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Inflammation	is	a	multistep	process	triggered	when	innate	immune	cells	—	for	example,	DCs	—	sense	a	patho-
gen	or	injured	cell	or	tissue.	Edema	formation	is	one	of	the	first	steps	in	the	inflammatory	response;	it	is	funda-
mental	for	the	local	accumulation	of	inflammatory	mediators.	Injection	of	LPS	into	the	skin	provides	a	model	
for	studying	the	mechanisms	of	inflammation	and	edema	formation.	While	it	is	known	that	innate	immune	
recognition	of	LPS	leads	to	activation	of	numerous	transcriptional	activators,	including	nuclear	factor	of	acti-
vated	T	cells	(NFAT)	isoforms,	the	molecular	pathways	that	lead	to	edema	formation	have	not	been	determined.	
As	PGE2	regulates	many	proinflammatory	processes,	including	swelling	and	pain,	and	it	is	induced	by	LPS,	
we	hypothesized	that	PGE2	mediates	the	local	generation	of	edema	following	LPS	exposure.	Here,	we	show	
that	tissue-resident	DCs	are	the	main	source	of	PGE2	and	the	main	controllers	of	tissue	edema	formation	in	a	
mouse	model	of	LPS-induced	inflammation.	LPS	exposure	induced	expression	of	microsomal	PGE	synthase-1	
(mPGES-1),	a	key	enzyme	in	PGE2	biosynthesis.	mPGES-1	activation,	PGE2	production,	and	edema	formation	
required	CD14	(a	component	of	the	LPS	receptor)	and	NFAT.	Therefore,	tissue	edema	formation	induced	by	
LPS	is	DC	and	CD14/NFAT	dependent.	Moreover,	DCs	can	regulate	free	antigen	arrival	at	the	draining	lymph	
nodes	by	controlling	edema	formation	and	interstitial	fluid	pressure	in	the	presence	of	LPS.	We	therefore	sug-
gest	that	the	CD14/NFAT/mPGES-1	pathway	represents	a	possible	target	for	antiinflammatory	therapies.

Introduction
Inflammatory processes are initiated by innate immune system 
cells that perceive the presence of pathogens or microbial products 
through the expression of pattern recognition receptors (PRRs) (1). 
Following the encounter with their specific ligands, PRRs initiate a 
signal transduction pathway, leading to the activation of transcrip-
tion factors that, in turn, regulate the expression of proinflammatory 
cytokines and costimulatory molecules that are important for the 
activation of innate and adaptive responses (2, 3). Among the PRRs, 
the receptor complex of the smooth form of LPS, a major constituent 
of the outer membrane of Gram-negative bacteria, is the best char-
acterized. This particular receptor complex is composed of a series 
of proteins, including LPS-binding protein (LBP), MD2, CD14, and 
TLR4, required for LPS recognition, binding, and the initiation of 
the signaling cascade. We have recently demonstrated that CD14 
is at the apex of all cellular responses to LPS (4) by controlling LPS 
recognition and TLR4 trafficking to the endosomal compartment 
with the consequent initiation of both the MyD88-dependent and 
TRIF-dependent pathways (5). At the end of the signaling cascade, 
different transcription factors, including NF-κB, activation protein 1  
(AP-1), and IFN regulatory factors (IRFs), are activated (6).

Recently, the nuclear factor of activated T cells (NFAT) isoforms 
have also been included among the transcription factors activated 
through PRR signaling, particularly in conventional DCs. NFATs 
translocate to the nucleus following dectin 1 activation with curd-
lan and CD14 engagement by LPS (7, 8). Therefore, CD14 has sig-
nal transduction capabilities as well. While NF-κB and AP-1’s roles 
in DCs following activation have been largely defined, for instance, 
regulation of inflammatory cytokine production, costimulatory 

molecule expression, antigen uptake, and processing and regula-
tion of DC migration, most of the functions of NFAT remain to 
be elucidated. The only identified NFAT activities in activated DCs 
include regulation of IL-2 and IL-10 production and terminal dif-
ferentiation and apoptotic death (7, 8).

In a scrutiny of data sets for the identification of genes regulated 
by the DC-specific CD14/NFAT signaling pathway triggered by LPS, 
we identified Ptges1 as a potential transcriptional target (7). Ptges1 
codes a protein called microsomal PGE synthase-1 (mPGES-1). This 
protein, together with cytosolic PLA2 (cPLA2) and COX-2, coordi-
nates a multistep biosynthetic process leading to the release of PGE2 
(9–11). In particular, following cell exposure to inflammatory stim-
uli, cPLA2 translocates from the cytosol to the nuclear membrane, 
where it hydrolyzes membrane phospholipids to form arachidonic 
acid. Inflammatory stimuli also induce the expression of COX-2 and 
mPGES-1. COX-2 acts on arachidonic acid and converts it to PGG2, 
which is in turn converted to PGH2. Finally mPGES-1 converts PGH2 
to PGE2. Therefore, all these 3 enzymes are required to generate PGE2 

(12), one of the most versatile prostanoids. PGE2 is involved in the 
regulation of many physiological and pathophysiological responses, 
including local edema formation in inflammation through vasodila-
tation (13). We thus hypothesized that CD14-dependent NFAT acti-
vation in DCs was required for efficient PGE2 production and, conse-
quently, for the local generation of edema following LPS exposure.

Herein we report that this prediction was indeed correct and that 
local edema formation following LPS exposure is induced by tis-
sue-resident DCs via PGE2 production in a CD14-NFAT–depen-
dent manner.

Results
Ptges-1 is a transcriptional target of NFAT in DCs upon LPS stimula-
tion. We have recently observed that DC stimulation with LPS 
induces the activation of NFAT proteins (7). In particular, LPS 
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induces  the  activation  of  Src  family  kinases  and  PLCγ2,  the 
influx of extracellular Ca2+, the consequent calcineurin activa-
tion, and finally, calcineurin-dependent nuclear NFAT translo-
cation. The initiation of this pathway is independent of TLR4 
engagement and depends exclusively on CD14 (Supplemental 
Figure 1; supplemental material available online with this article; 
doi:10.1172/JCI60688DS1).

