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Abstract
Nuclear factor of activated T cells (NFATs) are crucial transcription factors that tightly control
proinflammatory cytokine expression for adaptive immunity in T and B lymphocytes. However,
little is known about the role of NFATs for innate immunity in macrophages. In this study, we
report that NFAT is required for Toll-like receptor (TLR)-initiated innate immune responses in
bone marrow-derived macrophages (BMMs). All TLR ligand stimulation including LPS, a TLR4
ligand, and Pam3CSK4, a TLR1/2 ligand, induced expression of TNF which was inhibited by
VIVIT, an NFAT-specific inhibitor peptide. BMMs from NFATc4 knock-out mouse expressed
less TNF than wild type. Despite apparent association between NFAT and TNF, LPS did not
directly activate NFAT based on NFAT-luciferase reporter assay, whereas NF-κB was inducibly
activated by LPS. Instead, macrophage exhibited constitutive NFAT activity which was not
increased by LPS and was decreased by VIVIT. Immunocytochemical examination of NFATc1-4
of BMMs exhibited nuclear localization of NFATc3/c4 regardless of LPS stimulation. LPS
stimulation did not cause nuclear translocation of NFATc1/c2. Treatment with VIVIT resulted in
nuclear export of NFATc3/c4 and inhibited TLR-activated TNF expression, suggesting that
nuclear residence of NFATc is required for TLR-related innate immune response. Chromatin
immunoprecipitation (ChIP) assay using anti-RNA Polymerase II (PolII) antibody suggested that
VIVIT decreased PolII binding to TNF gene locus, consistent with VIVIT inhibition of LPS-
induced TNF mRNA expression. This study identifies a novel paradigm of innate immune
regulation rendered by NFAT which is a well known family of adaptive immune regulatory
proteins.
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1. Introduction
Innate immunity in macrophages is a powerful mechanism to recognize infection in a
microorganism. During infection, macrophages secrete TNF and other pro-inflammatory
cytokines. The fast acting and nonspecific nature of innate immunity is juxtaposed by the
slow yet specific action of adaptive immunity. This non-specific detection is achieved by
cellular membrane receptors on macrophages, for example, toll-like receptors (TLRs). TLRs
detect common microorganism components, which are now collectively called pathogen-
associated molecular patterns (PAMPs). According to current research at least 9 TLRs have
been identified in humans and mice [1, 2] and each receptor is known to have specific target
molecules. For example, TLR4 homodimer is the only receptor for E. coli-derived
lipopolysaccharide (LPS) [3] and the TLR1/2 heterodimer detects triacylated lipoprotein,
such as Pam3CSK4 [4-6]. Downstream events from TLRs have been well studied and they
are known to share same pathway [1, 2]. In innate macrophage immunity, agonists bind to
specific TLR resulting in activation of transcription factors, such as AP-1 and NF-kB, which
in turn activate cytokine genes.

Nuclear factor of activated T cells (NFAT) is a transcription factor originally found in
activated T lymphocytes [7]. NFAT function in T and B cells has been well studied in the
context of the adaptive immune system [8-10]. The NFAT gene family consists of 5
members which include NFATc1, NFATc2, NFATc3, NFATc4, and NFAT5. NFATc1-c4
are under the control of calcium signaling [8-12], while NFAT5 is activated by osmotic
stress [13]. In T or B cells, NFATc1-c4 are highly phosphorylated in the resting state i.e.
inactivated. On the engagement of T or B cell receptor (TCR or BCR), the cytoplasmic
calcium concentration is increased which causes calcineurin, a calcium-dependent
phosphatase, to dephosphorylate cytoplasmic NFAT resulting in its activation. This
activation mechanism is notable in that it is divergent to the common understanding of
transcription factor activation. Dephosphorylated NFAT translocates to the nucleus and
induces the transcription of target genes [8-10]. The activated NFAT is negatively regulated
by re-phosphorylation activity of various nuclear NFAT kinases [14-20]. Re-phosphorylated
NFAT is then quickly exported to the cytoplasm [10, 21]. Nuclear NFAT kinases not only
complete a regulatory circuit but also serve to desensitize NFAT signaling to transient Ca2+

spikes such as those found during muscle contraction. As a result, NFAT activation requires
prolonged calcium influx [22]. NFAT plays a central role in TNF expression resulting from
B and T cell receptor engagement [22, 23]. Despite common expression in immune cells and
being implicated in various signaling pathways and processes, there has been little to no
reports on NFAT’s role in innate immunity [1, 2, 10].

