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Histamine, a major mediator in allergic diseases, differen-
tially regulates the polarizing ability of dendritic cells after Toll-
like receptor (TLR) stimulation, by not completely explained
mechanisms. In this study we investigated the effects of hista-
mine on innate immune reaction during the response of human
monocyte-derived DCs (mDCs) to different TLR stimuli: LPS,
specific for TLR4, and Pam3Clys, specific for heterodimer mol-
ecule TLR1/TLR2. We investigated actin remodeling induced
by histamine together with mDCs phenotype, cytokine produc-
tion, and the stimulatory and polarizing ability of Th0. By con-
focal microscopy and RT-PCR expression of Racl/CdC42
Rho GTPases, responsible for actin remodeling, we show that
histamine selectively modifies actin cytoskeleton organization
induced by TLR4, but not TLR2 and this correlates with
increased IL4 production and decreased IFN+y by primed T cells.
We also demonstrate that histamine-induced cytoskeleton
organization is at least in part mediated by down-regulation of
small Rho GTPase CdC42 and the protein target PAK1, but not
by down-regulation of Racl. The presence and relative expres-
sion of histamine receptors HR1-4 and TLRs were determined
as well. Independently of actin remodeling, histamine down-
regulates IL12p70 and CXCL10 production in mDCs after TLR2
and TLR4 stimulation. We also observed a trend of IL10 up-reg-
ulation that, despite previous reports, did not reach statistical
significance.

The histaminergic network is involved in the regulation and
modulation of immune reactions, innate and adaptive, during
normal or pathological responses. Histamine, a major mediator
in allergic diseases, is an endogenous amine synthesized by
histidine decarboxylase, which decarboxylates L-histidine
expressed in a wide variety of cells. When activated, dendritic
cells (DCs)* may express histidine decarboxylase and histamine
receptors (HRs) (1). Histamine modulates innate immune
responses affecting cell maturation, function, and consequent
pro- or anti-inflammatory reactions in different cell popula-
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tions including human monocyte-derived DCs (mDCs) (2).
mDCS are professional antigen presenting cells, key elements
of immune responses that bridge innate and adaptive immunity
supporting Th lymphocyte responses and polarization through
antigen presentation and adequate co-stimulatory signals (3, 4).
mDCs principal characteristic resides in their ability to inte-
grate environmental signals, as those generated during infec-
tious processes, which lead to changes in cytokine and chemo-
kine microenvironments, actin cytoskeleton re-organization,
and strength of T cell receptor stimulation (5, 6). Toll-like
receptors (TLRs) are a class of receptors critical in host defense
that specifically detect pathogen-associated molecular patterns
and their action has been associated with loss of tolerance and
pathogenesis of chronic inflammation, autoimmunity, and
allergy (7-9). Histamine modulates several of the TLR-induced
cellular responses. For instance, the presence of histamine dur-
ing TLR4 and TLR3 activation of human mDCs leads to a
reduced production of IL12p70, a Th1 polarizing cytokine, of
CXCL10, a Th1 attracting chemokine, and increased release of
IL10, IL8, or IL6 (10 —-15). In another study it was reported that
the presence of histamine during TLR3 stimulation of mDC
down-regulates CCL1, TNFeq, IL6, and CXCL10, which is
accompanied by up-regulation of CXCL1 (16). Furthermore,
Frei et al. (15) reported that histamine suppressed TLR4-in-
duced TNF« secretion from mDC cell. TLR activation is fol-
lowed by the ability of mDCs to stimulate and drive polarization
of T lymphocyte responses. The presence of histamine during
TLR4 stimulation did not alter the ability of mDC to stimulate
T lymphocyte proliferative response, nonetheless Th1/Th2
homeostasis was altered with increased IL-4 producing Th2
cells during mixed lymphocyte reaction (10, 11) or reduced Th1
shift during autologous naive T cell stimulation (15). In a spe-
cific experimental setting, where mDCs were stimulated with
HIV-1 and histamine, T lymphocytes shifted toward FoxP3+
Treg (17). Among the many studies on human mDCs, few
reported that histamine may determine F-actin polarization
influencing the migratory ability of mDCs (13, 16), and none
investigated the specific histamine effects on actin cytoskeleton
organization, which is a way to modulate the activity of mDCs,
DC:T conjugate formation, and mDCs polarizing ability
(18-20).

