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Abstract

Innate immune responses to Gram-negative bacteria depend on the recognition of 

lipopolysaccharide (LPS) by a receptor complex that includes CD14 and TLR4. In dendritic cells 

(DCs), CD14 enhances the activation not only of TLR4 but also that of the NFAT family of 

transcription factors, which suppresses cell survival and promotes the production of inflammatory 

mediators. NFAT activation requires Ca2+ mobilization. In DCs, Ca2+ mobilization in response to 

LPS depends on phospholipase C γ2 (PLCγ2), which produces inositol 1,4,5-trisphosphate (IP3). 

Here, we showed that the IP3 receptor 3 (IP3R3) and ITPKB, a kinase that converts IP3 to inositol 

1,3,4,5-tetrakisphosphate (IP4), were both necessary for Ca2+ mobilization and NFAT activation in 

mouse and human DCs. A pool of IP3R3 was located on the plasma membrane of DCs, where it 

colocalized with CD14 and ITPKB. Upon LPS binding to CD14, ITPKB was required for Ca2+ 

mobilization through plasma membrane-localized IP3R3 and for NFAT nuclear translocation. 

Pharmacological inhibition of ITPKB in mice reduced both LPS-induced tissue swelling and the 

severity of inflammatory arthritis to a similar extent as that induced by the inhibition of NFAT 

using nanoparticles that delivered an NFAT-inhibiting peptide specifically to phagocytic cells. Our 

results suggest that ITPKB may represent a promising target for anti-inflammatory therapies that 

aim to inhibit specific DC functions.

INTRODUCTION

Innate immune myeloid cells sense the presence of microbes or microbial products through 

pattern recognition receptors (PRRs). Among the PRRs, Toll-like receptors (TLRs) are 

widely present on innate immune myeloid cells such as dendritic cells (DCs) and 

macrophages, both of which serve as sentinels of the immune system (1). Once TLRs are 

activated, adaptor proteins containing Toll-interleukin receptor (TIR) domains are recruited 

and initiate multiple downstream pathways for the activation of transcription factors, 

including nuclear factor κB (NF-κB), activator protein 1, and the interferon regulatory 

factors. In addition to these potent proinflammatory transcription factors, the nuclear factor 

of activated T cells (NFAT) is also activated in phagocytes either directly (in the case of 

TLR9) or indirectly (through the co-receptor CD14 in the case of TLR4) downstream of 

TLRs (2, 3). Other PRRs that can efficiently activate the NFAT family of transcription 

factors are the C-type lectin-like receptors, Dectin-1 and Dectin-2 (4, 5). Key functions of 

the NFAT signaling pathway in innate immunity have emerged, including that it protects 

against fungal and bacterial infections (6–10), maintains intestinal homeostasis (11), 

promotes vasodilation through prostaglandin E2 (PGE2) production (12), and is proapoptotic 

in DCs in response to Gram-negative bacteria or lipopolysaccharide (LPS) (3, 13). 

Moreover, during chronic inflammation, deregulation of the NFAT signaling pathway in 

macrophages causes hyperinflammation and exacerbates disorders such as inflammatory 

bowel disease and rheumatoid arthritis (14, 15). We have previously shown that acute 

exposure of DCs to LPS causes CD14, in a TLR4-independent manner, to induce the 

activation of NFAT by activating Src family kinases (SFKs) and phospholipase C γ2 
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(PLCγ2), which, in turn, induces a rapid monophasic Ca2+ influx and calcineurin activation 

(3).

Ca2+ mobilization is one of the first events in the activation of the NFATc1 to NFATc4, the 

four main members of the NFAT pathway. In electrically nonexcitable cells, the main Ca2+ 

entry pathway is promoted by the depletion of intracellular Ca2+ stores, coupled with the 

opening of specific plasma membrane channels, a mechanism called store-operated Ca2+ 

entry (SOCE) (16, 17). In immune cells, SOCE is the only pathway described for Ca2+ 

mobilization that leads to NFAT activation. SOCE is initiated by the binding of antigen to 

the clonotypic receptors of T and B cells, resulting in activation of PLC and the production 

of inositol 1,4,5-trisphosphate (IP3). This second messenger binds to the IP3 receptors 

(IP3Rs) located on the membrane of the endoplasmic reticulum (ER) and causes a rapid 

Ca2+ release from the ER, followed by the opening of Ca2+ release-activated Ca2+ (CRAC) 

channels at the cell surface. This process generates a sustained increase of intracellular Ca2+ 

concentration that is necessary for the activation of NFATc family members, NFATc target 

gene expression, and the acquisition of effector functions (18). However, Ca2+ entry into the 

cells across the plasma membrane can also occur through two additional mechanisms: 

receptor-operated Ca2+ entry (in which Ca2+ influx is directly activated by receptor 

occupation) (19) and second-messenger-operated Ca2+ entry (in which Ca2+ channels in the 

plasma membrane open in response to the binding of intracellular second messengers, such 

as products released in response to PLCγ activation) (20).

IP3Rs (21) are important for initiating Ca2+ signaling and are critical for regulating immune 

responses in health and disease (22). Three different isoforms (IP3R1, IP3R2, and IP3R3) 

have been identified that have differential expression patterns and gating capacities (21, 23). 

IP3R1 is most abundant in the nervous system (24), and it is important for embryonic 

development (25), but it is also present in peripheral tissues, although to a lesser extent (24). 

In addition, IP3R2 and IP3R2 are widely distributed and prominent in specific cell types and 

organs, with IP3R2 prevalent in cardiomyocytes and hepatocytes (26) and IP3R3 abundant in 

the spleen (27). Patterns of Ca2+ signaling mediated by IP3Rs have been determined using 

genetically engineered B cells that express either single or combined IP3R subtypes (28). 

IP3R1 generates regular Ca2+ oscillations; IP3R2 generates robust, long-lasting, and regular 

Ca2+ oscillations; and IP3R3 is associated with monophasic single Ca2+ transients. Given its 

gating properties, IP3R3 is believed to play a key role in initiating Ca2+ signaling (29, 30).

In DCs, CD14-induced Ca2+ mobilization depends on the activation of SFKs and PLCγ2 

(3), which could suggest that SOCE is activated downstream of CD14. Nevertheless, the 

elimination of this pathway in DCs by deleting the genes encoding the ER-localized Ca2+ 

sensors stromal interaction molecule 1 (STIM1) and STIM2 does not alter the responses to 

LPS (31). Therefore, the molecular mechanism of Ca2+ entry for NFAT activation and the 

channels and molecules involved remain to be determined. Given the importance of this 

pathway in inflammatory responses, the identification of key factors is biologically and 

pharmacologically relevant. Here, we found that, downstream of CD14, intracellular Ca2+ 

increases required IP3 kinase B (ITPKB), which converts IP3 to inositol 1,3,4,5-

tetrakisphosphate (IP4). ITPKB was required for the activation of the IP3R3 that are 

colocalized on the plasma membrane with CD14 and ITPKB. The consequent direct influx 
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of Ca2+ across the plasma membrane led to the nuclear translocation of NFAT that, in turn, 

promoted key aspects of the inflammatory process elicited by LPS.

RESULTS

LPS induces a direct Ca2+ influx across the plasma membrane

We investigated the mechanism of Ca2+ mobilization that is induced by LPS. To define the 

dynamics of Ca2+ entry into DCs that were stimulated with LPS, we compared the Ca2+ 

transients triggered by LPS to a well-known SOCE process that occurs in DCs stimulated 

with adenosine 5’-triphosphate (ATP) (32, 33). We used the mouse D1 cell line, which 

closely mimics splenic DCs (sDCs) (34). ATP and other nucleotides bind to specific plasma 

membrane purinergic receptors called P2Rs, which are subdivided into several classes, 

including the P2Xa family of ligand-gated ion channels and the G-protein-coupled P2Y 

receptors (32). In DCs, ATP signaling predominantly occurs through P2Y receptors (33) and 

leads to phosphatidylinositol hydrolysis, the release of Ca2+ from intracellular stores, and an 

influx of Ca2+ across the plasma membrane through CRAC channels (22).

Ca2+ mobilization was measured by flow cytometry because the cells respond 

synchronously to the stimulus (fig. S1A). LPS-stimulated cells showed a rapid monophasic 

Ca2+ transient (Fig. 1A) that was completely inhibited upon addition of the Ca2+ chelator 

EGTA to the medium to inhibit extracellular Ca2+ entry (Fig. 1A). The same results were 

obtained in Ca2+-free medium and by analyzing the cells with confocal microscopy using a 

ratiometric dye [fig. S1, B and C, and (3)]. ATP induced the expected biphasic Ca2+ entry in 

D1 cells: a rapid Ca2+ transient (ER store depletion), followed by a CRAC-mediated long-

term plateau (Fig. 1A). Extracellular EGTA selectively impaired only the delayed inward 

Ca2+ influx, but not the first Ca2+ wave (Fig. 1A). The same effect was observed when D1 

cells were pretreated with the potent and selective CRAC channel inhibitor N-[4–3,5-

bis(trifluromethyl)pyrazol-1-yl]-4-methyl-1,2,3-thiadiazole-5-carboxamide (YM-58483) 

(35–38) before the ATP stimulation (Fig. 1A). In contrast, YM-58483 did not inhibit Ca2+ 

mobilization in DCs that were treated with LPS (Fig. 1A), indicating that in this case, CRAC 

channels were not involved.