Our study demonstrates that NFAT mediates TLR-initiated innate immune response by
macrophages. We show that NFAT-specific inhibitor peptide, VIVIT, inhibited the
expression of cytokines induced by all TLR ligands, including LPS and lipoprotein,
suggesting that NFAT is commonly involved in the innate immune response through TLRs
in macrophages. We also show that NFAT exhibits a basal activity independent of LPS
stimulation in macrophage by subtype NFATc4 and perhaps by NFATc3 as well.

2. Materials and methods
2.1. Macrophage isolation from mouse bone marrow and culture

The TLR4−/− mouse strain, C57BL/10ScNJ, and the isogenic wild-type strain, C57BL/
10ScSnJ [3], as well as the TLR2−/− strain B6.129-Tlr2tm1Kir/J and its corresponding
isogenic wild-type strain, C57BL/6J [24], were purchased from The Jackson Laboratory.
The NFATc4−/− strain was also purchased from The Jackson Laboratory [25]. This strain
was maintained on a mixed C57BL/6 and 129S7 genetic background and we prepared F1
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hybrid of C57BL/6J and 129X1/SvJ, both of which are also purchased from The Jackson
Laboratory, as a control. Bone marrow-derived macrophages (BMMs) were prepared as
described [26]. Briefly, the non-adherent fraction of mouse bone marrow cells was cultured
in Minimum Essential Medium (MEM) α (Invitrogen) supplemented with 10 % fetal bovine
serum (FBS; Gemini Bio), 1% antibiotic/antimycotic (Gemini Bio) and 10 ng/ml of
recombinant mouse M-CSF (R&D). The resulting adherent cells were taken to represent
purified BMMs. Purified primary BMMs were then cultured in serum-free MEMα
supplemented with M-CSF, with or without 11R-VIVIT (EMD Biosciences), a cell-
permeable peptide inhibitor of NFAT, for 1 hour [27, 28]. BMMs were then treated for 3
hours with 0.1 μg/ml each of ultrapure lipopolysaccharide (LPS; InvivoGen) or a synthetic
bacterial lipoprotein, Pam3CSK4 (Pam; InvivoGen) [4]. Other TLR ligands are purchased as
parts of Mouse TLR1-9 Agonist kit (InvivoGen). Animal experiments were approved by the
Institutional Animal Care and Use Committee of Columbia University (Protocol No. AC-
AAAA8363).

2.2 Reverse Transcription (RT) real-time Polymerase Chain Reaction (PCR)
Total RNA was isolated from cells using an RNeasy Mini Kit (Qiagen). Single stranded
cDNA was synthesized from total RNA with the SuperScript III system (Invitrogen). RT
real-time PCR for each target was performed with LightCycler FastStart DNA MasterPLUS

SYBR Green I (Roche) using the Realplex system (Eppendorf). Primer sets used are listed in
“Supplemental Experimental Procedures”. The thermal cycling conditions consisted of
preheating (10 min at 95°C) and 40 cycles of denaturation (15 sec at 95°C), annealing (15
sec at 60°C) and elongation (20 sec at 72°C). Gene expression levels were normalized
against the GAPDH level.

2.3. Reporter Assay
Firefly luciferase reporter plasmids pNFAT-GL4 and pNFκB-GL4 were constructed by
inserting a PCR-amplified promoter segment of pNFAT-TA-Luc or pNFκB-TA-Luc
(Clontech) into pGL4.10 (Promega), respectively. VIVIT expression plasmid pGFP-VIVIT
and control plasmid pEGFP-N1 were described previously [27]. Macrophage RAW264.7
cells (ATCC) were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen)
supplemented with 10% FBS and 1% antibiotic/antimycotic. Plasmids were introduced into
RAW264.7 by FuGENE HD (Roche). Twenty four hours after transfection, cells were
stimulated with LPS or calcium ionophore (“CaIO”) A23187 (EMD Biosciences) in serum-
free media. After 6 hours of stimulation, luciferase activity was measured by the Dual-Glo
Luciferase Assay System (Promega).