To investigate the role of NFAT in DCs following LPS exposure, 
we previously performed a kinetic global gene expression analy-
sis. Immature DCs were compared with activated DCs at differ-
ent time points following LPS stimulation in conditions in which 
NFAT nuclear translocation was either allowed or not. Ptges1 was 
selected among the specific NFAT targets (7).

Here, we validated this observation by quantitative RT-PCR 
(qRT-PCR)  in  mouse  ex  vivo  and  BM-derived  DCs  (BMDCs). 
We observed a strong induction of mPGES-1 mRNA in WT DCs 
after LPS stimulation (Figure 1A and Supplemental Figure 2A), a 
response that was greatly impaired in Cd14–/– cells (Figure 1A and 

Supplemental Figure 2A). Blocking NFAT activation in ex vivo WT 
DCs by preincubating cells with the Ca2+ chelator EGTA or the 
calcineurin inhibitor FK-506 also resulted in reduced mPGES-1  
expression (Figure 1B). The same results were obtained using 
BMDCs (Supplemental Figure 2B).

We excluded that a reduced activation of NF-κB accounted for 
the defective mPGES-1 upregulation in Cd14–/– DCs (14) by using 
doses of LPS (1 μg/ml) that allowed direct agonist detection by 
TLR4 without an absolute requirement for CD14, as evidenced by 
the ability of Cd14–/– DCs to normally secrete TNF-α (Figure 1C). 
Similarly, an impairment of CD14-dependent IRF3 activation (4, 
15) could not explain our observations on mPGES-1 transcrip-
tion. Coadministration of IFN-β (directly controlled by IRF3) did 
not restore mPGES-1 induction in LPS-treated Cd14–/– DCs (Fig-
ure 1D). Supporting the hypothesis of NFAT being the key fac-
tor, mPGES-1 induction by LPS correlated with the production 
of IL-2, a bona fide marker for NFAT activation in DCs (ref. 7 and 
Supplemental Figure 2C).

Figure 1
CD14-dependent NFAT activation induced by LPS in DCs regulates mPGES-1 expression in vitro. (A) Real-time PCR analysis of mPGES-1 mRNA 
induction kinetics in WT and CD14-deficient ex vivo DCs stimulated with LPS (1 μg/ml). (B) Upregulation of mPGES-1 mRNA after 3 hours of LPS 
administration by ex vivo WT DCs pretreated with PBS, FK-506 (1 μM, 90 minutes), or EGTA (2 mM, 30 minutes). (C) Production of TNF-α by 
ex vivo WT and Cd14–/– DCs following LPS exposure evaluated by ELISA. (D) Upregulation of mPGES-1 mRNA by ex vivo WT and Cd14–/– DCs 
treated or not with IFNβ (50 U/ml) 1 hour after LPS (total LPS treatment 3 hours). (E) Real-time PCR analysis of COX-2 mRNA induction kinetics 
by WT and CD14-deficient ex vivo DCs stimulated with LPS (1 μg/ml). (F) Upregulation of COX-2 mRNA after 3 hours of LPS administration by WT 
ex vivo DCs pretreated with PBS, FK-506 (1 μM, 90 minutes pretreatment), or EGTA (2 mM, 30 minutes pretreatment). Values represent means 
of at least 3 independent experiments performed in duplicate + SEM. *P < 0.05; **P < 0.005; ****P < 0.00005. nt, not treated.
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The other key enzyme for PGE2 production, COX-2, has been 
also reported to be regulated by NFAT in other experimental set-
tings (16). Therefore, we determined whether CD14 influenced its 
expression. However, COX-2 induction by LPS in ex vivo DCs was 
not affected by CD14 deficiency (Figure 1E). Analogously, block-
ing Ca2+ fluxes or NFAT activation did not alter LPS-induced 
COX-2 expression by DCs (Figure 1F).

A Western blot analysis confirmed the expression data. As 
shown in Figure 2A, LPS induced mPGES-1 synthesis in WT, but 
not in Cd14–/–, cells in a way dependent on Ca2+ fluxes and NFAT 
activation. Moreover, the deliberate induction of Ca2+ fluxes 
and NFAT activation by thapsigargin (ref. 7 and Supplemen-
tal Figure 2D) restored mPGES-1 upregulation in Cd14–/– DCs 
(Figure 2A). Conversely, LPS-induced COX-2 synthesis was not 
influenced by CD14 expression or NFAT activation (Figure 2A). 
Together, these results indicate that CD14-dependent NFAT 
activation controls mPGES-1 but not COX-2 expression.

PGE2 production by DCs following LPS stimulation depends on CD14 
and NFAT. We then measured the synthesis of PGE2. Consistent 
with the mPGES-1 results, PGE2 release  in vitro was strongly 
impaired in Cd14–/– compared with WT DCs (Figure 2B and Sup-
plemental Figure 3A). Moreover, blocking NFAT activation by 
blocking Ca2+ influx with EGTA or blocking calcineurin by means 
of FK-506 strongly affected LPS-induced PGE2 production by WT 
DCs (Figure 2B and Supplemental Figure 3A). We were able to 
restore PGE2 production in Cd14–/– DCs by coupling LPS stimula-
tion with thapsigargin (Figure 2B). As control, we confirmed the 
necessary role of cPLA2 and COX-2 for LPS-induced PGE2 synthe-
sis (Figure 2B and Supplemental Figure 3A). Moreover, the analy-
sis of TNF-α production indicated that the tested conditions did 
not influence the pathway of NF-κB activation (Supplemental 
Figure 3B).

We have recently shown that different LPS species may elicit 
slightly different innate responses by initiating different signal-
ing pathways (17). Therefore, we evaluated whether LPS from dif-

ferent sources were equally able to induce mPGES-1, COX-2, and 
PGE2 production. As shown in Supplemental Figure 3, C–E, all of 
the tested LPS species induced mPGES-1 and COX-2 upregulation 
and PGE2 production with a similar efficiency.

These data indicate that PGE2 production by DCs following LPS 
stimulation depends on the Ca2+/calcineurin pathway activation 
via the engagement of CD14. This pathway regulates mPGES-1, 
but not COX-2 expression.