When we pretreated D1 cells with 2-aminoethoxydiphenyl borate (2-APB), a nonselective 

modulator of several ion channels including IP3Rs, we observed that LPS- and ATP-induced 

Ca2+ mobilizations were completely blocked (Fig. 1A). In keeping with the results obtained 

with these inhibitors, Ca2+ fluxes were not affected in bone marrow (BM)-derived DCs 

(BMDCs) lacking both Stim1 and Stim2, which showed a response similar to wild-type 

(WT) BMDCs (Fig. 1B). Because BMDCs are heterogeneous (39), with only about 20 to 

30% responding asynchronously to LPS (fig. S1D) (3), and therefore not suitable for bulk 

cytofluorimetric measurements, we analyzed Ca2+ mobilization in BMDCs by confocal 

microscopy. These results confirm our previous observation (3) that LPS induces a direct 

Ca2+ influx across the plasma membrane of DCs.
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IP3R3 channels on the DC plasma membrane mediate Ca2+ entry after LPS stimulation

After LPS stimulation, PLCγ2 activation mediated by SFKs is required for Ca2+ 

mobilization (3). This suggests that IP3, generated after the hydrolysis of 

phosphatidylinositol 4,5-bisphosphate by PLCγ2, could be the second messenger involved 

in this pathway, but in contrast to T cells and according to our previous results, IP3Rs 

operate Ca2+ entry directly from the plasma membrane in DCs. Thus, on the basis of our 

prediction, we asked whether IP3Rs in DCs are present not only at the ER membrane but 

also on the plasma membrane, as has been shown for B cells (40). For this analysis, we used 

total internal reflection fluorescence (TIRF), confocal, and electron microscopy. Results of 

TIRF microscopy were compatible with a localization of IP3R3, but not IP3R1 and IP3R2, 

on the plasma membrane of D1 cells (Fig. 2A). Confocal analysis confirmed this 

observation. Sites of overlapping staining with the plasma membrane were observed for 

IP3R3, whereas IP3R1 and IP3R2 localized to the ER and nuclear membranes (Fig. 2B). 

Transmission electron microscopy (TEM) analysis confirmed that IP3R3 was present not 

only on intracellular membranes (presumably the ER) but also on the plasma membrane of 

D1 cells (Fig. 2C and fig. S2A). Last, the localization of IP3R3 on the plasma membrane 

was confirmed also by surface protein biotinylation and immunoprecipitation assay (Fig. 2D 

and fig. S2B).

To determine the involvement of IP3R3 in activating the CD14-Ca2+-NFAT pathway in DCs 

stimulated by LPS, we silenced IP3R3 expression in DCs by RNA interference (fig. S2, C 

and D). IP3R3 knockdown completely abrogated Ca2+ transients (Fig. 3A and fig. S3A) in 

response to LPS. We also evaluated the impact of IP3R3 knockdown in the regulation of the 

transcription of the NFAT-dependent genes il2 and Ptges1 (12). As expected, IP3R3 

silencing strongly diminished the capacity of LPS-treated DCs to increase il2 and Ptges1 
expression, whereas the induction of Tnfa, which is NF-κB dependent and NFAT 

independent, was unaffected (Fig. 3B). These data demonstrate that IP3R3 is expressed not 

only on the ER membrane but also at the cell surface and is the Ca2+ channel involved in 

Ca2+ mobilization in response to LPS.

IP3R3 and CD14 colocalize at the plasma membrane

After LPS stimulation, Ca2+ influx in DCs totally depends on CD14 and IP3R3 (Fig. 2C). 

We thus hypothesized that CD14 and IP3R3 colocalize and evaluated this by using two 

different approaches: (i) stimulated emission depletion (STED) microscopy, and (ii) 

proximity ligation assay (PLA). Both STED microscopy and PLA showed IP3R3 and CD14 

colocalization (Fig. 4, A and B). Both D1 cells and sDCs were used for the PLA analysis, 

and colocalization was quantified (Fig. 4B). The colocalization of CD14 with TLR4 after 

LPS treatment was used as a positive control, and colocalization of CD14 with major 

histocompatibility complex class II (MHCII) or IP1R1 was used as a negative control (Fig. 

4B). As an additional control, we measured CD14 and IP3R3 colocalization after having 

altered the organization of the plasma membrane by cyclodextrin-mediated cholesterol 

depletion. The elimination of cholesterol abrogated the colocalization (Fig. 4C). 

Accordingly, treating DCs with cyclodextrin also impaired Ca2+ mobilization in response to 

LPS but not in response to ATP (Fig. 4D and fig. S3B).
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DC3 cells are a subpopulation of type 2 DCs that are CD1c+CD14+ and present in human 

blood (41,42). We isolated DC3s by first purifying CD1c+ cells by magnetic-activated cell 

sorting (MACS) and then using fluorescence-activated cell sorting (FACS) to isolate CD14+ 

DCs from the CD1c+ population (fig. S4). This population differs from monocytes in the 

amount of CD1c on the cell surface, with monocytes being CD1clow (43). In line with the 

results obtained with mouse DCs, TIRF analysis confirmed the presence of IP3R3 on the 

plasma membrane of CD1c+CD14+ DC3 cells (Fig. 4E), and TIRF and STED analyses 

showed colocalization of CD14 and IP3R3 (Fig. 4, E and F). Collectively, these findings 

demonstrate that CD14 and IP3R3 colocalized in mouse DCs and in a subpopulation of 

human DCs and suggest that their colocalization is required for the increase in intracellular 

[Ca2+] in DCs after LPS stimulation.

IP4 is a second messenger required for Ca2+ mobilization

To understand why IP3R3s in the plasma membrane are preferentially activated relative to 

those in the ER, we reasoned that IP3 may be generated in such low amounts by plasma 

membrane-associated PLC that it is effective only locally. IP3 is quickly converted to IP4 by 

two different classes of enzymes: ITPKs (44) and inositol polyphosphate multikinase. In 

addition, IP3 can be converted to IP2 by IP3 phosphatases. We reasoned that inhibiting the 

metabolic conversion of IP3 to IP4 isomers and IP2 should lead to increased amounts of IP3 

and possibly to the activation of IP3R3 on the ER. The inhibition of ITPKs with either of 

two different inhibitors that target all three ITPK isoforms (A, B, and C), TNP [N2-(m-

(trifluoromethyl)benzyl) N6-(p-nitrobenzyl)purine] and GNF362 (45), completely abrogated 

LPS-induced Ca2+ mobilization in D1 cells (Fig. 5A and fig. S5A). This indicated that the 

generation of IP4 was a prerequisite for inducing Ca2+ entry.

Among the three ITPK isoforms, ITPKA is restricted to the central nervous system, whereas 

ITPKB and ITPKC are detected in multiple organs, although ITPKC is largely restricted to 

epithelial cells (46–48). We thus focused our attention on ITPKB, which is active in immune 

cells (49–51) and is the only isoform that can associate with the plasma membrane (52, 53) 
and tested whether it was the isoform that was required for Ca2+ mobilization in DCs. We 

first confirmed the presence of ITPKB in WT BMDCs by Western blot (fig. S5B). Then, we 

measured Ca2+ mobilization in BMDCs derived from ITPKB-deficient mice, which 

demonstrated that Ca2+ influxes in response to LPS were completely abrogated but rescued 

by the addition of cell-permeant IP4 (Fig. 5B).

To confirm that IP4 facilitates Ca2+ influxes through the plasma membrane through IP3Rs at 

the cell surface, we pretreated D1 DCs with thapsigargin to deplete the intracellular Ca2+ 

stores in the presence of a CRAC inhibitor to prevent Ca2+ influx and then treated the cells 

with cell-permeant IP3 or IP4. A Ca2+ transient was reproducibly observed in single cells 

with IP3 or IP4 treatment after intracellular store depletion, and it was inhibited by the 

addition of EGTA to the medium (Fig. 5C and fig. S5C), indicating that IP3 and IP4 could 

induce a Ca2+ influx through the plasma membrane. At all concentrations tested, IP4 was 

more efficient than IP3 in allowing Ca2+ entry across the plasma membrane (Fig. 5C). An 

alternative IP4 isomer [Ins(1,4,5,6)P4] did not induce any Ca2+ flux (Fig. 5C and fig. S5C) 

under these conditions.
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To evaluate IP4 generation in DCs stimulated with LPS, we used a biosensor that enables 

real-time monitoring of IP4 (54). A clear ITPK-dependent increase in the amount of IP4, 

assessed as a decrease in the presence of the free probe, occurred in D1 cells exposed to LPS 

(Fig. 5D). Consistent with the notion that Ca2+ fluxes are compartmentalized, we also found 

sites of colocalization of IP3R3 and ITPKB by STED microscopy (fig. S6A). Accordingly, 

STED analysis revealed regions of colocalization of the three key molecules CD14, IP3R3, 

and ITPKB in human CD1c+CD14+ DC3 cells (fig. S6B). Together, these data indicate that 

the IP4 that is generated by activation of ITPKB when DCs are exposed to LPS is a second 

messenger required for Ca2+ mobilization.