2.4. Calcium Imaging
BMMs were cultured in a 60 mm culture dish with serum-free, phenol red-free MEMα
supplemented with 10 ng/ml M-CSF and 2 μg/ml fluo-4 AM (Invitrogen) for one hour. The
cells were then washed and incubated for a further 30 minutes in fluo-4 free medium. Equal
volume of media with 0.2 μg/ml LPS, 0.2μg/ml Pam or 10 μM A23187 was added before
observing calcium-induced fluorescence with a Zeiss Axiovert 200 microscope (Carl Zeiss).

2.5. Immunocytochemistry
BMMs were cultured in 4-chamber slide glasses (BD) in serum-free MEMα and M-CSF for
1 hour, with or without 5 μM VIVIT. Cells were stimulated with 0.1 μg/ml LPS, 0.1 μg/ml
Pam, or 5 μM CaIO for 30 minutes, fixed in phosphate-buffered 4 % paraformaldehyde, and
then stained with one of the following four primary antibodies: mouse anti-NFATc1
(Abcam), mouse anti-NFATc2 (Abcam), rabbit anti-NFATc3 (Cell Signaling) or rabbit anti-
NFATc4 (Santa Cruz). Either Alexa Fluor 488 rabbit anti-mouse IgG or Alexa Fluor 488
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goat anti-rabbit IgG (Invitrogen) were used as secondary antibodies. Confocal fluorescent
images were obtained with LSM510 upright confocal microscope (Carl Zeiss).

2.6. Chromatin Immunoprecipitation (ChIP) Assay
Primary BMMs were cultured in 15 cm dishes. Soluble chromatin was extracted following
the manufacturer’s instructions (Upstate Biotechnologies) with modification in nuclear
extraction. The cells were fixed with PBS with 1% formaldehyde, scraped and resuspended
in buffer A (10 mM HEPES (pH 7.4), 10 mM KCl, 0.1 mM EDTA, 0.1 % Nonidet P-40 and
Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific)) to burst cell membrane. The
suspension was centrifuged for 10 min at 13,000 rpm at 4°C to spin down the nuclei.
Isolated nuclei were resuspended with 1% SDS lysis buffer including protease inhibitor, and
then sonicated 5 times each of 20 second at 100% duty cycle on a Bransson Sonifier 250
(Bransson). The samples were centrifuged for 10 min at 13,000 rpm at 4°C. 200μl of the
sonicated cell supernatant was transferred to a new 2ml tube. The supernatants were
precleared with salmon sperm DNA/Protein A agarose-50% slurry. The precleared 2mL of
supernatant solution was incubated with RNA polymerase II antibody (Abcam) overnight at
4°C with constant agitation. Antibody-bound complexes were treated with salmon sperm
DNA/Protein A agarose-50% slurry for 1 h at 4°C with rotation. The protein-DNA complex
was eluted with buffer containing 1% SDS and 0.1M NaHCO3. Protein-DNA crosslinks
were reversed and DNA was recovered by phenol/chloroform extraction, precipitated by
ethanol, and resuspended with 30 μl Tris-EDTA (TE) buffer. 2 μl of recovered DNA was
used as a template for PCR with TNF gene specific primers designed for the region (−224 to
−30) of TNF promoter or coding and downstream regions. The primer sequences are
described in “Supplemental Experimental Procedures”. The thermal cycling conditions
consisted of preheating (5 min at 98°C) and 34 cycles of denaturation (20 sec at 98°C),
annealing (20 sec at 60°C) and elongation (30 sec at 72°C). Input DNA refers to sonicated
total DNA prior to immunoprecipitation with PolII antibodies.

2.7. Statistics
Each treatment group was done in triplicate per experiment and reported as mean ± standard
deviation. Statistical analysis was performed by Student’s t-test to determine significance
among treatment groups. Statistical significance was established at p ≥ 0.05.