Edema formation following LPS exposure depends on DCs. Following 
interaction with TLR agonists, DCs remain at the site of infection 
for the time necessary to take up the antigens (18, 19). During the 
time of persistence at the infected tissue, DCs actively participate 
in the sustainment of the inflammatory process (20, 21). Subse-
quently, DCs acquire the ability to migrate and reach the draining 
lymph nodes 2 to 3 days after infection (22, 23). Moreover, PGE2 
is well known to sustain the formation of edema at the inflam-
matory site during the innate phase of an immune response (13). 
Given the initial persistence of DCs at the site of inflammation and 
their ability to produce PGE2, we investigated whether DCs could 
participate in edema formation. To this purpose, we used DOG 
mice, an animal model that expresses the diphtheria toxin receptor 
(DTR) under the control of the CD11c promoter. In these animals, 
an efficient conditional ablation of DCs can be induced by DT 
injections (24). By performing consecutive DT injections, we were 
able to conditionally ablate DCs in lymphoid and nonlymphoid 
organs and tissues including the skin (Figure 3A and Supplemental 
Figure 4, A–D). Importantly, such a treatment did not cause any 
significant alteration in either macrophage or granulocyte popula-
tions in the footpad (Figure 3A and Supplemental Figure 4, C and 
D). The quantitative analysis of cell population distribution in the 
selected peripheral tissue was performed by qRT-PCR of cell-spe-
cific mRNAs, as previously described (25), and by flow cytometry.

We compared paw edema formation after a single injection of 
LPS into the footpads of CD11c.DOG mice that were previously 
administered DT (CD11c.DOG-DT) or PBS (CD11c.DOG-NT). 

Figure 2
CD14-dependent NFAT activation induced by LPS in DCs regulates 
PGE2 synthesis in vitro. (A) Western blot analysis of mPGES-1 and 
COX-2 induction in WT and CD14-deficient BMDCs 4 hours after LPS 
(1 μg/ml) and/or thapsigargin (TPG) (50 nM) treatment. Where indi-
cated, the cells were pretreated with FK-506 or EGTA. The experiment 
was repeated 3 times with similar results. (B) PGE2 production by ex 
vivo DCs 4 hours after LPS stimulation. WT and Cd14–/– DCs were 
treated with LPS or LPS plus thapsigargin (50 nM) or TPG alone; WT 
DCs were also treated with LPS and/or FK506, LPS and/or EGTA, LPS 
and/or COX-2 inhibitor (in) (1 μM, 30 minutes pretreatment), LPS and/
or cPLA2 inhibitor (cPLA2 in, 1 μM, 30 minutes pretreatment). Values 
represent means of at least 3 independent experiments performed in 
duplicate + SEM. ***P < 0.0005.
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Notably, DC depletion had a strong impact on tissue edema for-
mation (Figure 3B), and the effect was also apparent with different 
LPS doses (Supplemental Figure 4E). This indicated that DCs play 
a major role in the generation of edema. Inflammatory swelling 
was mainly induced by tissue-resident DCs, since no local recruit-
ment of DCs, macrophages, or granulocytes was observed early 
after LPS administration (Figure 3C and Supplemental Figure 5).

The transitoriness of edema formation correlated with the kinetics 
of COX-2 expression by DCs (Figure 1E and Figure 3B), suggesting 
that edema shutoff was dictated by COX-2 and not by mPGES-1.

The predominant role of DCs in tissue edema formation is also 
supported by the observation that LPS-stimulated ex vivo DCs 
secrete much higher levels of PGE2 compared with ex vivo macro-
phages (Figure 3D). Nevertheless, a minor role for macrophages in 
vivo cannot be completely excluded.

Edema formation following LPS exposure is controlled by DCs and the 
CD14/NFAT pathway. DCs produce large amounts of PGE2 after 
LPS exposure in vitro thanks to NFAT-regulated mPGES-1 expres-
sion. Moreover, tissue-resident DCs play a major role in edema 
formation in vivo at the inflammatory site generated by LPS injec-
tion. Therefore, we hypothesized that tissue-resident DCs could 
promote edema formation via the activation of the CD14/NFAT 
pathway and the consequent mPGES-1–mediated efficient PGE2 
production following LPS exposure.

We thus predicted that alterations in the PGE2 biosynthetic path-
way of DCs should recapitulate the LPS-unresponsive phenotype 
in terms of tissue swelling of DC-depleted mice. To this purpose, 

we compared LPS-induced paw edema in conditions that allow or 
do not allow NFAT activation in DCs. In particular, we analyzed 
WT, Cd14–/–, and FK-506–treated mice for the development of paw 
edema after LPS administration. As shown in Figure 4, A and B, 
and Supplemental Figure 4F, significant swells developed in WT 
but not in Cd14–/– and FK-506–treated mice. The phenotype could 
be restored by cotreating Cd14–/– mice with LPS and thapsigargin, 
indicating a role for NFAT activation in this in vivo model of 
PGE2-dependent inflammation (Figure 4C). Thapsigargin alone 
did not trigger a detectable inflammatory response in the paw 
(Supplemental Figure 6A). As a control, PGE2 administration also 
induced edema formation in Cd14–/– animals (Figure 4C), and 
COX-2 inhibition affected edema formation in LPS-treated WT 
mice (Figure 4D).

To further substantiate the role of DC-derived PGE2 in edema 
formation following LPS exposure, we conducted an in vivo analy-
sis of mPGES-1 and COX-2 mRNA expression in the footpads of 
WT, Cd14–/–, FK-506–treated, and DC-depleted mice. A global  
3-fold transcriptional induction of mPGES-1 upon LPS treatment 
was observed in WT mice (Figure 5A), while it was completely lost 
in Cd14–/– and FK-506–treated mice (Figure 5, A and C). In con-
trast, COX-2 expression was not affected by the inhibition of the 
CD14/NFAT pathway (Figure 5, B and D).