IP4 is required for LPS-induced nuclear translocation of NFAT in vitro and in vivo

An increase of intracellular Ca2+ concentration and calcineurin activation are early events in 

the pathway leading to NFAT activation when SOCE is involved. To investigate whether 

Ca2+ mobilization and calcineurin activation were required for the nuclear translocation of 

NFAT also in our system, DCs were activated with LPS in the presence or absence of EGTA 

and FK506 (tacrolimus) to chelate the extracellular Ca2+ and to inhibit the phosphatase 

activity of calcineurin, respectively. For this experiment, we focused on NFATc2, which is 

an NFAT family member that is highly abundant in DCs (3). Both extracellular Ca2+ and 

calcineurin were required for the LPS-induced translocation of NFAT into the nucleus (Fig. 

6A). Given that CRAC channels are not required for Ca2+ mobilization in LPS-activated 

DCs, we also blocked CRAC channels with YM-58483 to confirm that their activation was 

not required for the translocation of NFAT. In according with this prediction, LPS induced 

the nuclear translocation of NFAT when CRAC channels were inhibited, confirming that 

they are not necessary for NFAT activation (Fig. 6A).

We next analyzed the involvement of ITPKs in activating the NFAT signaling pathway. 

NFAT translocation in response to LPS was evaluated in vitro in BMDCs derived from WT 

or ITPKB-deficient mice. We also measured NFAT translocation in vivo in MHCII+ cells 

after intradermal LPS administration in the presence or absence of the ITPK inhibitor TNP. 

In agreement with the results on Ca2+ mobilization (Fig. 5, A and B), LPS-induced nuclear 

NFATc2 translocation was absent in ITPKB-deficient DCs and was rescued by the addition 

of IP4 to the cultures (Fig. 6B). NFATc2 translocation was also observed in vivo, where it 

was prevented by the pharmacological inhibition of ITPKs (Fig. 6C).

We then assessed NFAT nuclear translocation in human CD1c+CD14+ DCs. In agreement 

with the results obtained with mouse DCs, NFAT nuclear translocation was induced by LPS 

stimulation and inhibited upon ITPK inhibition (Fig. 6D). Furthermore, the induction of the 

expression of the NFAT-dependent gene PTGES1 in human CD1c+CD14+ DCs depended on 

ITPKs, implying that the mechanism initiated by CD14 in mouse DCs also operates in 

human DCs (Fig. 6E). Overall, these observations indicate that ITPKB is required for NFAT 

translocation downstream of LPS-induced Ca2+ mobilization in both human and mouse 

DCs.
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Inhibition of ITPKs reduces LPS-induced, NFAT-dependent inflammatory events in vivo

We next explored the role of ITPKB in the NFAT signaling pathway in vivo, during LPS-

mediated inflammation. We have previously shown that the increase of vascular permeability 

during the inflammatory process induced by LPS in vivo depends on NFAT activation in 

DCs (12). We thus evaluated whether the absence of ITPKB or ITPK inhibition interfered 

with the vascular leakage induced by LPS. Mice received an intradermal injection of LPS in 

the ear, after which the vascular permeability was evaluated by Evans blue extravasation. 

Extravasation was significantly reduced in ITPKB-deficient mice and in mice treated with 

the ITPK inhibitor TNP (Fig. 7A and fig. S7A). Analogously, vascular permeability was also 

reduced in mice treated with small interfering RNAs (siRNAs) targeting IP3R3 (Fig. 7A and 

fig. S7, A and B). Vascular leakage was restored by adoptive transfer of with WT, but not 

ITPKB-deficient, DCs into the ears of the ITPKB-deficient mice (Fig. 7B). Vascular leakage 

was also restored also injecting PGE2 into the ear (Fig. 7A and fig. S7A). NFAT activation in 

DCs increases vascular permeability through the induction of Ptges1, which encodes 

microsomal prostaglandin E synthase-1, an enzyme required for generation of the efficient 

vasodilator PGE2 (12). When the IP3R3-ITPKB pathway was inhibited, Ptges1 was also 

dampened, whereas the transcription of Tnfa was unaffected (fig. S7C). The observation that 

ITPK inhibition selectively affected the NFAT pathway was further confirmed in vitro. The 

induction of Ptges1 in DCs after LPS treatment was inhibited by the ITPK inhibitor, whereas 

the expression of proinflammatory myeloid differentiation primary response 88-dependent 

(Tnfa) and TRIF-dependent (Viperin) genes (fig. S7D), as well as TLR4 internalization (fig. 

S7E), were not affected by the presence of the ITPK inhibitor.

The inhibition of vascular permeability observed with ITPK inhibition was recapitulated by 

the inhibition of NFAT activation in vivo with use of the VIVIT peptide. The VIVIT peptide 

is a 16-mer oligopeptide that has high affinity for the NFAT-binding site of calcineurin, and 

it effectively inhibits the activation of NFAT without affecting the activation of NF-κB (55). 

To use the VIVIT peptide in vivo, we conjugated it to nanoparticles to protect it from 

degradation. We selected superparamagnetic iron nanoparticles (termed Myts nanoparticles) 

for their high colloidal stability (56, 57). The core of the Myts nanoparticles consists of an 

iron oxide nanocrystal that is tightly wrapped by an amphiphilic polymer 

poly(isobutylenealt-maleic anhydride)-graft-dodecylamine (PMA) (58), which provides 

colloidal stability in aqueous solution, and has multiple functional groups suitable for 

straightforward bioconjugation (59). We functionalized Myts nanoparticles with the VIVIT 

peptide (Fig. 7C) using a conjugation strategy that exploits a disulfide bridge-bearing linker 

between the peptide and the nanoparticle (Fig. 7C). Nanoparticles were developed and 

functionalized partly with the VIVIT oligopeptide and partly with polyethylene glycol 

(PEG) to further increase the colloidal stability in biological fluids (Fig. 7C).

We evaluated the efficacy of Myts-VIVIT in blocking NFAT activation in DCs in vitro. 

Myts-VIVIT nanoparticles effectively blocked nuclear translocation of NFAT, but not of NF-

κB (fig. S8A), and inhibited the production of interleukin-2 (IL-2), but not of tumor necrosis 

factor (TNF) (fig. S8B). The advantage of using nanoparticles was not limited to the 

protection of the peptide from degradation, because nanoparticles also favored VIVIT 

peptide uptake almost exclusively by phagocytes in skin spleen and lymph nodes, thus 
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confining the effect of the NFAT inhibition to these cells (fig. S8C). We next used the Myts-

VIVIT nanoparticles for the subsequent experiments in vivo. Myts-VIVIT nanoparticles 

blocked LPS-induced vascular leakage similarly to ITPK inhibition (Fig. 7D), indicating that 

the direct inhibition of NFAT or ITPK has the same biological effect.

The relevance of ITPK-dependent NFAT activation was also tested in the mouse collagen 

antibody-induced arthritis (CAIA) model in which arthritis is induced by collagen-specific 

antibodies and enhanced by the injection of LPS (60). This model of arthritis offers some 

advantages with respect to the classic collagen-induced arthritis model. First, it is induced by 

LPS and independent of adaptive immunity, therefore suitable for our studies. Second, the 

treatment induces arthritis within a few days, whereas arthritis induced by immunization 

with type II collagen requires weeks to develop. Arthritis was induced in the presence or not 

of the ITPK inhibitor TNP or with injection of Myts-VIVIT (or control) nanoparticles to 

block the NFAT signaling pathway in phagocytes. The inhibition of ITPK and the direct 

inhibition of NFAT activation significantly dampened arthritis severity (Fig. 7E). In 

particular, arthritis developed in an asymmetric way, as already shown for NFATc2-deficient 

mice (61), and presented with a significantly decreased severity in mice treated with the 

ITPK inhibitor, as assessed by both clinical disease score and histological examination of 

inflammatory infiltrates (Fig. 7, E and F). In summary, the abrogation of IP4 generation by 

ITPK inhibition in vivo blocked LPS-induced activation of the NFAT signaling pathway and 

NFAT-mediated inflammatory events.

