vy expression was totally inhibited by CsA at the
transcriptional level.

CDS8™ T lymphocytes present functional NFATI protein

The activation of NFAT transcription factors requires sustained intra-
cellular Ca®* levels induced by TCR engagement (23). Calcium in-
flux then activates the Ca®"-dependent phosphatase calcineurin,
which is blocked by the immunosuppressive drug CsA (23). Taking
into account that IFN-vy expression is Ca>* dependent and blocked in
a CsA-sensitive manner, we decided to investigate whether CD8" T
lymphocytes presented NFAT transcription factor. We demonstrate
for the first time, to our knowledge, that naive CD8" T cells do
present inactive endogenous NFAT1 transcription factor (phosphor-
ylated form), which is activated by ionomycin-induced Ca”>" influx
(dephosphorylated form), and blocked by CsA (Fig. 3). In fact, iono-
mycin treatment not only led to NFAT1 dephosphorylation, but also
resulted in NFAT1 nuclear translocation, which was again blocked by
CsA as observed by Western blot of nuclear lysate and immunoflu-
orescence staining of CD8™ T lymphocytes (Fig. 3).

Effect of NFAT transcription factor on IFN-y promoter

We then examined the ability of NFAT transcription factor to reg-
ulate the IFN-vy promoter in a CD8" T cell line. The CTLL-R8"
cell line presents endogenous NFAT1 whose activation is induced
by ionomycin and blocked by CsA (Fig. 4A). Moreover, the
CTLL-R8™ cell line did not produce IFN-y when maintained in
culture without stimulation, but ionomycin treatment was sufficient
to induce its production, as assessed by ELISA (data not shown).
We then transiently transfected these cells with different IFN-y-
promoter constructs containing NFAT-binding sites and driving
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FIGURE 3. NFATI is dephosphorylated and translocated to the nucleus
in CD8" T lymphocytes after Ca®" influx. CD8" T lymphocytes were
purified from naive C57BL/6 mice as described, and then left unstimulated
(Unst) or stimulated in vitro as indicated: ionomycin (Iono; 5 uM) or CsA
(5 uM). CsA was added 15 min before ionomycin. A, Detection of NFAT1
transcription factor in CD8™ T cells in total lysates (Total; upper panel) or
nuclear lysates (Nuclear; lower panel) by Western blot analysis after 15
min of stimulation. NFAT1, dephosphorylated NFAT1; NFAT1-P, phos-
phorylated NFAT]1. B, Cellular localization of NFATI1 protein in CD8* T
cells by immunofluorescence staining after 15 min of stimulation. All re-
sults are representative of at least two independent experiments.

the luciferase reporter gene (Fig. 4B). Three NFAT-binding sites
were approximately identified at positions —100, —160, and —280
bp through the proximal 538 bp of the IFN-vy promoter (pIFN-y
—538; Fig. 4B) (28). Interestingly, ionomycin stimulation was suf-
ficient to highly transactivate the IFN-y proximal promoter con-
struct pIFN-y —538 (Fig. 4C). In accordance with primary CD8*
T cells results, PMA administration alone did not induce luciferase
activity or enhance reporter expression when associated with iono-
mycin, indicating that ionomycin-driven Ca®" influx alone was
sufficient to induce optimal response (Fig. 4C). The partial pro-
moter construct pIFN-y —108, which contained a single NFAT-
binding site, still showed 50% luciferase activity compared with
the full-length promoter construct (Fig. 4D). Again, IFN-vy pro-
moter activity remained sensitive to CsA (Fig. 4, C and D). How-
ever, promoter construct pIFN-y —39 showed no luciferase ex-
pression at all (Fig. 4D). To evaluate the direct role of NFAT on
IFN-vy promoter transactivation, we analyzed the effects of point
mutations in different NFAT binding sites (Fig. 4B) (28). As
shown in Fig. 4F, point mutations at the NFAT —160 site (N160),
—280 site (N280), or both sites (N160/N280) decreased luciferase
activity compared with the wild-type pIFN —538 construct. Point
mutation at both sites (N160/N280) decreased luciferase expres-
sion by an average of 50% compared with the pIFN —538 con-
struct, which is similar to the reduction observed in the pIFN-y
—108 construct (Fig. 4, D and E). It is still important to note in this
study the presence of a third intact NFAT binding site at position
—100, which could explain at least some of the luciferase activity
observed in the double mutant (N160/N280) and pIFN —108 con-
structs (Fig. 4, D and E). This site might play an important unrec-
ognized role in IFN-vy promoter regulation in CD8 " T cells. More-
over, luciferase expression always remained sensitive to CsA in all
constructs (Fig. 4, D and E). Based on these results, we conclude
that NFAT transcription factor plays a positive role in regulation of
the IFN-vy promoter in the CD8" T cell compartment.