We also measured TNF-α mRNA in the whole tissue under the 
same conditions as in controls. We observed a similar upregulation 
in WT, Cd14–/–, and FK-506–treated mice (Supplemental Figure 
6B), indicating that there was not a defect in LPS sensing.

Figure 3
DCs regulate LPS-induced tissue edema formation. (A) Real-time PCR analysis of CD11c, F4/80, and Gr-1 mRNA in the footpad of CD11c.DOG 
mice before (CD11c.DOG-NT) or after 2 rounds of DT (16 ng/g) treatment (CD11c.DOG-DT). Values represent at least 3 independent experiments 
with 3 mice per group + SEM. (B) Inflammatory swelling in the footpad of CD11c.DOG-NT and CD11c.DOG-DT mice measured at the indicated 
time points after s.c. injection of LPS (20 μg/footpad). Values represent means of at least 3 independent experiments with at least 3 mice per group 
+ SEM. (C) Real-time PCR analysis of CD11c, F4/80, and Gr-1 mRNA in the footpad of CD11c.DOG mice before and after 2 hours of s.c. LPS 
injection (20 μg/footpad). Values represent means of at least 3 independent experiments with 2 mice per group + SEM. (D) PGE2 production in 
vitro by ex vivo DCs and macrophages (macroph.) (F4/80+) after LPS stimulation. *P < 0.05; **P < 0.005; ***P < 0.0005; ****P < 0.00005.
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Interestingly, depletion of DCs not only affected mPGES-1 
mRNA upregulation (Figure 5E), but also the local induction 
of  COX-2  and  TNF-α  mRNAs  (Figure  5F  and  Supplemental 
Figure 6B). This observation and the capacity of DCs to regu-
late edema generation strongly reinforce the idea that DCs are 
crucial innate immune players that directly regulate the onset  
of inflammation.

Finally, we measured the amounts of PGE2 secreted in vivo 
in the footpads  in response to LPS.  In complete agreement 
with the data on mPGES-1 expression, PGE2 production was 
strongly affected in Cd14–/–, NFAT-inhibited, and DC-depleted 
mice (Figure 5G).

Together, these data indicate that the reduction in paw edema 
observed in mice in which DCs were impeded in their CD14/NFAT 
signaling pathway was due to defective mPGES-1 upregulation.

DC-mediated edema formation controls free antigen arrival at 
the draining lymph nodes.  Exogenous  antigens  present  in  the 
inflamed skin or administered s.c. are delivered at the lymph 
nodes in 2 successive waves. In the first wave, antigens freely 
diffuse through lymphatic vessels, and in the late wave, they 
are transported by DCs (26, 27), including CD14+ dermal DCs 
(28). It is thought that one of the consequences of edema for-
mation is the increase in the efficiency of free antigen arrival at 
the draining lymph nodes, since the rise of the interstitial pres-
sure would force some of the fluid into lymphatic capillaries. 
To determine whether this is indeed the case, local edema was 
artificially generated by injecting increasing amounts of PBS 
into the footpad. FITC-labeled microbeads were also adminis-
tered. As shown in Figure 6, the efficiency of bead arrival to the 
draining lymph node increased with a gain in edema volume. 
Interestingly, a minimum threshold of edema size was required 
to see the effect of antigen delivery. Therefore, we predicted that 

the ability of DCs to control tissue swelling in the presence of 
LPS could have as a consequence the control of the first wave 
of antigen arrival to the lymph nodes. To investigate this ques-
tion, we evaluated FITC-dextran delivery and FITC-coupled 
bead delivery.

We first performed s.c.  injections of dextran  in conditions 
either permitting or not permitting edema formation, and we 
analyzed the efficiency of dextran uptake by CD11b+ phagocytes 
in the draining lymph nodes 2 hours after treatment. As a con-
trol, we verified that LPS treatment and NFAT inhibition did not 
affect DC and macrophage absolute numbers in the draining 
lymph nodes during the first 3 hours after LPS injection (Supple-
mental Figure 7, A and B). We compared mice treated with LPS 
and dextran with mice treated exclusively with dextran, and mice 
treated with dextran plus LPS plus FK-506 (to inhibit the NFAT 
pathway) with mice treated with dextran plus FK-506. As shown 
in Figure 7A, a clear increase in the efficiency of dextran lymph 
node arrival was measurable in the presence of LPS. This increase 
was completely abrogated by FK-506 treatment. Moreover, the 
LPS-mediated increase in dextran lymph node arrival was also 
nullified when the mice were deprived of DCs (Figure 7A) and 
therefore were deprived of the capacity to form paw edema in 
response to LPS (Figure 3B).

To exclude that the treatment with FK-506 could have influ-
enced the intrinsic efficiency of phagocyte uptake, we repeated 
the experiment by directly administering PGE2 to deliberately 
induce edema formation (Figure 7B). When PGE2 was added in 
combination with LPS and FK-506, a clear increase in phagocyte 
dextran uptake was observed compared with that in the untreat-
ed (dextran only) mice. The increase in uptake was also observ-
able in the animals treated with PGE2 and FK-506 compared with 
the untreated animals (dextran only), indicating that FK-506 

Figure 4
DCs regulate LPS-induced tissue edema forma-
tion through CD14-dependent and NFAT-depen-
dent mPGES-1 expression. (A) Inflammatory 
swelling in the footpads of WT and Cd14–/– mice 
at the indicated time points after s.c. injection of 
LPS (20 μg/footpad). (B) Inflammatory swelling 
in the footpads of WT mice treated with LPS and 
pretreated or not with FK-506. (C) Inflammatory 
swelling in the footpads of CD14-deficient mice 
induced by LPS, LPS plus thapsigargin, or PGE2 

alone (10 nM). (D) Inflammatory footpad swelling 
induced by LPS in mice pretreated or not with 
the COX-2 inhibitor. Data represent 2 indepen-
dent experiments with 5 mice per group. Means 
and SEM are shown. *P < 0.05; **P < 0.005;  
***P < 0.0005; ****P < 0.00005.
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treatment does not influence antigen uptake capacity of CD11b+ 
cells, but only the capacity of antigen arrival at the lymph nodes 
by inhibiting edema formation. To further prove that the inhibi-
tion of the Ca2+/NFAT pathway did not affect the antigen uptake 
capacity of phagocytic cells, we measured the increase of dextran 
uptake of DCs (Figure 7C) and macrophages (data not shown) 
after LPS stimulation in the presence of FK-506 or EGTA. The 
uptake efficiency was not reduced by these treatments (Figure 
7C), confirming our hypothesis.