DISCUSSION

We have shown that, after LPS stimulation, Ca2+ mobilization in mouse and human DCs 

depended on activation of ITPKB, generation of IP4, and the opening of IP3R3 Ca2+ 

channels that colocalized with CD14 at the cell surface, thus facilitating the influx of Ca2+ 

directly through the plasma membrane. Because this Ca2+ entry was necessary for the 

activation of NFAT, functional events promoted by NFAT LPS-induced inflammation 

therefore depended on ITPKB.

This mechanism of Ca2+ mobilization that is induced by LPS and leads to NFAT activation 

in DCs is highly unusual. In most other leukocytes, in response to stimuli such as antigens, 

chemokines, agonists of Fce receptor, and others, Ca2+ mobilization for NFAT activation 

occurs through a SOCE mechanism (62). We cannot exclude that Ca2+ mobilization for 

NFAT activation occurs through a SOCE mechanism in myeloid cells downstream of TLRs 

or TLR co-receptors in other experimental conditions. We have previously shown that other 

LPS species induce Ca2+ mobilization from intracellular stores (63).

IP3R3 mediates Ca2+ mobilization in DCs and must colocalize with CD14 at the cell surface 

for Ca2+ influxes to occur in response to LPS (Fig. 4C). IP3Rs are commonly considered to 

be intracellular receptors, although some evidence exists for IP3R localization on the plasma 

membrane. The presence of sialylated IP3Rs on the plasma membrane has been documented 

in lobster olfactory receptor neurons (64), human T lymphocytes (65), and rat liver cells (66, 

67). Even when the receptors are intentionally overexpressed, very few of the molecules 

localize to the cell surface (68). More recently, functional plasma membrane IP3R3s, 
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accounting for part of the Ca2+ mobilization induced by antigen exposure, have been 

described in B cells (40). Nevertheless, the implication of this mechanism of Ca2+ entry into 

cells exposed to antigens has remained elusive. Here, we demonstrated that Ca2+ influx 

through membrane IP3R3 activated the NFAT signaling pathway. On the basis of our data, 

we hypothesize that, after DC exposure to smooth LPS, IP3 is rapidly metabolized to IP4 

that, in turn, promotes the opening of plasma membrane IP3R3. Ca2+ entry through plasma 

membrane IP3R3 then favors NFAT activation. A single, highly transient spike of increased 

intracellular Ca2+ concentration was sufficient to initiate the NFAT pathway (Figs. 1, A and 

B, and 6A). This diverges from the common interpretation (based on studies of T and B 

cells) that a sustained increase in intracellular Ca2+ concentration is required for NFAT 

activation (62). Our data support the existence of a second noncanonical model wherein 

Ca2+ influx from the membrane, rather than a sustained Ca2+ mobilization, is responsible for 

calcineurin activation.

Because IP3Rs have been found on the plasma membrane of B cells and thymocytes, it will 

be interesting to dissect this second pathway and investigate whether it is also active in these 

cells and what are the circumstances in which it is activated, especially given that 

recognition of low-avidity antigens has been shown to induce transient rather than sustained 

Ca2+ mobilization (69). It would be interesting to investigate whether these Ca2+ transients 

can lead to NFAT translocation. For Ca2+ influxes to occur through the plasma membrane, 

IP3R3 and CD14 must colocalize in microdomains at the cell surface (Fig. 4C). Coclustering 

of IP3R3 with the signaling complex occurs also during TCR signaling events induced by 

the antigen (70). It remains to be determined whether IP4 itself is capable of opening the 

IP3R3 channels located on the cell surface or whether IP4 indirectly promotes the gating 

functions of IP3R3.

In lymphocytes, the absence of ITPKB results in a sustained SOCE (71), which makes T and 

B cells anergic and susceptible to apoptosis through the stimulation of the TNF family 

member FAS ligand and the B cell lymphoma 2 family member B cell lymphoma (Bcl)-2-

like protein 11 (45). This may occur because IP4 can act as an inhibitor of Ca2+ entry 

through calcium release-activated calcium channel protein 1 (50), the pore component of the 

plasma membrane CRAC channels required for SOCE (62), and may also act by restricting 

the availability of IP3. In DCs, IP4 favored Ca2+ influxes, and this is in line with the 

observation that Ca2+ increases generated by LPS stimulation do not depend on SOC 

channels (Fig. 1A). Although inward Ca2+ currents through plasma membrane IP3R3 can 

occur in antigen-activated B cells, whether these currents depend on IP4 remains unclear; 

research efforts are focused on resolving this issue. IP4 may have multiple additional 

functions in innate immune cells, including inhibition of the Akt and mechanistic target of 

rapamycin signaling pathway (72). This will be another interesting issue to investigate in 

future work.

In innate myeloid cells, NFAT promotes the production of the vasoactive mediator PGE2 

(12). Accordingly, inhibition of IP4 generation in vivo strongly reduced the vascular 

permeability induced by LPS (Fig. 7A). Vasodilation and the increase in vascular 

permeability are among the first events in the inflammatory process. Thus, inhibition of 

vasodilation is an efficient way to reduce local inflammation. In a model of inflammatory 
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arthritis induced by collagen-specific antibodies and LPS, inhibition of IP4 generation in 

vivo significantly reduced inflammatory cell recruitment and reduced the severity of the 

disease (Fig. 7F). The direct inhibition of NFAT activation using the VIVIT peptide and the 

inhibition of ITPKs had overlapping results (Fig. 7E), in agreement with ITPKB being 

required downstream of CD14 for NFAT activation (Fig. 6B).

Last, our Myts-VIVIT nanoconjugates that targeted innate immune phagocytes and 

selectively blocked NFAT activation proved to be effective tools for anti-inflammatory 

treatments. The uptake of nanoparticles by mononuclear phagocytes is a major obstacle to 

the use of nanoparticles in nanomedicine, because phagocytes hamper the efficient 

conveyance of nanodrugs to the desired target area (73). Here, we exploited this intrinsic 

property of nanoparticles to preferentially deliver active compounds to phagocytic innate 

immune cells.

This opens the possibility of using similar nanomedicines for the treatment of inflammatory 

diseases. Our results also showed that such nanoconjugates can serve as new tools for the 

investigation of signaling pathways activated in phagocytes in vivo.

In conclusion, our data show that in mouse and in CD14+ human DCs, Ca2+ entry 

downstream of LPS-engaged CD14 required ITPKB, which mediated the production of IP4 

that served as a second messenger for promoting the entry of Ca2+ through IP3Rs. After the 

increase of intracellular [Ca2+], activation of the NFAT pathway in DCs had clear 

inflammatory consequences in vivo. Our results also highlight the efficacy of using colloidal 

nanoparticles as effective carriers for delivering active compounds to phagocytes and 

strongly support ITPKB as a potential target for anti-inflammatory therapies aimed at 

inhibiting defined DC functions.

materials and methods

Reagents

LPS (Escherichia coli, O55:B5) was purchased from Enzo Life Sciences. 2-APB, 

YM-58483, EGTA, ATP, dynasore hydrate, β-cyclodextrin, and thapsigargin were purchased 

from Sigma-Aldrich. Tacrolimus/ FK506 was purchased from Fujisawa Pharmaceutical. 

TNP was purchased from Tocris. Ins(1,4,5)P3-AM, Ins(1,3,4,5)P4-AM, and Ins(1,4,5,6)P4-

AM were purchased from Sichem. PGE2 was purchased by Cayman Chemical. GNF362 

was provided by Novartis Institutes for BioMedical Research.

Mice

WT C57BL/6 were purchased from Envigo, Italy. CD14−/− mice were originally obtained 

from CNRS d’Orléans and kept in pathogen-free conditions. Itpkb−/− and Itpkb+/+ (74) were 

provided by S. Schurmans. All mice were used at 6 to 8 weeks of age.

Cell culture and purification

BMDCs from Stim1; Stim2 double-knockout mice were provided by S. Feske (75). BMDCs 

were generated from WT or mutant mice by culturing for 8 days BM precursors, flushed 

from femurs, in Iscove’s modified Dulbecco’s medium (IMDM) (Euroclone) containing 
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10% heat-inactivated fetal bovine serum (Euroclone), 100 IU of penicillin, streptomycin 

(100 μg/ml), 2 mM L-glutamine (Euroclone), and granulocyte-macrophage colony-

stimulating factor (GM-CSF) (10 to 20 μg/ml) for BMDC. sDCs were purified from WT or 

mutant mice. The spleen unicellular suspensions were stained with CD11c antibody and 

positively selected using MACS beads according to the manufacturer’s instructions 

(Miltenyi Biotec). For the adoptive transfer experiments, 2 × 106 sDCs plus 30 μg of LPS or 

30 μl of phosphate-buffered saline (PBS) were injected subcutaneously in the ear of WT or 

mutant mice. D1 cells generated as previously described (34) and cultured in IMDM 

(Euroclone) containing 10% heat-inactivated fetal bovine serum (Euroclone), 100 IU of 

penicillin, streptomycin (100 μg/ml), 2 mM L-glutamine (Euroclone), and 30% of 

supernatants from NIH3T3 fibroblasts (transfected with GM-CSF); the final GM-CSF in the 

medium was 10 to 20 ng/ml. Human BDCA1 cells were purified from peripheral blood 

mononuclear cell (PBMC) extracts from buffy coat of healthy donors (provided by Niguarda 

Hospital blood bank) by Ficoll-Paque density gradient centrifugation. Briefly, blood was 

stratified on Ficoll-Paque PLUS (GE Healthcare) in 3:4 ratio and centrifuged at 1500 rpm 

for 30 min without brake. PBMCs were washed twice and collected, and BDCA1 cells were 

purified using MACS beads according to the manufacturer’s instructions (Miltenyi Biotec). 