3. Results
3.1. Proinflammatory cytokine expression by BMMs in innate immune response requires
NFAT activity

The importance of NFAT for cytokine expression has been reported in adaptive immunity
by T and B lymphocytes [22, 23]. However, no similar function of NFAT has been reported
in innate immunity by macrophages. To assess this, we interrupted the NFAT activity during
the induction of innate immune response with E. coli LPS, which is a representative PAMP,
i.e. a common microorganism component, and is widely used for model systems to study
innate immunity. In this study we used specially prepared ultrapure E. coli LPS (see
materials and methods) because we realized that generally available E. coli LPSs are
contaminated with other bacterial components. In earlier tests we observed that some regular
LPSs induced cytokine expression in TLR4−/− BMMs (data not shown) although TLR4 is
only the receptor for E. coli LPS. We treated wild-type BMMs with ultrapure LPS and
found expression of the proinflammatory cytokines TNF, MIP-1α and IL-1β, was induced as
measured by RT real-time PCR (Fig. 1 A-C). This induction was almost completely
abolished in TLR4−/− cells. These results indicate that cytokine production by BMMs is
induced through TLR4 and that ultrapure E. coli LPS is a suitable inducer for innate
immune response in our system.
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To interrupt the NFAT activity, we treated BMMs with VIVIT, which is an NFAT-specific
peptide inhibitor and known to have excellent specificity [27-30]. We found that VIVIT
blocked LPS-induced expression of TNF, MIP-1α and IL-1β in a dose dependent manner
and near-complete inhibition was attained at a VIVIT concentration of 5 μM (Fig. 1 D-F).
This suggests that NFAT is necessary for LPS-induced proinflammatory cytokine
expression.

Macrophages express a wide variety of TLRs, each with their own ligands. However, many
downstream mediators such as MyD88 are common to multiple TLR signaling pathways [1,
2]. We explored the possibility that NFAT is involved in proinflammatory cytokine
expression through TLRs other than TLR4. BMMs were treated with a lipoprotein,
Pam3CSK4 (Pam), which is a TLR1/2 heterodimer ligand [4]. We found that Pam treatment
of wild-type BMMs induced expression of the pro-inflammatory cytokines TNF, MIP-1α
and IL-1β, as measured by RT real-time PCR (Fig. 2 A-C); however, this induction was not
observed in TLR2−/− BMMs. These data indicate Pam is functional. We then treated wild-
type BMMs concurrently with Pam and VIVIT. It was found that VIVIT suppressed Pam-
induced expression of TNF, MIP-1α and IL-1β with maximum blocking efficiency achieved
at a VIVIT concentration of 10uM (Fig. 2 D-F). This result, which parallels our earlier result
for LPS (Fig. 1 D-F), suggests that NFAT activity is necessary for Pam-induced pro-
inflammatory cytokine expression through TLR2, just as well as LPS-induced expression
through TLR4.

These findings imply that all the TLR receptor downstream may commonly require NFAT
activity to lead pro-inflammatory cytokine expression. To examine that, we tested VIVIT
effect in proinflammatory cytokine expression by BMMs under the treatment of ligands for
all of the well established TLRs. As same as the cases of TLR4 and TLR1/2 ligands, all
ligand effects were inhibited by VIVIT (Fig. 3). This strongly suggests that innate immune
response by macrophage against all the TLR requires NFAT activity in common.