To better understand the diverse action of histamine on dif-
ferent TLR stimulations we analyzed histamine modulation of
human mDCs matured with two different agonists: LPS, spe-
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cific for TLR4, and Pam3Cys (a synthetic triacylated lipopep-
tide), specific for heterodimer molecule TLR1/2 (TLR2 later in
the text). Both receptors are present on the cell surface and
specific for microbial membrane components such as lipids,
lipoproteins, and proteins (7). By using confocal microscopy,
we describe for the first time that histamine selectively modifies
actin cytoskeleton organization induced by TLR4, but not
TLR2, and this correlates with increased IL4 and decreased
IFNy production by primed T cells.

We also demonstrate that histamine-induced cytoskeleton
organization is at least in part mediated by small Rho GTPase
Cdc42, a molecule shared between H1R and the TLR4 signaling
cascade, and protein target PAK1. Independently on actin
remodeling, histamine down-regulates IL12p70 and CXCL10
production in mDCs after TLR2 and TLR4 stimulation. Despite
previous reports, we did not find up-regulation of IL-10.

Experimental Procedures

Cells—mDCs were generated from human monocytes of
healthy donors, as previously described (39). Briefly, CD14™"
monocytes were positively sorted by magnetic microbeads
(Miltenyi Biotec) and cultured for 6 days in medium supple-
mented with GM-CSF (1000 units/ml, R&D Systems) and IL-4
(1000 units/ml, R&D Systems). At day 6 of culture, immature
DCs were activated by stimulation with 1 pg/ml of LPS (Sigma)
or 10 pg/ml of Pam3Cys (InvivoGen), in the presence or
absence of 10 um histamine (HA) (Sigma), for 2 or 24-h depend-
ing on the assay. CD4" T cells were negatively selected from
peripheral blood mononuclear cells of healthy donors using the
T cell isolation kit II from Miltenyi Biotec.

Phenotype Analysis—mDC surface markers were evaluated
by flow cytometry with a 6-color CyFlow Space cytometer
(Partec). The monoclonal Abs used (all from eBioscience) were
directed against the following antigens (the fluorochrome tags
are given in parentheses): CD80 (FITC), CD86 (PE), HLA-DR
(antigen presenting cell), and CD83 (PE-Cy5.5). Cell vitality was
tested by propidium iodide (Molecular Probes) incorporation.
The cells were labeled in PBS with 2% FCS for 20 min room
temperature in the dark, washed in PBS, and immediately
analyzed.

Micropinocytosis Assay—At day 7 of culture, mDCs treated
or not with histamine in the last 24 h of culture in the presence
or absence of TLR ligands LPS and Pam3Cys were tested for
micropinocytosis ability as described by Zinchuk et al. (21).
Briefly, 2 X 10° cells were suspended in RPMI 1640 with 10%
FCS, equilibrated at 37 or 0°C for 10 min, and pulsed with
FITC-conjugated dextran (40,000 Da; Molecular Probes), 1
mg/ml for 45 min at 37 or 0 °C. Cells were washed four times
with cold PBS and analyzed by flow cytometry; propidium
iodide was used to exclude dead cells. The labeling of cells
pulsed at 0 °C was subtracted from that of cells pulsed at 37 °C
to obtain a measure of the endocytosed dextran.