For some experiments, BDCA1 were stained with anti-CD14 Alexa Fluor 647 (BioLegend, 

clone M5E2) and sorted using BD FACSAria III cell sorter. Cells were cultured for no more 

than 24 hours in RPMI 1640 medium (Euroclone) containing 10% heat-inactivated fetal 

bovine serum (Euroclone), 100 IU of penicillin, streptomycin (100 μg/ml), 2 mM L-

glutamine (Euroclone), and GM-CSF (2 ng/ml; Miltenyi Biotec).

Ca2+ measurement

In some experiments, Ca2+ fluctuations were determined by a ratiometric technique. Cells 

were loaded with 2 μM indo-1 (Molecular Probes) by incubation at 37°C for 20 min. Cells 

were then washed three times with PBS to allow for intracellular de-esterification of indo-1. 

A direct optical microscope (Olympus, BX51) with a two-photon Ti-Sapphire laser source 

(720-nm wavelength; Mai Tai, Spectra-Physics) was used for indo-1 excitation. The 

fluorescence signals emitted by indo-1-loaded cells were digitized at 200 Hz and recorded 

every 0.5 to 0.8 s. The ratio of fluorescence emissions at 400/40-nm bandpass to those at 

500/20-nm bandpass was recorded (R400/500) and used as an index of [Ca2+]i.

Ca2+ measurements in BMDCs were performed with confocal microscopy. A total of 5 × 

105 cells were seeded on glass coverslip, loaded with 5 μM Fluo-4 acetoxymethyl ester 

(Fluo-4 AM) (Invitrogen) and incubated for 30 min at 37°C in complete medium containing 

probenecid. Cells were then washed twice with complete medium plus probenecid and 

immediately analyzed. Cells were excited with a laser at 488 nm, and the intensity of the 

fluorescence between 505 and 550 nm was measured as the Fluo-4 signal. The change in 

Ca2+ signal was determined by the change in Fluo-4 fluorescence. The relative mean 

fluorescence intensity (MFI) was calculated considering the MFI mean measured 30 s before 

the stimuli were added.

For some experiments, Ca2+ fluctuation was detected with flow cytometry. A total of 5 × 105 

cells were loaded with 5 μM Fluo-4 AM (Invitrogen) and incubated for 30 min at 37°C in 
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complete medium containing probenecid. Cells were then washed twice with complete 

medium plus probenecid and immediately analyzed by flow cytometry. The above-described 

fluorescence setting was applied for the acquisition.

IP4 measurement

A total of 5 × 105 D1 cells were allowed in suspension in 1 ml of media without serum and 

transfected with 10 μg of 15F-IP4 fluorescent probe [described in (54) and provided by 

T.M.]. PULSin (Polyplus-transfection) was used for IP4 probe transfection following the 

manufacturer’s protocol. Cells were then plated 2.5 × 105 on Nunc glass-based dish (Thermo 

Fisher Scientific) in 2 ml of complete media and allowed to adhere for 2 hours. Imaging was 

performed on a Nikon A1+ confocal microscope with a 63× oil objective. Cells were excited 

with a laser at 488 nm, and the intensity of the fluorescence between 505 and 550 nm was 

measured as the IP4 signal. Images were acquired at 1.2-s intervals.

TNFα and IL-2 measurement

Concentrations of IL-2 and TNFα in culture supernatants were assessed by enzyme-linked 

immunosorbent assay kits purchased from R&D Systems.

Transmission electron microscopy

For electron microscopy analysis, DCs were seeded on glass coverslip previously coated 

with L-polylisine (Sigma-Aldrich) for 30 min at 37°C. After adhesion, cells were fixed for 1 

hour and 30 min in a 0.1% glutaraldehyde and 4% paraformaldehyde solution prepared in 

0.1 M phosphate buffer (PB). After several washes in PB, cells were incubated in tris-HCl-

buffered saline solution (TBS) containing 10% bovine serum albumin (BSA) and 0.2% 

saponin for 45 min and then stained overnight at 4°C with anti-IP3R3 antibody diluted 1:50 

in a solution of 10% BSA and 0.04% saponin in TBS. After several washes in 1% BSA in 

TBS, samples were incubated with anti-mouse 1.4-nm gold-labeled antibody (Nanoprobe) 

diluted 1:100 in a solution of 1% BSA in TBS for 3 hours at room temperature, and then 

washed overnight in TBS. Samples were subsequently fixed again with 1% glutaraldehyde 

in 0.1 M PB for 10 min at room temperature, washed in double-distilled water, and last, 

silver enhancement was performed for 10 min under a red light (HQ SILVER, Nanoprobes). 

After several washes in cold distilled water, samples were post-fixed in osmium tetroxide 

1% in 0.1 M PB for 1 hour and stained ON at 4°C with 1% uranyl acetate aqueous solution. 

Subsequently, samples were dehydrated with series of alcohols, infiltrated, and embedded in 

Epon Resin. Hardened samples were cut in 70-nm-thick slices and observed with JEOL JEM 

1220 transmission electron microscope (JEOL, Japan), operating at 80-kV acceleration 

voltage and equipped with a Lheritier LH72WA digital camera.

IP3R3 silencing

D1 cells (7 × 105) were cultured on six-well plates 2 hours before transfection in 1 ml of 

complete medium and transfected with iBONi siRNA plus (riboxx) for glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) (guide, 5’-ACAAUCUCCACUUUGCCACCCCC-3’ 

and passenger, 5’-GGGGGUGGCAAAGUGGAGAUUGU-3’) and IP3R3 (guide, 5’-

AUCUUCUCGUUCUUGGUGCCCCC-3’ and passenger, 5’-
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GGGGGCACCAAGAACGAGAAGAU-3’). INTERFERin (Polyplus-transfection) was used 

for siRNA transfection following the manufacturer’s protocol. The final concentrations of 

siRNA transfected were 1 to 10 nM. Cells were harvested 48 hours after siRNA transfection 

for subsequent analysis. For in vivo IP3R3 silencing, 3 μg of siRNA against IP3R3 [mission 

endoribonuclease-prepared siRNA, Sigma-Aldrich, catalog no. EMU164061] or enhanced 

green fluorescent protein (eGFP) (mission siRNA, Sigma-Aldrich, catalog no. EHUEGFP) 

were subcutaneously injected in the ears of WT C57BL/6 mice with 9 μl of jet-peg 

transfection reagent (Polyplus-transfection). After 24 hours, mice were used for subsequent 

analysis.

Vascular permeability assay

Mice were injected subcutaneously in the ears with the indicated stimuli and then 

immediately intravenously with 100 μl of Evans blue. After 30 min, mice were euthanized; 

ears were explanted and incubated overnight in formalin (Sigma-Aldrich) at 55°C. Evans 

blue in formalin solution was quantified by measuring the absorbance at 650 nm.

Immunofluorescence analysis

The PLA was performed using Duolink kit (Sigma-Aldrich). Cells were seeded on glass 

coverslip or cultured in complete media for overnight adhesion and then fixed in 4% 

paraformaldehyde for 10 min at room temperature, washed twice with PBS, and kept in 

blocking solution (2% BSA in PBS) for 30 min at room temperature. Samples were 

incubated with a couple of primary antibodies: goat anti-mouse CD14 (Santa Cruz 

Biotechnology, T-19), mouse anti mouse IP3R3 (BD Biosciences, clone 2), rabbit anti-

mouse TLR4 (Santa Cruz Biotechnology, M-300), mouse anti-MHCII (BioLegend, clone 

10-3.6), and rabbit anti-IP3R1 (Santa Cruz Biotechnology, E-20), diluted in blocking 

solution overnight at 4°C. After two washes in buffer A in gentle agitation for 5 min, cells 

were incubated with complementary PLA probe (anti-mouse PLUS and anti-goat MINUS or 

anti-mouse PLUS and anti-rabbit MINUS) diluted in blocking solution; the incubation was 

performed at 37°C for 1 hour. Subsequently, sample was washed twice with buffer A in 

gentle agitation for 5 min, and then, the ligase solution was added for 30 min at 37°C. Cells 

were again washed twice with buffer A in gentle agitation for 2 min. Then, the polymerase 

solution and the fluorescent deoxynucleotide triphosphates were added to the sample for 100 

min at 37°C. Cells were staining with 4’,6-diamidino-2-phenylindole (1 μg/ml) for 5 min at 

room temperature and lastly mounted using FluorSave Reagent (Calbiochem). Images were 

acquired with Nikon A1+ confocal microscope system and analyzed with ImageJ software.