3.2. NFAT is constitutively active while NF-κB is inducibly activated by LPS stimulation
Next, we determined NFAT activity after stimulation by luciferase reporter assay. Due to
technical difficulties with transfection, the luciferase assay of BMM cells could not be
conducted. Instead, RAW264.7 cells, a mouse macrophage line, were used. We transfected
RAW264.7 cells with firefly-luciferase reporter plasmids for either NFAT or NF-κB
(pNFAT-GL4 and pNFκB-GL4 plasmids, respectively). NFAT and NF-κB activities were
measured at various time points following LPS treatment (Fig. 4 A). As expected, a
significant increase in NF-κB activity was observed 6 hours after LPS treatment. However,
no changes in NFAT activity were observed. When calcium influx to cytoplasm was
forcefully induced by a calcium ionophore A23187, NFAT activity was increased, thus
indicating that the reporter system was functional (Fig. 4 B). Therefore, although NFAT is
required to transduce the pro-inflammatory LPS signal, NFAT activity was not upregulated
by LPS. Next, we investigated the effect of VIVIT on NFAT activity. We co-transfected
RAW264.7 cells with both the reporter plasmid pNFAT-GL4 and either the VIVIT peptide
expression plasmid pGFP-VIVIT or a vector control pEGFP-N1. We found that NFAT
activity in cells co-transfected with pGFP-VIVIT was significantly lower than the control
(Fig. 4 C). Thus, it revealed that RAW264.7 cells have a basal NFAT activity that is
inhibited by VIVIT and it is not increased after LPS stimulation. VIVIT was found to
strongly suppress NFAT activity, even in the presence of calcium ionophore (Fig. 4 C). In
addition to VIVIT, which is a selective peptide inhibitor of NFAT, we also used a chemical
calcineurin/NFAT-inhibitor, cyclosporine A [27]. We treated pNFAT-GL4 transfectants
with calcium ionophore and cyclosporine A. As with VIVIT, cyclosporine A treatment
strongly depressed NFAT activity, even in the presence of calcium ionophore (Fig. 4 D).
Parallel control experiments were performed on pNFκB-GL4/pGFP-VIVIT and pNFκB-
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GL4/pEGFP-N1 co-transfectants. As predicted, NF-κB activity was increased by LPS
treatment, and this activation was unaffected by NFAT-specific VIVIT (Fig. 4 E). This
result suggests that the NFAT activity decrease was by a specific action of VIVIT, and not
by general cellular toxicity. According to current research, LPS-induced cytokine expression
in macrophages has been reported to be mediated by the transcription factor NF-κB as well
as the ERK1/2 kinases [1, 2]. We independently confirmed that ERK1/2 inhibitor, PD98059,
and the NF-κB inhibitor, SN50, inhibited LPS-induced cytokine expression in wild-type
BMMs through RT real-time PCR (Fig. 5 A-F). These findings suggest that LPS-induced
cytokines require not only inducible factors such as NF-κB but also non-inducible factors
like NFAT. It is most probable that these factors act in concert to induce proinflammatory
gene expression.

3.3. LPS and Pam do not increase cytoplasmic Calcium ion level in macrophages
As LPS does not activate NFAT, the possibility emerges that LPS, and even other PAMPs,
do not activate the entire NFAT pathway. NFAT activity is controlled by the cytoplasmic
calcium ion concentration via the calcium-dependent phosphatase, calcineurin [11, 12]. For
further confirmation that the basal NFAT activity is insensitive to TLR ligands, we
stimulated BMMs with LPS or Pam and observed the time course of cytoplasmic calcium
influx using a fluorescent calcium indicator, fluo-4. LPS or Pam had no noticeable effect on
calcium-induced fluorescence, whereas the calcium ionophore caused a sharp increase (Fig.
6). This observation indicates that PAMP stimulation does not change the activity of the
entire calcium/NFAT pathway.

3.4. NFATc3 and c4 are localized to the nucleus under normal conditions
NFAT activation is triggered by calcineurin-catalyzed dephosphorylation leading to the
unmasking of a nuclear localization signal (NLS) and subsequent nuclear translocation [21].
The study here showed that macrophages have constitutive NFAT activity in the absence of
any stimulation. Therefore, we hypothesized that one or more NFAT family members may
localize to the nucleus regardless of stimulation conditions. BMMs were immunostained
with anti-NFAT antibodies after various treatments (Fig. 7). Among four of calcium
controlled-NFAT members, NFATc3 and NFATc4 were confined to the nucleus without
stimulation, while NFATc1 and NFATc2 were observed mainly in the cytoplasm. Consistent
with prior observations, LPS or Pam treatment had no noticeable effect on NFAT
localization, i.e., NFATc1 and NFATc2 stayed in cytoplasm and NFATc3 and NFATc4
stayed in nucleus. VIVIT expelled the nuclear NFATc3 and NFATc4 leaving no NFAT
presence in the nucleus; thereby demonstrating the mechanism of VIVIT’s inhibitory action
on NFAT. Moreover, only calcium ionophore treatment enabled all NFATs to localize in the
nucleus. These results suggest that specific NFAT family members, namely c3 and c4, are
responsible for basal NFAT activity in macrophages and are functional in proinflammatory
cytokine expression, while NFATc1 and c2 family members are inactive.