Cytokine Determination—IL4, IL6, IL8, IL10, IL12p70, IL17,
IFNvy, TNFa, and CXCL10 production was evaluated in cell
supernatants by Milliplex assays (Milliplex MAP kit number
HCYTOMAG-60K, Merck Millipore), following the manufac-
turer’s protocols. Samples were analyzed by a Bioplex reader
(Bio-Rad).
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Immunocytochemistry and Confocal Analysis—To analyze
F-actin/CD11c and PAK1 distribution, at day 7 of culture
mDCs were seeded on poly-L-lysine-coated glass coverslips
(3 X 10* cells/coverslip) after 24 or 2 h of TLR stimulation in
the presence or absence of histamine. Samples were incu-
bated at 37 °C for 45 min, then fixed with 4% phosphate-
buffered paraformaldehyde for 10 min room temperature
and permeabilized 30 min with PBS buffer containing 0.05%
saponin (ICN Biomedicals) and 2% BSA (Sigma). To analyze
F-actin distribution, cells were labeled with FITC-conju-
gated phalloidin (Sigma), 0.1 pg/ml, together with PE-con-
jugated mouse monoclonal anti-CD11c¢ (BD Pharmingen)
diluted 1:50 in PBS, 0.05% saponin, 2% BSA) for 1 h, at room
temperature in the dark.

To determine PAK1 localization and expression, samples
were stained with primary monoclonal Ab rabbit anti-human
PAK1 (2 pg/ml; U. S. Biological) for 2 h at room temperature.
Then samples were washed three times with permeabilization
buffer and incubated 1 h at room temperature in the dark with
the fluorescent secondary Ab Alexa Fluor 488-conjugated
mouse anti-rabbit IgG (Life Technologies), diluted 1:300 in per-
meabilization buffer.

To determine IL12p70 distribution at mDCs-T cell immune
synapses, mDCs (activated with LPS, Pam3Cys in presence or
not of histamine) and CD4™" T cells derived from mismatched
donors were seeded as described (19). Samples were stained
with mouse monoclonal anti-IL12p70 (clone 24945, R&D Sys-
tems) and rabbit polyclonal anti-CD3 (Abcam), overnight at
4 °C. As secondary antibodies we used Alexa Fluor 488 donkey
anti-rabbit IgG and Alexa Fluor 546 goat anti-mouse IgG (Life
Technologies), diluted each 1:400 in permeabilization buffer,
1 h at room temperature in the dark. Coverslips were washed
three times with permeabilization buffer and mounted on glass
slides with Prolong Diamond mounting medium containing
DAPI (Life Technologies).

Confocal images were acquired in a Leica TCS SP5 micro-
scope (Leica Microsystems, Mannheim, Germany) equipped
with a He/Ne/Ar laser source, using a Leica Plan Apo X63/1.40
NA oil immersion objectives. A series of optical sections
(1,024 X 1,024 pixels each; pixel size 200 X 200 nm) were taken
at intervals of 0.35 um. Confocal images were analyzed using
Image] software (National Institutes of Health, Bethesda, MD).
Colocalization between F-actin and CD11c was visualized by
using the Image]J Colocalization finder plug-in (21) and quanti-
fied by determining the mean Pearson’s coefficient (r) with
Image]J Jacop plug-in (r = 1: complete colocalization; r = 0:
absence of colocalization) in 5 randomly selected fields for each
slide. PAK1 expression was analyzed with Image] software by
measuring the green mean fluorescence intensity (gray value) in
cells seleted by freehand in 5 randomly chosen fields for each
slide.

Mixed Lymphocyte Reaction (MLR)—mDCs stimulated with
LPS or Pam3Cys in the presence or absence of histamine in the
last 24 h of culture were tested in a MLR. After stimulation,
mDCs were washed twice in PBS and co-cultured in 96-well
U bottom plates (Nunc) at a density of 1 X 10* cells/well with
1 X 10° allogeneic CD4™" T cells/well, for 5 days in RPMI
1640 medium with 10% FCS. Cells were plated in quadrupli-
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cate. At day 5, the proliferative response was measured by
[®H]thymidine (1 mCi/ml; PerkinElmer Life Sciences) in the
incorporation test. [’H] Thymidine was added for the last 8 h
of culture. Plates were harvested (Tomtec Mach III, Wallac)
on glass fiber filters (PerkinElmer), and [*H]thymidine
uptake was measured by liquid scintillation in a Microbeta
1450 Trimux B-counter (Wallac) and expressed as counts
per min (cpm).