For immunocytochemistry, cells were seeded on glass coverslip for overnight adhesion. For 

D1 cells acquisition with TIRF microscopy, the glasses were coated with L-polylisine 

(Sigma-Aldrich) for 30 min at 37°C, and cells were allowed to adhere for 30 min at 37°C. 

For the immunocytochemistry of BDCA1 cells, the glasses were coated for 45 min at 37°C 

with 0.01% of Alcian blue (prepared from a stock solution of 1% in acetic acid; Sigma-

Aldrich). BDCA1 cells were then allowed to adhere overnight at 37°C. Plasma membrane 

staining was performed by incubated live cells with wheat germ agglutinin Alexa Fluor 555 

(Invitrogen) for 10 min at 37°C. Cells were fixed with paraformaldehyde solution 4% PBS 

for 10 min at room temperature, permeabilized with 0.2% BSA and 0.1% Triton X-100 in 
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PBS for 10 min, and subsequently kept in blocking solution [2% BSA in PBS plus rat anti-

mouse CD16/CD32 (BioLegend) or human Fc blocking (BioLegend)] for 45 min. 

Incubation with first antibodies was performed overnight in blocking solution at 4°C. 

Incubation with second antibodies was performed 1 hour in PBS at room temperature. 

Samples were mounted in FluorSave Reagent (Calbiochem) and were acquired with Leica 

TCS SP8-STED, Leica SP2-TIRF, and Nikon A1+ confocal microscope system. ImageJ 

software was used for image analysis and processing.

The following antibodies were used: anti-mouse CD14 (Santa Cruz Biotechnology, clone 

T-19), anti-human/mouse IP3R3 (BD Biosciences, clone 2/IP3R-3), anti-mouse calnexin 

(Abcam, ab22595), anti-human/ mouse IP3R1 (Santa Cruz Biotechnology, clone E-20), anti-

human/ mouse IP3R2 (Santa Cruz Biotechnology, clone C-20), anti-human CD14 

(BioLegend, clone M5E2), anti-human/mouse ITPKB (ProteinTech), anti-human/mouse 

NFATc2 (ImmunoGlobe, clone IG-209), anti-mouse Alexa Fluor 488, anti-rabbit Alexa 

Fluor 647, and anti-goat Alexa Fluor 555. For STED microscope acquisition, anti-goat 

ATTO647N, anti-mouse ATTO488, and anti-mouse 594 were used. The quantitative analysis 

of NFAT nuclear translocation has been done blindly by biophysicist experts in microscopy 

and optics of the physics department.

For immunohistochemistry, mice were injected subcutaneously in ear with the indicated 

stimuli for 1 hour and 30 min. Explanted skin ears were embedded in optimal cutting 

temperature freezing media (Bio-Optica). Sections (5 μm) were cut on a cryostat, adhered to 

a Superfrost Plus slide (Thermo Fisher Scientific), fixed with acetone, and blocked with 

PBS/5% BSA 30 min at room temperature. Sections were then stained overnight at 4°C with 

primary antibody anti-human/mouse NFATc2 (ImmunoGlobe, clone IG-209) and anti-mouse 

MHCII Alexa Fluor 488 (BioLegend, clone M5) and then washed twice with PBS and 

incubated 30 min at room temperature with anti-rabbit Alexa Fluor 555. Nuclei were stained 

with DRAQ5, 1:1000 in dH2O, for 5 min at room temperature. Sections were then mounted 

in FluorSave Reagent (Calbiochem) and acquired with Leica SP5 confocal microscopy.

Quantitative reverse transcription polymerase chain reaction

Mouse ears or cell samples were homogenized in TRIzol reagent, and then, RNA was 

extracted using Quick-RNA Miniprep or Microprep kits (Zymo Research, catalog nos. 

R2050 and R1051, respectively). Single-strand complementary DNA (cDNA) was 

synthesized using High-Capacity cDNA Reverse Transcription kits (catalog no. 4368814, 

Applied Biosystems). The NanoDrop (Thermo Fisher Scientific) was used to titer mRNA. 

RNA from BDCA1 sample was amplified using the QuantiTect Whole Transcriptome Kit 

(Qiagen) according to the manufacturer’s instructions. cDNA amplification was performed 

using the TaqMan Gene Expression Master Mix (catalog no. 4369016, Applied Biosystems) 

and TaqMan probes: ITPR1 Mm_00439907_m1, ITPR2 Mm_00444937_m1, ITPR3 

Mm_01306070_m1, IL-2 Mm_00434256_m1 or Hs_00174114_m1, TNFα 
Mm_004432258_m1 or Hs_00174128_m1, Ptges1 Mm_00452105_ m1, GAPDH 

Mm_99999915_g1, RPS13 Hs_01011487_g1, 18S, and Mm_03928990_g1. cDNA 

amplification of Viperin was performed using SYBR Green Master Mix (Applied 

Biosystems) and the following primers: 5’-CTTCAACGTGGACGAAGACA-3’ (forward) 
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and 5’-GACGCTCCAAGAATGTTTCA-3’ (reverse). Relative mRNA expression was 

calculated using the ▵Ct method, using 18S or RPS13 as a reference gene.

Western blotting

Cells were lysed with a buffer containing 50 mM tris-HCl (pH 7.4), 150 mM NaCl, 10% 

glycerol, and 1% NP-40 supplemented with protease and phosphatase inhibitor cocktails 

(Roche). Cell debris were removed by centrifugation at 16,000g for 15 min (4°C). Thymus 

was smashed and homogenized in 1 ml of lysis buffer 50 mM tris-HCl (pH 7.4), 150 mM 

NaCl, 10% glycerol, and 1% NP-40 supplemented with protease and phosphatase inhibitor 

cocktails (Roche) using a TissueLyser (full speed for 20 min; Qiagen). The tissue was then 

maintained in constant agitation for 30 min at 4°C. Sample was centrifuged for 20 min at 

13,000g at 4°C, and supernatant was collected. Both cell and thymus proteins were 

quantified using a bicinchoninic acid assay (Euroclone). Subsequently, 50 μg of cell lysates 

was run on an 8% polyacrylamide gel, and SDS-polyacrylamide gel electrophoresis was 

performed following standard procedures. After protein transfer, nitrocellulose membranes 

(Thermo Fisher Scientific) were incubated with anti-human/mouse ITPKB (ProteinTech), 

anti-human/mouse GAPDH [CST (Cell Signaling Technology), 14C10], or anti-human/

mouse vinculin (E1E9V) antibody and developed using an enhanced chemiluminesence 

(ECL) substrate reagent (Thermo Fisher Scientific).

Protein biotinylation and IP3R3 immunoprecipitation

A total of 1 × 107 D1 cells were biotinylated with 1 mg of biotin (EZ-Link sulfo-NHS-SS-

biotin, Thermo Fisher Scientific) for 30 min at 37°C. Cells were then lysed with a buffer 

containing 50 mM tris-HCl (pH 7.4), 150 mM NaCl, 10% glycerol, and 1% NP-40 

supplemented with protease and phosphatase inhibitor cocktails (Roche). Cell debris were 

removed by centrifugation at 16,000g for 15 min (4°C). The immunoprecipitations were 

performed using Dynabeads Protein G Immunoprecipitation Kit according to the 

manufacturer’s instructions. For IP3R3 immunoprecipitation, 10 μg of anti-IP3R3 (BD 

Biosciences, mouse clone 2, catalog no. 610312) or 10 μg of anti-IP3R3 (Millipore, rabbit 

polyclonal, catalog no. ab9076) was used. For calnexin immunoprecipitation, 10 μg of anti-

calnexin antibody (Abcam, rabbit polyclonal, catalog no. ab2259) was used. The samples 

were run on a 10% polyacrylamide gel, and SDS-polyacrylamide gel electrophoresis was 

performed following standard procedures. After protein transfer, nitrocellulose membrane 

was incubated with streptavidin to reveal biotin-IP3R3 and with anti-calnexin antibody and 

developed using an ECL substrate reagent (Thermo Fisher Scientific).

TLR4 internalization

After 30 min of LPS treatment, BMDCs were collected and stained with anti-mouse 

phycoerythrin-conjugated TLR4 (BioLegend, clone SA15-21) antibody for 20 min at 4°C.

Cells were then washed, and TLR4 surface expression was evaluated by Gallios flow 

cytometer (Beckman Coulter).