3.5. NFATc4 is responsible for TNF expression
As indicated in the immunostaining observation, NFATc3 and NFATc4 appear to be
responsible for the NFAT activity that is required for the proinflammatory cytokine
expression. To obtain genetic evidence about whether the NFATs are required for
proinflammatory response, we prepared NFATc4−/− BMMs from a NFATc4 knockout
mouse and measured the TNF level by RT real-time PCR. We decided to use NFATc4
knockout mice since they are reported to be viable and fertile [25] as well as being the only
commercially available variety. Compared to control BMMs, NFATc4−/− BMMs showed
significantly lower TNF expression (Fig. 8). These results corroborate that NFATc4’s
responsibility in proinflammatory cytokine expression.
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3.6. mRNA elongation on TNF gene is facilitated by NFAT
To obtain more insight about how NFAT functions, we performed chromatin
immunoprecipitation (ChIP) for the mouse TNF promoter. The mouse promoter region was
predicted by comparing human and mouse genome sequences (supplemental figure 1). We
found mouse TNF promoter sequence is highly homologous to the human sequence [31].
LPS-treated primary BMMs were fixed with formaldehyde and nuclei were isolated.
Following sonication, RNA polymerase II (PolII)-bound chromatin was immunoprecipitated
using anti-PolII antibody. Precipitated DNA was detected by real-time PCR using primers
for the mouse TNF promoter. PolII binding to the promoter showed LPS dependent increase
in time course (Fig. 9 A). Unexpectedly, VIVIT did not hinder PolII binding to the promoter
(Fig. 9 B), whereas VIVIT abolished mRNA synthesis effectively (Fig. 1 D-F). From this
evidence we assumed that VIVIT stops mRNA synthesis in the middle of TNF gene. To find
the position where the RNA synthesis pauses, we designed each set of PCR primers
amplifying different part of TNF coding region and performed ChIP assay with the primer
sets. LPS treatment showed PolII binding for the entire coding region (Fig. 9 C). However
VIVIT-treated cells showed distinctively lower PolII binding from nt 2000 to the end of the
sequence when compared to the control. This indicates that mRNA synthesis by PolII is
stopped in the middle as a result of VIVIT treatment. Thus, we assumed that NFAT binds to
the locus in the middle of the gene to help the elongation of the mRNA in the normal state
due to the presence of the NFAT binding motif GGAAA around nucleotide position 2000.
Current attempts at precipitating DNA fragments in the coding region with NFAT antibodies
have been inconclusive, possibly due to antibody quality. Further bioinformatics analysis as
well as optimized antibodies might be necessary to elucidate the function of NFAT in
mRNA elongation.

4. Discussion
In this study we identify a novel function of NFAT as a critical cellular signaling mediator
in innate immunity, whereas NFAT function had only been discussed within the frame of
adaptive immunity. This study demonstrates that NFAT activity is necessary for the
induction of proinflammatory cytokine in BMMs during PAMP stimulation for any TLRs
from TLR1 to TLR9. Furthermore, it was shown that macrophages have constitutive NFAT
activity which does not change with PAMP stimulation. This is due to the fact that since
NFATc3 and NFATc4 remain in the nucleus, they are able to achieve the constitutive NFAT
activity regardless of PAMP stimulation. We confirmed the important role of NFATc4 in
proinflammatory cytokine expression through macrophages from knockout mice. Based on
our observations, we suggest following: NFATc3 and NFATc4 are constitutively active and
localized within the nucleus, but can not singularly lead to the cytokine expression. NFAT
requires activation of other independent factors, such as NF-κB and ERK1/2, via PAMP
stimulation to lead to cytokine gene expression. Our study showed that NFAT is involved in
the TNF transcription during innate immune response in macrophage cells. It is noteworthy
that NFAT is constitutively active in macrophages which is different from T and B cells
where NFAT is inducibly activated. The low constitutively active state of NFAT might be
achieved by a basal level of cytoplasmic Ca2+ and concomitant calcineurin activity.