Involvement of NFATI in IFN-vy production by CD8" T cells

To unequivocally test the hypothesis that NFAT1 is required for
IFN-vy production in CD8* T lymphocytes, we evaluated intracel-
lular IFN-vy production by these cells in NFAT1-deficient mice
(NFAT1 /7). Strikingly, upon stimulation of purified naive CD3™*
T lymphocytes from NFAT1™/* mice, CD8™, but not CD4*, T
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FIGURE 4. NFAT is able to transactivate IFN-vy
promoter in the CD8" T cell line. CTLL-R8™" cells
were left unstimulated (Unst) or were stimulated in
vitro as indicated: ionomycin (Iono; 5 uM), PMA (10
nM), or CsA (5 uM). CsA was added 15 min before
the other treatments. A, Detection of NFAT1 transcrip-
tion factor in CTLL-R8" cells by Western blot anal-
ysis 15 min after stimulation. NFAT1, dephosphory-
lated NFAT1; NFATI-P, phosphorylated NFATI. B,
Schematic view of the plasmid constructs used in the
transactivation assay. Different IFN-y-promoter con-
structs containing NFAT-binding sites were used:
pIFN-y —538 (proximal 538 bp of IFN-y promoter), 0
pIEN-y —108, pIFN-y —39, pIFN-y —538N160 ::':»: 2
(point mutation in the NFAT —160 site), pIFN-y CsA -
—538N280 (point mutation in the NFAT1 —280 site),
and pIFN-y —538N160/N280 (double mutation). El-
ement binding sites for the transcription factors
NFAT, AP-1, AP-2, and YY-1 are indicated. C-E,
CTLL-R8™ cells were transfected with the indicated
IFN-+y-promoter constructs and left unstimulated
(Unst) or stimulated in vitro for 16 h as indicated. 80
Then luciferase activity (Luc) was measured, and gene
reporter activity was expressed as relative light units
(RLUs). All results are representative of at least two
independent experiments.
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cells represented the main source of IFN-vy during the primary
response (Fig. SA). Furthermore, NFAT1 ™/~ mice showed a 3-fold
decrease in the frequency of IFN-y-producing CD8* T cells com-
pared with NFAT1%/" mice after 72 h of in vitro stimulation (Fig.
5A). Also, NFAT1~/~ CD8™" T cells showed a drastic impairment
of IFN-+y production compared with NFAT1"/* CD8" T cells, as
assessed by ELISA (Fig. 5B). To investigate the essential role of
NFATI transcription factor during IFN-y expression in CD8* T
cells, NFAT1/~ CD8" T lymphocytes were retrovirally trans-
duced with an NFAT1-enconding vector. As shown in Fig. 5C,
CD8™" T cells from NFAT1 ™/~ mice infected with pLIRES-EGFP-
empty construct showed drastically decreased IFN-vy-producing
cells compared with NFAT1™/" CD8" T cells infected with the
same construct. However, the frequency of IFN-y-producing cells
was rescued in NFAT1 ™/~ CD8" T cells retrovirally transduced
with NFATI1-encoding vector (pLIRES-EGFP-NFATI1) to the
same levels as the NFAT1** CD8™ T cells (Fig. 5C). Although
these results clearly demonstrate that IFN-vy expression in CD8* T
lymphocytes is extremely dependent on NFAT1, we also decided
to investigate the expression levels of the transcription factor
Eomes, which has been shown to be responsible for IFN-vy pro-
duction in CD8* T lymphocytes (37). As shown in Fig. 5D, no
differences were observed on Eomes gene expression levels in
CDS8* T lymphocytes from NFAT1"™" compared with
NFAT1 '~ mice. Thus, our results clearly demonstrate that the
IFN-vy produced by T lymphocytes upon TCR stimulation primar-
ily originates from CD8" T cells and depends mostly on NFATI
transcription factor.