Marongiu et al. Page 16

Sci Signal. Author manuscript; available in PMC 2022 March 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Generation of VIVIT-functionalized nanoparticles (Myts-VIVIT)

A Myts solution (10 mg in 1 ml) was reacted with 0.05 M 2,2’-

(ethylenedioxy)bis(ethylamine) (EDBE) (3 μl in deionized water), in the presence of 0.1 M 

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (8 μl) and left under shaking 

for 2 hours. The nanoparticle dispersion was washed with water to remove unreacted EDBE 

and concentrated by centrifugation. The nanoparticles were diluted and stirred for 4 hours 

after adding N-succinimidyl-3-[2-pyridylthio]-propionate (300 μl, 10 mg/ml in dimethyl 

sulfoxide) and then washed with water. Last, the peptide having sequence HS-

CGGGKMAGPVIVITGPHEE-COOH (13 μl, 10 mg/ml) and PEG-SH (molecular weight ≈ 
500 Da, 10 μl, 10 mg/ml) were added to the mixture. Myts-VIVIT were washed with water, 

and the final concentration was determined by ultraviolet measurements. Nanoparticles 

uptake were evaluated in mice spleen, lymph nodes, and skin after 2 hour of intraperitoneal 

injection (100 μg per mouse) with flow cytometry.

Collagen antibody-induced arthritis

CAIA was induced in WT C57BL/6 female mice using a cocktail of five monoclonal 

antibodies (mAbs) (Chondrex). Briefly, mice were injected intraperitoneally with 5 mg of 

cocktail Abs per mouse on day 0 and with 50 μg of LPS per mouse at day 3. Where 

indicated, mice were also treated with 200 μM TNP every other day starting from day −1. 

According to the “Chondrex Mouse Arthritis Scoring System” criteria, clinical disease score 

(redness, thickness, and swelling of wrist, ankle, individual digits, and entire paw) was 

evaluated daily by a blinded observer until day 7. Then, mice were euthanized, and limb was 

explanted in optimal cutting temperature freezing media (Bio-Optica). For histopathological 

analysis, paw section of 5 μm was stained with Meyer’s hematoxylin solution for 8 min and 

then washed in warm running tap water for 5 min. Sections were stained with eosin Y 

solution for 1 min, washed in warm running tap water for 5 min, rinsed in distilled water, 

and then dehydrated through passages in 95% and absolute alcohol. After dehydration, 

stained slides were cleared in xylene and mounted with Eukitt. Images were acquired with 

the NanoZoomer (Hamamatsu).

Statistical analysis

Means were compared by either unpaired parametric t tests or one-way or two-way analysis 

of variance (ANOVA). Data are expressed and plotted as means ± SDM or ± SEM values. 

Sample sizes for each experimental condition are provided in the figure legends. All P 
values were calculated using Prism (GraphPad). Differences were considered significant if P 
≤ 0.05.

Ethical approvals—Animal studies have been performed after the approval from the 

Italian Ministry of Health, and the animals’ care was in accordance with institutional 

guidelines. Human samples have been analyzed after approval from the internal Ethical 

Committee.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Modalities of Ca2+ mobilization induced by LPS in DCs.
(A) Representative Ca2+ transients in mouse D1 cells treated with LPS or ATP in the 

presence or absence of the Ca2+ chelator EGTA, the CRAC inhibitor YM-58483, or the 

general ion channels inhibitor 2-APB. Arrows indicate the time (30 s) of LPS or ATP 

addition. Ca2+ fluctuations were evaluated by FACS on bulk populations as changes in 

Fluo-4 fluorescence in response to the stimuli and normalized to the value during the 30 s 

before LPS or ATP addition (rFluo-4 MFI). Traces are representative of three independent 

experiments. (B) Representative Ca2+ transients in wild-type (WT) and Stim1; Stim2 
double-deficient mouse BMDCs. Ca2+ mobilization was measured by confocal microscopy 

in the presence or absence of EGTA. Arrows indicate the time (30 s) of LPS administration. 

Ca2+ fluctuations were evaluated as changes in Fluo-4 fluorescence in response to the 

stimuli and normalized over the first 30 s of analysis (f/f0). A minimum number of 100 cells 

in each group was analyzed. The quantification analysis shows the increase of fluorescence 

intensity in the peak interval for 25 responder cells. One experiment representative of two 

independent experiments is shown. DKO, double-knockout.
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Fig. 2. IP3R3 channels are present on the plasma membranes of DCs.
(A) TIRF imaging for plasma membrane (PM) glycoproteins (red) and the indicated IP3Rs 

(green) in D1 cells. Scale bars, 10 μm. Images are representative of three independent 

experiments. (B) Confocal microscopy of D1 cells labeled to show the endoplasmic 

reticulum (ER) marker calnexin (blue), the indicated IP3Rs (green), and the plasma 

membrane (red). Scale bars, 3 μm. Images are representative of three independent 

experiments. Arrows indicate sites of IP3R3 and plasma membrane colocalization. (C) TEM 

showing IP3R3 localization in D1 cells stained with a primary antibody specific for IP3R3 

and nanogold-conjugated secondary antibody (IP3R3) or with only nanogold-conjugated 

secondary antibody as a control (control). Arrows indicate IP3R3 localized at the plasma 

membrane. ER, mitochondria (MT), and nucleus (N) are also indicated. Scale bars, 200 nm 

(main) and 50 nm (insets). Images are representative of three independent experiments. (D) 

D1 cells were surface-biotinylated, and the lysates subjected to immunoprecipitation with 

two different antibodies specific for IP3R3 (lanes 1 and 3) or an antibody specific for 

calnexin (lane 2) as a control. After SDS-polyacrylamide gel electrophoresis and transfer to 

nitrocellulose, membranes were probed with streptavidin or calnexin antibody.
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Fig. 3. IP3R3 channels are required for LPS-induced Ca2+ mobilization and NFAT activation in 
DCs.
(A) Ca2+ transients induced by LPS in D1 cells, 48 hours after the knockdown of IP3R3 with 

specific siRNAs in the presence or absence of the extracellular calcium chelator EGTA. 

Knockdown of GAPDH with specific siRNA was used as negative control. Arrows indicate 

the time (30 s) of LPS administration. Ca2+ fluctuations were evaluated by FACS on bulk 

populations as changes in the Fluo-4 fluorescence, in response to the stimuli, and were 

normalized to the value during the 30 s before LPS addition (rFluo-4 MFI). Traces are 
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representative of three independent experiments. (B) Real-time polymerase chain reaction 

(PCR) analysis of the increase in il2, Ptges1, and Tnfa expression after 4 hours of LPS 

treatment in D1 cells transfected or not (nt) with siRNAs specific for GAPDH (control) or 

IP3R3. Values indicate the mean ± SEM from six independent experiments. Statistical 

significance was determined with one-way analysis of variance, followed by Tukey’s 

multiple comparisons test, *P < 0.05, **P < 0.01 and ***P < 0.001.
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Fig. 4. IP3R3 and CD14 colocalize in lipid rafts at the plasma membrane in mouse and human 
DCs.
(A) STED microscopy showing localization of IP3R3 and CD14 in mouse D1 cells. Scale 

bars, 2 μm. Images are representative of three independent experiments. (B) PLA visualized 

by confocal microscopy for the indicated pairs of proteins in LPS-stimulated D1 cells or 

splenic DCs (sDCs) from WT or Cd14−/− mice. Sites of colocalization between CD14 and 

IP3R3 appear green. Sites of CD14 and TLR4 colocalization appear yellow (positive 

control). PLA between CD14 and IP3R1 (blue) and between CD14 and MHCII (pink) are 

negative controls. Nuclei are shown in red (top) or in blue (bottom). Scale bar, 10 μm. 

Images are representative of three independent experiments. Numbers of cells showing 

IP3R3-CD14, TLR4-CD14, IP3R1-CD14, and MHCII-CD14 colocalization were quantified. 

Statistical significance was determined with Sidak’s multiple comparisons test, ***P < 

0.001, n = 10 fields of cells analyzed from three independent experiments. (C) 

Immunofluorescence and PLA showing IP3R3 (green) and CD14 (red) in untreated D1 cells 

and after lipid raft disruption by β-cyclodextrin (cholesterol depletion). Scale bars, 3 μm. 

Images are representative of three independent experiments. Numbers of cells showing 

IP3R3-CD14 colocalization in untreated (NT) or treated (β-CD) cells are also shown. 

Statistical significance was determined with unpaired Student’s t test, ****P < 0.0001, n = 8 

fields of cells analyzed from three independent experiments. (D) Ca2+ transients in D1 cells 

after lipid raft disruption. Cells were treated (cholesterol depletion) or not (untreated) with 

β-cyclodextrin for 30 min before LPS activation. Arrows indicate the time of LPS or ATP 

(100 μM) administration. Ca2+ fluctuations were evaluated by FACS on the bulk population 

as changes in Fluo-4 fluorescence in response to the stimuli and normalized over the first 30 

s of analysis (rFluo-4 MFI). Traces are representative of three independent experiments. (E) 

TIRF microscopy showing IP3R3 and CD14 in human CD1c+CD14+ cells. PM, plasma 

membrane (red). Scale bars, 2 μm. Images are representative of cells from five different 

donors. (F) STED microscopy showing IP3 R3 and CD14 in human CD1c+CD14+ cells. 