The described approach did not allow us to directly inves-
tigate the involvement of CD14 in controlling the amount of 
antigen that arrives at the lymph nodes as a consequence of 
edema formation. We have, indeed, recently shown that CD14 
influences the efficiency of antigen uptake (4). Therefore, we 
used the second method. FITC-labeled microbeads were inject-
ed in the footpads of WT and Cd14–/– animals in the presence 
or absence of LPS and the numbers of microbeads reaching the 
draining lymph node enumerated 3 hour later, a time point 
compatible with free antigen arrival and not with DC migra-
tion (22). While in WT animals, the efficiency of bead traffick-
ing was strongly increased by LPS (Figure 8A), in Cd14–/– mice, 

LPS treatment did not influenced the capacity of microbead 
arrival  at  the  lymph  nodes  (Figure  8B).  A  clear  increase  in 
the numbers of microbeads in the lymph nodes was instead 
observed  in  Cd14–/–  mice  treated  with  PGE2  to  deliberately 
induce edema formation (Figure 8B). As previously observed, 
the treatment of WT animals with FK-506 nullified the LPS-
mediated increase of free antigen arrival at the draining lymph 
nodes (Figure 7A).

To investigate whether the increase in the efficiency of antigen 
trafficking to draining lymph nodes induced by edema was suffi-
cient to influence the efficiency of adaptive responses, OVA-coated 
beads were recovered from lymph nodes of WT mice treated with 
LPS in the presence or absence of FK-506 and from lymph nodes of 
Cd14–/– mice treated with LPS in the presence or absence of PGE2. 
The recovered beads were then used to measure the proliferation 
capacity of OVA-specific OT-II cells in vitro. As shown in Figure 8, 
C and D, OT-II cells proliferated more efficiently when challenged 
with the amount of antigen recovered in all the conditions allow-
ing edema formation. Therefore, the inhibition of CD14-depen-
dent edema formation clearly has an impact on antigen arrival to 
the draining lymph nodes.

Figure 5
CD14-dependent NFAT activation induced by LPS in DCs regulates mPGES-1 expression and PGE2 synthesis in vivo. Real-time PCR analysis 
of (A, C, and E) mPGES-1 and (B, D, and F) COX-2 mRNA induction 2 hours after LPS injection in the footpads of WT and Cd14–/– mice. (C and 
D) WT mice were pretreated with FK-506 s.c. or i.p. (E and F) CD11c.DOG mice treated or not with DT. Values represent at least 2 independent 
experiments (n = 5) + SEM. (G) PGE2 production in vivo induced by LPS in WT, CD14-deficient, and CD11c.DOG mice treated or not with DT. 
Measurement was performed 3 hours after LPS administration. Where indicated, WT mice were pretreated for 18 hours with FK-506 (s.c.). Data 
represent 3 independent experiments with 3 animals per group + SEM. **P < 0.005; ***P < 0.0005.
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Discussion
DCs are involved in the regulation of many different aspects of 
innate and adaptive immunity. Following activation with PRR 
agonists, they sequentially acquire the ability to produce soluble 
and cell surface molecules critical for the initiation and control 
of innate and then adaptive immune responses. The production 
of these factors is regulated by the activation of NF-κB and AP1 
downstream PRRs. Nevertheless, we have recently described that 
following smooth LPS exposure different NFAT isoforms are also 
activated (7). The initiation of the pathway that leads to nuclear 
NFAT translocation is totally dependent on CD14 that, through 
the involvement of src family kinases and PLC2, leads to Ca2+ 
mobilization and calcineurin activation. Nuclear NFAT trans-
location is required for IL-2 production and apoptotic death of 
terminally differentiated DCs. In the present work, we show that 
mPGES-1 and its direct product PGE2 are also efficiently produced 
by DCs upon activation of the CD14-dependent Ca2+/calcineurin 
and NFAT pathway.

Although COX-2 expression has been reported to be NFAT 
dependent in some experimental settings, we did not find any 
NFAT signaling pathway dependence of DC-produced COX-2 in 
response to LPS. A possible explanation of this discrepancy can 
be found in the fact that in the nucleus, the NFATc1-c4 isoforms 
need to interact with partner proteins, generically termed NFATn, 
to produce active NFAT transcription complexes. Usually, NFATc 
and NFATn are activated via distinct signaling pathways. NFATn 
in innate immunity is mostly unknown. It is possible that the 
NFATn factors required for the generation of the active NFATc-
NFATn heterodimers capable of binding COX-2 promoter are not 
activated in DCs, while they are activated in other cell types.

The production of PGE2 by DCs is particularly relevant  in 
adaptive  immune responses,  since  this prostanoid has been 
shown to regulate diverse DC functions, including DC migra-
tion and polarization of T cell  responses  (29, 30), by acting 
on different receptors in an autocrine or paracrine way (31). 
For instance, DC-derived PGE2 facilitates Th1 differentiation 
through the EP1 receptor expressed by naive T cells (31), while 
PGE2-mediated activation of the EP2 and EP4 receptors pro-
motes Th2 differentiation (32, 33). Given the importance of 
PGE2 for the regulation of DC functions, this prostanoid is one 
of the components of the nonmicrobial stimuli cocktail used to 
activate DCs for in vivo therapies.