In vivo consequences of NFATI-dependent IFN-y production

To further characterize the relevance of the IFN-y produced by
CD8™ T cells during in vivo Th immune responses, we took ad-
vantage of a well-defined pleurisy model. Allergic diseases are
usually characterized by eosinophil tissue infiltration, increase in
the level of serum IgE, and a Th2 pattern of cytokine production,
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including IL-4, IL-5, and IL-13, which is totally dependent on
CD4™" T lymphocytes (38). It has been clearly shown that Thl
cytokines, such as IFN-vy and IL-12, may suppress and counteract
the Th2 response of some allergic diseases (11, 12). Thus, we
asked whether NFAT1-dependent IFN-vy production by CD8" T
cells could modulate the Th1/Th2 immune response and control
allergic inflammation in vivo. We performed a pleurisy model of
allergic inflammation to evaluate the influence of IFN-vy on eosin-
ophil infiltration and cytokine production profile. As previously
demonstrated, we show in this study that NFAT1 ™/~ mice present
more eosinophils in the pleural cavity than wild-type mice after Ag
challenge (Fig. 6) (36, 39). Reinforcing our proposal, in vivo de-
pletion of CD8" T cells from wild-type mice (NFAT1/* plus
anti-CD8) led to eosinophilia in the pleural cavity similar to levels
in NFAT1 ™/~ mice (Fig. 6). Consistently, CD8«’~ and IFN-
™/~ mice also presented more pleural eosinophils compared with
respective wild-type mice (Fig. 6). To better understand the im-
mune response generated in vivo in this model, we analyzed the
cytokine production profile after restimulation ex vivo. As shown
in Fig. 7, NFAT1 ™/~ mice presented an enhanced Th2 phenotype,
including higher levels of IL-4 production and lower levels of
IFN-vy compared with wild-type mice. Surprisingly, CD8" T cell-
depleted NFAT1*"* mice, which presented eosinophilia similar to
NFAT1 /" mice, did not show high levels of IL-4 production (Fig.
7). However, IFN-vy production was strikingly decreased to levels
similar to those in NFAT1 /" mice (Fig. 7). Consistently, the
frequency of IFN-vy-competent CD4™ T cells in CD8" T cell-
depleted mice was also decreased to the level in NFAT1 /" mice
as analyzed by intracellular cytokine staining (data not shown).
Interestingly, CD8a '~ mice also presented a highly decreased
IFN-v response compared with respective wild-type mice, but
showed a mild increase in IL-4, which was observed in IFN—yf’f
mice (Fig. 7). These results suggest that NFAT1 transcription fac-
tor-dependent IFN-vy production by CD8™ T cells plays a crucial
role in eosinophil migration in this model of allergic inflammation
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FIGURE 5. NFATI is crucial for IFN-y production
in CD8* T lymphocytes. A, CD3" T lymphocytes were

purified from naive NFAT1"/* and NFAT1 /™ mice as

described and were stimulated in vitro with anti-CD3 (1
peg/ml). After stimulation, CD4* and CD8" T cells
were analyzed for intracellular IFN-vy production at 72 h
as described. B-D, CD8" T lymphocytes were purified
as described from naive NFAT1"" and NFATI '~
mice and were stimulated in vitro with anti-CD3 (1 ug/
ml). B, Cell-free supernatants of stimulated cells were cDs
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and may be important to control Th immune responses and allergic
diseases in vivo.

Discussion

In this study, we have demonstrated that IFN-vy production by CD8 "
T cells during the primary response is dependent on NFATI tran-
scription factor. Little is known about the molecular mechanisms that
regulate IFN-y production in CD8* T cells. T-bet, the master switch
of the Thl response, is a key regulator of IFN-y expression in CD4 ™
T cells (19). Nonetheless, it is noteworthy that T-bet expression is
induced through the IFN-vy signaling pathway, and thus its effects are
dependent on an initial source of this cytokine (10, 20). Pearce et al.
(37) have shown that the transcription factor Eomes, a T-bet paral-
ogue, controls effector functions of CD8" T cells, including IFN-y

production. However, this transcription factor is highly induced in
activated CD8™ T lymphocytes, but moderately detectable in naive
CD8" T cells (37). Also, the regulatory mechanisms that dictate
Eomes gene expression in CD8" T lymphocytes are not completely
elucidated. In fact, Eomes expression was induced in CD8" T cells
early after TCR triggering (Fig. 5D), but this does not seem to explain
the striking differences observed in IFN-vy production by NFAT1*/*
and NFAT1 '~ CD8" T lymphocytes.