The function of NFAT in innate immunity has not received much attention thus far. It is
probably due to the fact that macrophage NFAT activity is not increased in response to
PAMPs, and that the inhibitors for calcineurin, e.g. cyclosporin A or FK506, have side
effects that activate non-NFAT factors, such as MyD88, Trif, NF-κB and certain TLRs,
which can increase cytokine expression independently of NFAT [32-36]. Calcineurin’s wide
range of substrates makes it difficult to interpret its effects, especially when examining
NFAT’s role in innate immunity whereas VIVIT’s specific NFAT inhibition first revealed
sole NFAT function in innate immunity.
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NFATc1-c4 were believed to have redundant functionality, however, it has recently been
recognized that each member has a distinct role. Knockout mice of each NFAT family
member exhibit differing phenotypic defects, possibly due to the different expression
profiles of each NFAT among cell types [9, 10]. We showed that BMMs have nuclear
NFATc3 and c4 while NFATc1 and c2 remain cytoplasmic and that only NFATc3 and
NFATc4 are implicated in proinflammatory cytokine induction. Therefore the suggestion
that at least two different types of regulation exist, one for NFATc1-c2 and one for
NFATc3-c4, can be made. This is supported by the fact that both NFATc1-c2 and c3-c4 can
be subdivided into subfamilies based on sequence homology (supplemental figure 2).
Similar cases reported that among preexisting NFAT family members different NFATs are
activated at different stages in T cell and skeletal muscle cell differentiation [37, 38]. This
may be because each nuclear NFAT is selectively regulated by different kinases, although
such possible specificity remains to be determined. Nuclear NFAT kinases re-phosphorylate
NFAT to inactivate, leading to exportation. Certain studies have shown that specific kinases
“prime” phosphorylation while other kinases can add additional phosphate groups on NFAT
[10]. Dyrk1a has been suggested to be able to prime NFATc2 and c4 while CK1 is reported
to prime NFATc2 and c3 [14, 15, 17, 18]. Furthermore, PKA has been supposed to prime
NFATc1 [16]. Recently, mTOR and ERK5 have been suggested to function as priming
kinases for NFATc4 [19] and GSK3 is known to add additional phosphate groups [20].
Thus, it is reasonable to make the assumption that a combination of priming NFAT kinases
exist in macrophages that phosphorylate NFATc1 and NFATc2 while excluding NFATc3
and NFATc4. Differential nucleo-cytoplasmic exportation can be explained by differences
in the nuclear export signal (NES) location of each NFAT protein as well. Exportin proteins
bind to these NES to translocate proteins out of the nucleus. NFATc1 and c3 are known to
have different NES locations. [39]. NFATc1 has it in the C-terminal domain, whereas
NFATc3 does in the N-terminal domain where it overlaps with the calcineurin docking
domain. Nuclear NFATc3 has been reported to bind to calcineurin and this prohibits the
exportin protein Crm1 from binding and exportation of NFATc3 [40]. NFATc1 cannot
participate in this competitive binding of calcineurin versus Crm1 and is easily exported
from the nucleus. Other types of cells, such as macrophages, may have their own NES
blocking factors. Interestingly, NFATc1 in skeletal muscle, but not NFATc3, shuttles freely
between the cytoplasm and nucleus regardless of its phosphorylation state through an
unknown mechanism [41]. Muscle cells may have a unique calcium-independent mechanism
to regulate NFATc1 localization while avoiding the noise of short term calcium peaks
generated by muscle contraction.

NFAT is also involved in non-TLR related stimuli as in the case of T and B cells [8-10]. In a
previous study, we found that titanium nano-particle induced proinflammatory cytokine
expression has NFAT dependence [26]. Although NFAT activity itself is not necessarily
inducible during the activation process, its function is broadly required for proinflammatory
cytokine expression.