During the  innate phase of an  immune response,  it  is well 
known that PGE2 sustains the formation of edema at the inflam-
matory site (34). Consistent with this, we have observed that LPS-

activated, tissue-resident DCs contribute to the formation of 
edema via the activation of the NFAT signaling pathway. Cd14–/– 
mice are almost totally incapable of generating edema at the LPS 
injection site, and this function can be restored by deliberately 
inducing Ca2+ mobilization and NFAT activation. The inefficient 
edema formation in the absence of CD14 cannot be attributed to 
a reduced responsiveness of the mutant mice to the dose of LPS 
used in this study. Cd14–/– mice could, indeed, produce TNF as 
efficiently as WT mice. Though the crucial CD14 role in the rec-
ognition of low LPS doses has been established, CD14 has been 
shown to be largely dispensable for the response to high concen-
trations of LPS, which occurs almost normally in Cd14–/– macro-
phages and DCs (4, 7, 35). This observation suggests that a high 
dose of LPS can also be sensed in a CD14-independent way, pos-
sibly through a direct LPS recognition by TLR4:MD-2 (36) or the 
participation of different LBPs (37).

The absence of CD14 and the knockdown of DCs affect the for-
mation of edema in a very similar way, suggesting that CD14 exerts 
its contribution to LPS-induced edema almost exclusively through 
DCs. We thus assume that activation of the NFAT pathway for 
edema formation must occur predominately/exclusively in DCs. 
This observation is in agreement with our previous data showing 
that the CD14/NFAT pathway is not active in macrophages (7).

Neutrophils do not play a major role in LPS-induced edema for-
mation at the cutaneous level. These results are consistent with the 
faster kinetics of tissue edema formation (1–2 hours) as compared 
with immune cell, including neutrophil, recruitment.

On first analysis, the participation of DCs in edema formation 
could seem surprising, since DCs leave the tissue after activation. 
Nevertheless, DCs do not acquire the ability to migrate immediate-
ly after LPS encounters; conversely, they persist in the peripheral 
tissue to maximize antigen uptake (18). As a matter of fact, anti-
gen uptake and migration have been proposed to be two mutually 
exclusive DC activities (19). Early in the course of inflammation, 
in addition to performing antigen uptake, DCs contribute to the 
generation of edema via PGE2 production.

It is important to note that PGE2 is also involved in the control 
of DC migratory activity, in addition to the regulation of edema 
formation (38, 39). These 2 PGE2 functions are not contradictory. 
DC-derived PGE2 controls DC migration in an autocrine and indi-
rect way by inducing the efficient production of MMP-9 following 
LPS encounter. PGE2-induced MMP-9 occurs several hours after 
DC activation (40). MMP-9, in turn, regulates DC migration by 
contributing to the degradation of the basal membrane (40). Thus, 
the capacity to control edema formation and migratory activity are 

Figure 6
The efficiency of free antigen arrival at the draining lymph nodes 
increases with the increase of edema volume. Absolute numbers of 
FITC-labeled microbeads reaching the draining lymph nodes in WT 
mice injected in the footpad with the indicated PBS volumes. Dotted 
line represents an interpolated exponential curve with R2 = 0.98. Red 
line represents the putative threshold of edema volume required to 
observe an effect on antigen delivery. Data are expressed and plotted 
as mean ± SEM values.
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2 DC functions regulated by the same molecule, but segregated in 
time. Upon challenge with LPS, PGE2 derived from DCs initially 
controls edema formation; later on, it regulates DC migration by 
inducing the synthesis of MMP-9.

Edema formation is one of the first steps in the generation of the 
inflammatory process, and it is a fundamental process for the local 
accumulation of inflammatory mediators. We show here that local 
swelling is also relevant for free antigen transport to the draining 
lymph nodes. Antigens present in the inflamed tissues are deliv-
ered to the lymph nodes in 2 successive waves. In the first wave, 
antigens freely diffuse through lymphatic vessels and in the late 
wave are transported by DCs (26, 27). The increase of the intersti-
tial pressure due to edema forces some of the fluid into lymphatic 
capillaries and favors free antigen entry into the afferent lymphat-
ics and free antigen arrival to the draining lymph nodes. Thus, 
we propose that tissue-resident DCs control not only the second 
wave of antigen arrival, but also the efficiency of the first wave by 
controlling edema formation. Both waves are then important for 
efficient activation of adaptive T cell responses (26, 41). Early anti-
gen presentation by lymphoid-resident DCs is required to initiate 
activation and trapping of antigen-specific T cells in the draining 
lymph nodes, but is not sufficient for inducing clonal T cell expan-
sion. Efficient proliferation is instead induced by migratory DCs 
arriving later to the draining lymph nodes (41).

DCs are extremely versatile cells, and our data suggest that they 
are one of the key players in a model of LPS-induced inflammation 
in vivo. They exert this primary role through their peculiar abil-
ity to respond to LPS through the initiation of the CD14/NFAT 

pathway, leading to the formation of edema. CD14 comes out as 
one of the master regulators of DC biology, as already shown in 
previous studies (4, 7, 42).

We propose the concept that DCs control skin edema forma-
tion following LPS exposure via the activation of 2 independent 
pathways: (a) the CD14/NFAT pathway, which regulates mPGES-1 
production, and (b) the canonical NF-κB pathway, which controls 
COX-2 expression.

Most of the COX-2 inhibitors also inhibit COX-1 and, when 
used as antiinflammatory drugs, have severe toxic secondary 
effects, given the importance of COX-1 in tissue homeostasis. 
Our findings suggest that targeting the CD14/NFAT/mPGES-1 
pathway in DCs may constitute a strategy to overcome such prob-
lems by selectively blocking the biosynthesis of PGE2 in specific 
inflammatory settings.

Methods
Cells. BMDCs were derived from BM progenitors of WT or mutant mice as 
previously described (7). Ex vivo DCs were purified as previously described 
(43). Ex vivo macrophages were purified from spleen. Splenic unicellular 
suspensions were stained with biotinylated anti-F4/80 antibodies and posi-
tively selected using MACS beads according to the manufacturer’s instruc-
tions (Miltenyi Biotec).