By contrast, the NFAT family of transcription factors is largely
known to be activated soon after TCR stimulation. Within minutes
after Ca®* influx, NFAT translocates to the nucleus and binds to
regulatory sequences of the IFN-y promoter region, regulating its
expression (23, 27, 28). In this study we have shown that iono-
mycin-induced calcium influx was sufficient for IFN-vy production

NFAT1-/- CD8o-/- IFN-y-/-
7.5 NFAT1++ 751 coBa++ 200 iENy 4+
= B NFAT1+/+ + anti-CD8 T = W CDBo - 5 Ny *
2% - NFAT1- P g 2% 15
-E_ g 5.0 + -§. < 5.0 -§ %
£3 £1 £5
8% 25 8% 25 s
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FIGURE 6. NFATI-dependent IFN-y production by CD8* T lymphocytes controls eosinophilia in vivo. Naive animals (NFAT1*/*, NFAT1~/~, CD8a""",
CD8a ', IEN-y™*, and IFN-y /") or CD8" T cell-depleted mice (NFAT1*/" plus anti-CD8) were s.c. sensitized with OVA (200 ug) emulsified in CFA in
a hind footpad as described. Fifteen days later, animals were intrathoracically challenged with PBS or OVA (12 ug) as indicated. After 24 h, the thoracic cavity
was assessed for differential leukocyte analysis. The total number of pleural eosinophils is shown in control (PBS) and treated (OVA) groups. Data are expressed
as the mean = SEM of values from five mice and are representative of two independent experiments. *, Significantly different from wild-type, OV A-challenged
mice (p < 0.05); +, significantly different from non-CD8* T cell-depleted, wild-type, OV A-challenged mice (p < 0.05).
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FIGURE 7. IFN-vy production by CD8* T cells reg-
ulates the cytokine profile in vivo. Naive animals were
treated as described in Fig. 6. One day after challenge,
the draining lymph nodes (popliteal and inguinal) of the
indicated animals were stimulated in vitro for 48 h with
anti-CD3 (1 ug/ml). Then cell-free supernatants were
assessed for IFN-y and IL-4 by ELISA. Data are ex-
pressed as the mean = SEM values from five mice and
are representative of two independent experiments. *,
Significantly different from wild-type, OVA-challenged
mice (p < 0.05); +, significantly different from non-
CD8™" T cell-depleted, wild-type, OV A-challenged mice
(p < 0.05).
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in naive CD8" T lymphocytes. In fact, the three NFAT-binding
sites identified in the proximal regulatory region of the IFN-+y pro-
moter are required for maximum inducibility of this gene in Jurkat
T cells and primary murine splenocytes (27, 28). Consistently,
CD4™ T lymphocytes lacking NFATI display a substantial defect
in IFN-vy gene expression, independent of the down-regulatory ef-
fects of IL-4 and GATA-3 (33). It has also been proposed that
NFAT transcription factors may act as candidates to drive early
transcription of cytokine genes in T cells, because they can recruit
histone acetyltransferases and thus initiate localized histone mod-
ification in the IFN-y promoter region (40—42). Thus, TCR-in-
ducible transcription factors, such as NFAT1, may represent the
very first switch on IFN-vy production in CD8" T cells.

The local cytokine microenvironment is fundamental to define the
Th1/Th2 balance that CD4™ T cells may undergo during Ag recog-
nition (1, 2). The cytokine IFN-vy induces IL-12 production by APCs
and also up-regulates the expression of IL-12RB2 on CD4™" T cells
through the activation of T-bet (7-10). Both mechanisms are widely
known to promote/enhance CD4* Thl differentiation (3). Myeloid
cells, such as dendritic cells and macrophages, represent an early
source of IFN-vy and IL-12 in the innate arm of the immune system (3,
4). In fact, CD8a™ dendritic cells are able to prime CD4™ T lympho-
cytes toward the Thl phenotype (43, 44). Furthermore, it has been
recently demonstrated that NK cells may also represent an initial
source of IFN-y during Th1 polarization of naive CD4™ T cells (21).
Our data indicate that upon TCR stimulation of primary T cells,
CD8™, but not CD4™, T lymphocytes, are excellent producers of
IFN-v, which is crucial to enhance CD4 " Th1 differentiation (Fig. 1).
We thus suggest that CD8 ™" T cells also function as another source of
IFN-+y that may reinforce and amplify an adaptive Thl-specific re-
sponse. In accordance, it has been argued that the IFN-vy secreted by
CD8™ T cells acts directly on CD4 " Th1 priming and also stimulates
APCs to secrete IL-12 (22). In that work, in vivo injections of anti-
CD3 in various MHC gene knockout mice have clearly demonstrated
that IFN- is rapidly produced by a distinct population of CD8" T
cells and polarizes CD4™ T cells toward the Thl phenotype (22). It
has also been shown that the presence of IFN-vy during the early phase
of CD4™ Th priming is essential for Thl phenotype stabilization,
because CD4™" T cells lacking the IFN-y gene or its receptor do not
mount an efficient Thl response and retain the capacity to produce
IL-4 (6). We thus suggest that CD8™ T lymphocytes represent an
early source of NFAT1-dependent IFN-+y production during the initial
adaptive response, which may account for the consolidation of Thl
immunity.