Scale bars, 2 μm. Images are representative of cells from three different donors.
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Fig. 5. IP4 is a second messenger required for Ca2+ mobilization in DCs after LPS stimulation.
(A) Ca2+ transients in mouse D1 cells that were untreated or pretreated with the ITPK 

inhibitors (ITPKi) TNP or GNF362 before being stimulated with LPS in the absence or 

presence or EGTA, as indicated. Arrows indicate LPS administration at 30 s. Ca2+ 

fluctuations were evaluated by FACS on the bulk population as changes in the Fluo-4 

fluorescence in response to the stimuli and normalized over the first 30 s of analysis (rFluo-4 

MFI). Traces are representative of three independent experiments. (B) Representative Ca2+ 

transients in BMDCs from WT (Itpkb+/+) and Itpkb−/− mice in the presence or absence of 

EGTA. Arrows indicate the addition of LPS or LPS plus IP4 at 40 s. Ca2+ fluctuations were 

measured by confocal microscopy as changes in Fluo-4 fluorescence in response to the 

stimuli and normalized over the first 40 s of analysis (rFluo-4 MFI). A minimum number of 

100 cells in each group was analyzed. The quantification analysis shows the increase of 

fluorescence intensity in the peak interval in n = 25 responder cells. (C) Representative Ca2+ 
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profiles of D1 cells pretreated with CRAC inhibitor (CRACi) YM-58483 and then treated 

with thapsigargin (TPG) to deplete the intracellular Ca2+ stores and, last, with cell-permeant 

Ins(1,3,4,5,)P4, Ins(1,4,5)P3, or Ins(1,4,5,6)P4 at the indicated doses (see also fig. S5 for 

Ca2+ plots in the presence of EGTA). Thapsigargin was added after 30 s and inositols after 

600 s of data acquisition. Ca2+ fluctuations were evaluated as changes in Fluo-4 

fluorescence in response to the stimuli and normalized over the first 30 s of analysis (rFluo-4 

MFI). The quantification analysis shows the increase of fluorescence intensity in the peak 

interval with respect to the first 30 s for responder cells or the increase of fluorescence 

intensity after the addition of inositols (600 s) until the end of the experiment (900 s) for 

nonresponder cells. Statistical significance was determined using one-way analysis of 

variance, followed by Sidak’s multiple comparisons test, ****P < 0.0001 and *P < 0.05, n = 

20 responder cells. Data are representative of three independent experiments. (D) Measure 

of IP4 increase revealed by confocal microscopy in D1 cells transfected with a fluorescent 

probe that is quenched by IP4 binding and pretreated (or not) with GNF362. Arrows indicate 

administration of plain medium or LPS at 50 s. Fluctuations in IP4 amounts were evaluated 

as changes in the IP4 probe fluorescence in response to the stimuli and normalized over the 

first 50 s of analysis (relative IP4 probe FI). Traces show a representative profile of a single 

cell with the corresponding images at the indicated time points. The quantification analysis 

shows the mean of the intensities of IP4 probe after LPS administration, normalized over the 

first 50 s of analysis (f/f0). Statistical significance was determined using one-way analysis of 

variance, followed by Tukey’s multiple comparisons test, ****P < 0.0001 and **P < 0.01, n 
= 25 cells. Data are representative of three independent experiments.
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Fig. 6. ITPKs are essential for LPS-dependent activation of the NFAT signaling pathway in vitro 
and in vivo.
(A) Representative confocal immunofluorescence images showing NFATc2 in mouse 

BMDCs treated (or not) with LPS 1.5 hours in the presence or absence of EGTA, the 

calcineurin inhibitor FK506, or the CRAC inhibitor YM-58483 (CRACi). Nuclei were 

counterstained blue. Scale bar, 10 μm. Quantification of NFATc2 nuclear signal is shown. 

Statistical significance was determined using one-way analysis of variance, followed by 

Tukey’s multiple comparisons test, ****P < 0.0001, n = 105 cells from three independent 

experiments. (B) Representative confocal immunofluorescence images showing NFATc2 in 

BMDCs isolated from Itpkb+/+ or Itpkb−/− mice and treated (or not) with LPS for 1.5 hours 

in the presence or absence of cell-permeant IP4. Nuclei were counterstained blue. Scale bar, 

10 μm. Quantification of NFATc2 nuclear signal is shown. Statistical significance was 
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determined using one-way analysis of variance, followed by Tukey’s multiple comparisons 

test or using unpaired student’s t test. ****P < 0.0001 and **P < 0.01, n = 100 cells from 

three independent experiments. (C) Confocal immunofluorescence images showing NFATc2 

(green) and MHCII (red) in ear sections of mice 1.5 hours after subcutaneous injection of 

PBS (untreated), LPS, or LPS plus the ITPK inhibitor TNP (ITPKi). Nuclei were 

counterstained blue. Images are representative of three independent experiments. Insets of 

each panel represent higher magnifications of the selected areas. Scale bars, 25 μm (lower 

magnification inset), 10 μm (higher magnification inset). ***P < 0.001. (D) 

Immunofluorescence showing NFATc2 in human CD1c+CD14+ cells, treated (or not) with 

LPS for 1.5 hours. Where indicated, cells were preincubated with the ITPK inhibitor TNP 

(ITPKi). Nuclei are counterstained blue. Scale bars, 2 μm. Quantification of the NFATc2 

nuclear signal is shown. Statistical analysis was performed with one-way analysis of 

variance followed by Bonferroni’s multiple comparisons test, ***P < 0.001, n = 60 cells 

from three different donors. (E) Real-time PCR analysis of PTGES1 expression in human 

CD1c+CD14+ cells treated (or not) for 4 hours with LPS in the presence or absence of ITPK 

inhibitor TNP (ITPKi). n = 7 donors. Statistical significance was performed with Wilcoxon 

test. **P < 0.01.
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Fig. 7. ITPK inhibition in vivo reduces the inflammatory events promoted by NFAT.
(A) Quantification of Evans blue extravasation in the ears of mice. WT (Itpkb+/+) and Itpkb
−/− mice were simultaneously injected intravenously with Evans blue and subcutaneously 

with PBS or the indicated combinations of LPS, PGE2, and the ITPK inhibitor TNP (ITPKi). 

Mice treated with siRNAs targeting IP3R3 or eGFP or with vehicle alone (w/o siRNA) 24 

hours before the assay were also injected with PBS or LPS. Data represent Evans blue 

quantification from excised ears 30 min after challenge. Values indicate mean ± SD from 

three mice. Statistical significance was determined with Mann-Whitney test, ***P< 0.001, 

**P< 0.01, and *P< 0.05. (B) Vascular leakage assay as in (A). Itbk−+/+ or Itbkb−/− DCs 

were subcutaneously injected (sDC) into the ears of Itbk−+/+ or Itbkb−/− mice before PBS or 

LPS treatment. The values indicate mean ± SD from three mice for each experimental 

condition. Statistical significance was determined with one-way analysis of variance, 

followed by Sidak’s multiple comparisons test, **P < 0.01. (C) Schematic representation of 

Myts nanoparticles functionalized with thiol-reactive groups and then conjugated with a 

mixture of VIVIT-SH peptide and PEG-SH, to yield Myts-VIVIT. SPDP, N-

succinimidyl-3-[2-pyridylthio]-propionate. MFN1, Myts functionalized with thiol-reactive 

group. (D) Vascular leakage assay as in (A). Mice were treated with Myts-VIVIT or control 

Myts-PEG nanoparticles intravenously before LPS treatment. Each symbol represents an 

individual mouse. (E) CAIA clinical scores evaluated at the indicated time points. Mice 

were treated with ITPKi every other day starting from day −1 or with Myts-VIVIT or Myts-

PEG nanoparticles every other day starting from day −1. Values represent mean ± SD. 

Statistical significance was performed with one-way analysis of variance, followed by 

Tukey’s multiple comparisons test. The one-way analysis of variance revealed a variation 
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over time (P < 0.0001), differences between groups (P < 0.0001), and interactions between 

groups (P < 0.0001). ****P < 0.0001, ***P < 0.001, and *P < 0.05. n = 6 mice for each 

treatment regimen. (F) Images of intact and hematoxylin and eosin-stained sections of 

hindlimbs of mice 6 days after CAIA induction that were untreated (NT) or treated with 

ITPKi. Images are representative of six animals for each treatment group. Scale bars, 2.5 

mm (whole sections), 0.5 mm (insets).
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