Mice. C57BL/6 mice and OT-II transgenic mice were purchased from 
Harlan. Cd14–/– mice were purchased from CNRS, Campus d’Orléans. N. 
Garbi (Institute of Molecular Medicine and Experimental Immunology, 
Bonn, Germany) provided CD11c.DOG mice expressing DTR under the 
control of the long CD11c promoter. In these mice, a specific DC ablation 

Figure 7
Edema induced by LPS increases the efficiency of dextran arrival at the draining lymph nodes. (A) Percentage of LPS-induced increase of 
dextran uptake by CD11b+ cells in the lymph nodes draining the injection site. Measures were performed in WT and CD11c.DOG mice. Where 
indicated, WT mice were pretreated for 18 hours with FK-506. CD11c.DOG mice were treated or not with DT. Data have been calculated as 
percentage of uptake increase at the indicated conditions, considering as 100% the dextran uptake in the absence of any other stimulus. 
LPS/nt, percentage of increase of dextran uptake in mice treated with LPS plus dextran compared with dextran-treated mice. (B) Percent-
age of PGE2-induced increase of dextran uptake by CD11b+ cells in the lymph nodes draining the site of injection at the indicated conditions.  
FK-506 plus PGE2/nt, percentage of increase of dextran uptake in mice pretreated with FK-506 and treated with PGE2 plus dextran compared 
with dextran-treated mice; FK-506/nt, percentage of increase of dextran uptake in mice pretreated with FK-506 and treated with dextran com-
pared with dextran-treated mice; FK-506 plus PGE2 plus LPS/nt, percentage of increase of dextran uptake in mice pretreated with FK-506 and 
treated with PGE2 plus LPS plus dextran compared with dextran-treated mice; PGE2/nt, percentage of increase of dextran uptake in mice treated 
with PGE2 plus dextran compared with dextran-treated mice. Experiments were repeated twice with 3 mice per group each time. Means ± SEM 
are shown. (C) Increase in the efficiency of dextran uptake (1 mg/ml) by BMDCs treated in vitro with LPS for the times indicated. Where specified, 
cells were pretreated with FK-506 and EGTA.
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can be induced by diphtheria toxin injection (24). All animals were housed 
under pathogen-free conditions, and all experiments were carried out in 
accordance with relevant laws and institutional guidelines.

Antibodies and chemicals. Antibodies were purchased from BD Biosciences. 
TLR4-grade smooth LPS (E. coli, O55:B5; E. coli, O111:B4; E. coli, R515 [Re]; 
E. coli, lipid A; Salmonella typhimurium, S-form) were purchased from Enzo 
Life Sciences. CFSE was from Invitrogen. EGTA, PGE2, FITC-dextran, FK-
506, and thapsigargin were purchased from Sigma-Aldrich. Recombinant 
murine IFN-β and diphtheria toxin were purchased from R&D Systems. 
Antibody against murine mPGES-1 and COX-2, COX-2–specific inhibitor 
(NS-398), and cPLA2 inhibitor (pyrrophenone) were purchased from Cay-
man Chemical. EndoGrade ovalbumin was purchased form Hyglos Gmbh. 
Fluoresbrite Carboxy YG 1-μm latex beads were from Polysciences. For 
adsorption of ovalbumin onto latex beads, microspheres were resuspended 
in ovalbumin (1 mg/ml) and incubated overnight at 4°C. Latex beads were 
then washed 15 times in large volumes of sterile endotoxin-free PBS.

In vivo treatment with FK-506. For in vivo treatment, FK-506 was resus-
pended in 40% w/v HCO-60/ethanol. Mice were injected s.c. (10 μg/foot-
pad) or i.p. (40 μg/mouse) with FK-506 18 hours before stimuli injection.

DC depletion. Diphtheria toxin  (16 ng/g) was daily administered to 
CD11c.DOG mice through an i.p. injection for 2 consecutive days. Con-
trol mice were given PBS. Effective DC depletion was assessed by FACS 
and qRT-PCR analysis.

Ex vivo PGE2 extraction. Paw tissue was homogenized in 500 μl of PBS using 
a TissueLyser (QIAGEN) (full speed for 8 minutes). Samples were then centri-
fuged for 90 seconds at 5,000 g. The supernatant were collected into a new Fal-
con tube, and 2 ml of 100% EtOH was added and incubated 5 minutes at 4°C.

Samples were centrifuged for 10 minutes at 1,000 g and supernatants collect-
ed into a new Falcon tube. Then 8 ml PPS buffer (0.1 M, pH = 3) was added.

A Solid Phase Extraction (SPE) cartridge (C-18) was activated by rinsing 
with 5 ml 100% EtOH and then with 5 ml of water. Samples were passed 
through a column, which was then washed with 5 ml of water and 5 ml of 
exane. Samples were eluted by gravity with 5 ml ethyl acetate containing 1% 
methanol. The ethyl acetate was then evaporated and samples resuspended 
in an appropriate buffer for PGE2 ELISA analysis.

ELISA assays. Concentrations of IL-2 and TNF-α in supernatants were 
assessed by ELISA kits purchased from R&D Systems. PGE2 levels were 
assayed with a Monoclonal EIA Kit from Cayman Chemical.

Figure 8
Edema induced by LPS increases the efficiency of bead arrival at the draining lymph nodes. (A) Absolute numbers of FITC-labeled microbeads 
reaching the draining lymph nodes in WT mice treated or not with LPS (4 hours after treatment). Where indicated, mice were pretreated s.c. with 
FK-506 for 18 hours. (B) Absolute numbers of FITC-labeled microbeads reaching the draining lymph nodes in CD14-deficient mice treated or 
not with LPS. Where indicated, mice were cotreated with PGE2. (A and B) Data represent mean and SEM of at least 10 animals per group. (C 
and D) OT-II cell proliferation in response to the amount of antigen recovered from the lymph nodes of WT or CD14-deficient mice treated or not 
with LPS. Where indicated, the mice were cotreated with LPS and PGE2

 or pretreated s.c. with FK-506 for 18 hours. (C) FACS histograms. (D) 
Histogram quantification. Data represent mean and SEM of at least 6 animals per group. **P < 0.005; ***P < 0.0005.
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Quantitative real-time PCR in vitro. Cells (2 × 106) were lysed with the TRIzol 
reagent  (Applied Biosystems), and total mRNA was extracted with an 
RNeasy Mini Kit (QIAGEN) according to the manufacturer’s instructions. 
A NanoDrop spectrophotometer (Thermo Scientific) was used to quantify 
mRNA and to assess its purity, and 600 ng mRNA was retrotranscribed to 
cDNA using a High-Capacity cDNA Reverse Transcription Kit (Applied 
Biosystems). Then 10 ng cDNA was amplified using the Power SYBR Green 
PCR Master Mix (Applied Biosystems) in a 7500 Fast Real-Time PCR System 
(Applied Biosystems), and data were analyzed using the built-in software.