Altering the cytokine-producing profile of Th cells by inducing Th1
responses has been proposed to be protective against Th2-related dis-
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orders, such as allergy (11-13). Our findings show that IFN-y and
also CD8™ T cells are regulators of eosinophil recruitment and Th
immune responses in vivo. Because the IFN-y produced by CD8™ T
lymphocytes was highly dependent on NFAT1, we suggest that mice
lacking this transcription factor could not counteract a Th2 response
and presented overexpression of Th2 cytokines and eosinophilia in
vivo. Thus, the impaired NFAT1-dependent IFN-y production by
CD8™ T cells could be an alternative explanation for the allergic
phenotype described in the NFAT1-deficient mice (36, 39). However,
we cannot rule out the hypothesis that NFAT1 ™/~ mice present a
Th2-biased phenotype in consequence of an intrinsic defect of CD4™
T cells to silence IL-4. This hypothesis could explain the low levels of
IL-4 production observed in CD8™ T cell-depleted mice and the only
moderate increase in CD8a- and IFN-vy-deficient mice, rather than the
profound increase in IL-4 levels observed in NFATI '~ mice
(Fig. 7).

In vivo studies of airway allergic inflammation have demon-
strated that IFN-y, CD8"* T cells, and also CD4" Thl cells are
able to regulate Ag-induced eosinophil infiltration by inhibiting
Th2 responses (11-15). Interestingly, T-bet-deficient mice had im-
paired IFN-vy production and also developed spontaneous airway
hyper-responsiveness similar to asthma patients, who revealed de-
ficient T-bet expression of the lungs and significantly lower IFN-vy
secretion by PBMC compared with healthy individuals (45, 46). In
accordance, it has been recently shown in a model of Leishmania
major infection that the IFN-vy produced by CD8™ T cells directly
promotes Thl differentiation and down-regulates initial Th2 im-
mune responses (47). Although depletion of CD8™ T lymphocytes
in NFAT1 /" mice induced eosinophil infiltration in our model of
allergic inflammation (Fig. 6), we cannot exclude the involvement
of other cell types in this phenomenon. In addition to CD8" T
cells, in vivo treatment with anti-CD8 Ab could deplete CD8a™
dendritic cells, which have been implicated in Thl differentiation
as well (43, 44). Thus, it is still possible that the absence of both
CD8™ T cells and CD8a™ dendritic cells might explain the en-
hanced allergic inflammation observed in CD8-depleted
NFAT1"" mice. Nevertheless, conflicting results have been doc-
umented regarding the protective action of CD8* T and CD4*
Thl cells against allergic diseases (48-50).

The suppressive effects of IFN-+vy on allergic inflammation may
be explained by several mechanisms. It is most likely that IFN-y
directly induces the differentiation of naive T cells toward the Th1
phenotype and/or represses Th2 cell recruitment/differentiation
rather than acting on eosinophils itself (4—6). It is also possible
that IFN-+y suppresses the release of Th2 cytokines from activated
T cells (51, 52) and thus inhibits the following Th2-dependent
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eosinophil recruitment (11, 38). However, other reports have
shown inhibitory properties of IFN-vy directly on eosinophil infil-
tration into inflammatory tissues (53, 54). Our results support the
idea that NFAT1 plays a positive regulatory role in IFN-y produc-
tion by CD8" T cells and may control allergic inflammation in
vivo. In contrast, a recent report have shown that inhibition of all
NFAT family members in T cells prevents allergic pulmonary in-
flammation, early eosinophil recruitment to the lungs, and Th2
response development (55). These results support the idea that
different NFAT members may play specific roles during immune
responses in vivo, because this family consists of five proteins with
distinct properties in the regulation of cytokine genes.

In conclusion, we demonstrate in this study that IFN-vy produc-
tion by naive CD8" T cells during primary stimulation is highly
dependent on NFAT1 transcription factor. We also indicate that
CD8™ T cells and IFN-y are essential to control allergic inflam-
mation. Finally, we suggest that NFAT1 protein plays a positive
regulatory role on IFN-vy production in CD8* T cells, which is
central to the generation of Th1 immune responses in vivo.
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