This study demonstrates that NFAT is a constitutively active transcription factor which
serves a critical role in the macrophage-mediated innate immune response. It is now being
recognized that NFAT is expressed solely in vertebrates and has a central role in the
development and control of an array of vertebrate-specific organs and systems [10].
Interestingly, while innate immunity has functioned in primitive organisms without NFAT
[10], it has been increasingly portrayed as one of the key transcriptional cornerstones of
vertebrate evolution. Constitutively active transcription factors generally have key roles in
cellular function, for example well-characterized Pax6 in eye development [42, 43]. Thus,
NFAT is a vital constitutively active transcription factor that can be utilized as a powerful
regulator of innate immune activity.
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Fig. 1.
LPS-induced cytokine expression in primary BMMs. RT real-time PCR showed relative
mRNA expression levels for TNF (A), MIP-1α (B) and IL-1β (C). LPS induced cytokine
expression in TLR4+/+ cells while demonstrating no cytokine induction in TLR4−/−.
NFAT-specific inhibitor, VIVIT, inhibits gene expression of TNF (A), MIP-1α (B) and
IL-1β (C) in BMMs stimulated with LPS. The relative mRNA expression levels were
measured by RT real-time PCR with normalization to GAPDH levels. Symbol (*) denotes
significant difference; p<0.05.
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Fig. 2.
Cytokine gene expression by BMMs stimulated with synthesized lipoprotein, Pam3CSK4
(“Pam”). Pam induced TNF (A), MIP-1α (B) and IL-1β (C) only in TLR2-expressing cells.
VIVIT inhibited expression of these cytokines (D-F). The relative mRNA expression levels
were measured by RT real-time PCR with normalization to GAPDH levels. Symbol (*)
denotes significant difference; p<0.05.
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Fig. 3.
TNF gene expression in BMMs stimulated with various TLR agonists measured by RT real-
time PCR. All agonists induced TNF gene expression and 5 μM VIVIT inhibited it in all
cases. The relative mRNA expression levels were normalized to GAPDH levels. Symbol (*)
denotes significant difference; p<0.05.
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Fig. 4.
Luciferase reporter assays. Macrophage cell line RAW264.7 exhibits basal NFAT activity
which is decreased by VIVIT. (A): Relative NFAT or NF-κB activity of LPS-stimulated
cells normalized to non-stimulated cells. Unlike NF-κB, NFAT showed no changes in
activity. (B): NFAT activity was upregulated by calcium ionophore but not LPS. (C): VIVIT
peptide expressed through a co-transfected plasmid inhibited NFAT activation by calcium
ionophore and further inhibited the basal activity of NFAT. (D): A chemical inhibitor of
calcineurin, cyclosporine A, inhibited NFAT activity in a similar fashion to the VIVIT
plasmid. (E): VIVIT did not inhibit NF-κB activity or affect the viability of the cells.
Symbol (*) denotes significant difference; p<0.05.
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Fig. 5.
Inhibition of cytokine gene expression in post-LPS stimulated primary BMMs by ERK1/2
and NF-κB inhibitors. ERK1/2 inhibitor: PD98059 (A-C) and NF-κB inhibitor: SN50 (D-F)
were used. The relative mRNA expression levels were measured by RT real-time PCR with
normalization to GAPDH levels. Symbol (*) denotes significant difference; p<0.05.
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Fig. 6.
Calcium imaging of BMMs. BMMs were pre-treated with fluo-4 AM to visualize
cytoplasmic calcium. Calcium ionophore A23187 (CaIO, 5 μM) induced calcium ion
increase in the cytoplasm whereas LPS (0.1 μg/ml) or Pam3CSK4 (0.1 μg/ml) did not.
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Fig. 7.
Immunocytochemistry of BMMs using antibodies for NFATc1, c2, c3 and c4. In non-
stimulated controls, NFATc1 and c2 were in the cytoplasm, while NFATc3 and c4 were in
the nucleus. Calcium ionophore brought NFATc1 and c2 into nucleus. VIVIT treatment
induced export of NFATc3 and c4 from the nucleus to the cytoplasm. LPS and Pam did not
affect NFAT localization. Bar, 20 μm.
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Fig. 8.
TNF gene expression by BMMs from NFATc4 knockout mouse. TNF gene expression
induced by LPS is significantly lower in NFATc4−/− BMMs than wild-type control. The
relative mRNA expression levels were measured by RT real-time PCR with normalization to
GAPDH levels. Symbol (*) denotes significant difference; p<0.05.
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Fig. 9.
Chromatin immunoprecipitation (ChIP) assay of TNF gene in BMMs with RNA polymerase
II (PolII) antibody. (A): ChIP assay indicated that PolII binding to TNF gene promoter in
BMMs is time-dependently increased upon LPS stimulation. (B): VIVIT did not inhibit
PolII’s binding to TNF promoter. The result of 3 hr sample is shown. (C): ChIP “scanning”
assay with primers targeting various region of TNF gene showed that PolII binding
efficiency abruptly dropped with VIVIT treatment around nucleotide position 2000 which is
in TNF coding region. Numbers on X-axis indicate nucleotide positions based on
transcription initiation site of TNF gene. The leftmost plots are for the promoter region.
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