Primer  pairs  used  were  as  follows:  5′-ACGACATGGAGACAATC-
TATCCT-3′ and 5′-TGAGGACAACGAGGAAATGT-3′(mPGES-1); 5′-CCT-
GCTGCCCGACACCTTCAA-3′ and 5′-TCTTCCCCCAGCAACCCGGC-3′ 
(COX-2); and 5′-CGAAAGCATTTGCCAAGAAT-3′ and 5′-AGTCGGCATC-
GTTTATGGTC-3′ (18S). 18S mRNA was used as an internal reference for 
relative quantification studies.

Quantitative real-time PCR in vivo. Whole skin from treated or control mice 
was cut, briefly washed in cold PBS, and immersed in RNAlater solution 
(Ambion) at 4°C for 24 hours. Skin was then lysed in TRIzol and mechani-
cally disrupted using a TissueLyser (QIAGEN) (30 shakes/s for 3 minutes). 
Subsequent mRNA processing was performed as described above.

Primer  pairs  used  were  as  follows:  5′-TTTGTTTCTTGTCTTG-
GCTTCAA-3′ and 5′-TTAGTGGCTTTTATTTCCTTTGGT-3′(CD11c); 
5 ′-CACCTTCATTTGCATCAACA-3′   and  5 ′-TCTGAAAAGTTG-
GCAAAGAGAA-3′(F4/80); and 5′-TGCTCTGGAGATAGAAGTTATTGTG-
3′ and 5′-TTACCAGTGATCTCAGTATTGTCCA-3′ (Gr-1).

Primer pairs for mPGES-1, COX-2, and 18S are indicated above. Pre-
validated QuantiTect primer pairs for TNF-α and HPRT1 (reference gene) 
were purchased from QIAGEN.

Isolation of skin cells. Cells were isolated as previously described (44). Brief-
ly, skin was isolated and digested for 45 minutes in a cocktail containing 
collagenase XI, hyaluronidase, and DNase. Then 10% FBS was added to 
stop the reaction, and cells were stained to asses the percentage of different 
cell populations.

Tissue edema. Following anesthesia with pentobarbital (60 mg/kg), sex- 
and age-matched mice were injected s.c. with LPS (20 μg/20 μl), LPS plus 
thapsigargin (5 μM), and LPS plus PGE2 or PGE2 alone (10 μM) or PBS 
as a control in the footpad. In some cases, mice were pretreated with 
COX-2 inhibitor (30 minutes, 10 mg/kg), FK-506 (18 hours), or were 
depleted of DCs as previously described. The paw volume of the LPS-
treated as well as the PBS-treated contralateral paw was then measured 
by a plethysmometer (Ugo Basile) at the indicated time points. At the  
1-hour time point, most of the animals had recovered from the anesthe-
sia, and at the 2-hour time point, all animals had recovered. The volume 
of the contralateral paw was subtracted from the volume of the injected 
paw to obtain edema volume.

Antigen delivery to the lymph node. Following anesthesia, sex- and age-
matched mice were injected s.c. with the described combinations of LPS 
(15 μg), FITC-dextran (500 μg), or FITC–latex beads conjugated or not 
with ovalbumin (100.000 beads/footpad) and PGE2 (10 μM) in the footpad 
(20 μl/footpad). In some cases, mice were pretreated with FK506 or were 

depleted of DCs as previously described. Two to four hours after injection, 
mice were sacrificed, draining lymph nodes collected, and bead numbers 
and dextran uptake by CD11b+ cells measured by FACS analysis.

In vitro antigen presentation assay. Anti-ovalbumin CD4+ T cells were puri-
fied by positive selection from spleen and lymph nodes of OT-II mice using 
anti-CD4–conjugated microbeads (Miltenyi Biotec) according to the man-
ufacturer’s instructions. Cells were then CFSE labeled according to the 
manufacturer’s instructions.

Ovalbumin-coated latex beads were recovered from draining lymph 
nodes of mice.  In particular, axillary and brachial  lymph nodes were 
removed 3 hours after s.c. injection of the described stimuli. Lymph nodes 
were dissected in water and centrifuged at 5,000 g for 2 minutes to recover 
latex beads. The recovered beads were added to U-bottom 96-well plate of 
medium with 10,000 BMDCs, 50,000 OT-II CD4+ CFSE-labeled T cells, 
and 10 ng/ml LPS (final volume 200 μl). After 120 hours, cell division was 
measured using FACScalibur.

Western blot. Cells were lysed with a buffer containing 50 mM Tris-HCl, 
pH 7.4, 150 mM NaCl, 10% glycerol, 1% NP-40 supplemented with protease, 
and phosphatase inhibitor cocktails (Roche). Cell debris were removed by 
centrifugation at 16,000 g for 15 minutes (4°C), and proteins were quanti-
fied using a BCA assay (Thermo Scientific). 10 μg cell lysate was run on a 
10% polyacrylamide gel, and SDS-PAGE was performed following standard 
procedures. After protein transfer, nitrocellulose membranes (Thermo Sci-
entific) were incubated with the indicated antibodies and developed using 
an ECL substrate reagent (Thermo Scientific).

Statistics. Means were compared by 2-tailed Student’s t tests, unequal vari-
ance. Data are expressed and plotted as mean ± SEM values. Statistical 
significance was defined as P < 0.05. Sample sizes for each experimental 
condition are provided in the figures and the respective legends.

Study approval. The experimental protocols were approved by  the  
Italian Ministry of Health (Rome, Italy) according to the Decreto legis-
lativo 27 gennaio 1992, n. 116 “Attuazione della Direttiva n. 86/609/CEE 
in materia di protezione degli animali utilizzati a fini sperimentali o ad altri 
fini scientifici.”
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