T Cell Polarization Test—Upon 24 h of incubation with LPS
or Pam3Cys in the presence or absence of histamine, mDCs
were washed twice in PBS and co-cultured (50 X 10* cells/well)
with autologous T cells (2 X 10° cells/well) in 96-well flat bot-
tom plates coated with anti-CD3 (eBioscience, 1 pg/ml). Not
stimulated mDCs, treated or not with histamine for 24 h, were
also analyzed. Cells were plated in quadruplicate. Upon 4 days
of co-culture, supernatants were harvested and analyzed for
IL4, IFNv, and IL17 concentrations by Bioplex, as described
above. At the same time, T cell proliferation was evaluated by a
[*H]thymidine (1 mCi/ml; PerkinElmer) incorporation test, as
described above.

RNA Extraction and Quantitative Real-time RT-PCR—Total
RNA was extracted using Qiazol (Qiagen). Concentration and
purity were assessed by NanoDrop (ThermoScientific). RNA
was reverse transcribed using a Quantitect reverse transcrip-
tion kit (Qiagen) according to the manufacturer’s protocol.
Real-time PCR was performed with an ABI Prism 7900HT
Sequence Detection System (Applied Biosystems), according to
the manufacturer’s instructions. All PCR amplifications were
performed by MicroAmp optical 96-well reaction plate with
TagMan Universal Master Mix and with Assay-on-Demand
primer sets (Life Technologies). Each assay was carried out in
duplicate and included a no-template sample as negative con-
trol. Hypoxanthine-guanine phosphoribosyltransferase was
used as a housekeeping gene for normalization. The expression
of histamine H1, H2, H3, and H4 was evaluated on freshly iso-
lated CD14 " monocytes, in differentiating mDCs at days 3 and
6 of culture and at day 7 after 24 h of stimulation with LPS or
Pam3Cys in the presence or absence of histamine. The expres-
sion of TLR2 and TLR4 was evaluated at day 7 of culture in
mDCs incubated for 2 h with LPS or Pam3Clys in the presence
or absence of histamine and in non-stimulated ones; the same
timing was used for Racl and CdC42 evaluation.

Protein Extraction and Cdc42 Pulldown Assay—Full-differ-
entiated DCs were stimulated with LPS and LPS + histamine
for 30 min. Proteins were extracted from 10 X 10° cells in each
condition. Cdc42 was tested by means of a Cdc42 activation
assay kit (Cell Biolabs) following the manufacturer’s instruc-
tions. Detection of precipitated Cdc42 was performed by a 15%
acrylamide gel Western blot (PVDF membrane) followed by
mouse monoclonal anti-human Cdc42 antibody and secondary
antibody goat anti-mouse IgG/HRP, revealed in chemilumines-
cence (Clarity Western ECL blotting substrate Bio-Rad). Den-
sitometric analysis was performed by Quantity One Software
(Bio-Rad).

Statistics—Results were expressed as mean * S.E. Statistical
analysis was performed using one-way analysis of variance or
Mann-Whitney test when adequate (GraphPad Prism 5 soft-

SASBMB

JULY 8,2016+VOLUME 291-NUMBER 28

ware). Statistical significance was for p values < 0.05. Pearson’s
correlation test was utilized for colocalization.

Results

Expression of HRs in mDC during Differentiation and
Activation—Histamine effects on human mDCs are mediated
principally by H1 and H2 receptors (25). We first evaluated
mRNA expression of HRs by real-time PCR in mDCs of 5
healthy donors, at various times during culture. As reported in
previous studies, relative mRNA expression is modulated dur-
ing culture and during TLR stimulation (12); in our cells
mRNAs coding for H1, H2, and H4 receptors were detectable at
all times during culture (Fig. 14). In resting cells (day 6) hista-
mine did not significantly affect H1, H2, and H4 receptors
expression (Fig. 14, all panels gray columns). When resting
mDCs were stimulated with the TLR2 agonist Pam3Clys, hista-
mine significantly augmented the H2R relative expression ratio
compared with TLR2 stimulation alone (Fig. 1B). HIR and
HA4R, although relative expression of messenger molecules was
different, were not modulated by concomitant stimulation of
TLR2 and histamine compared with TLR stimulation alone. In
all experiments concomitant LPS and histamine application did
not affect the expression of HRs compared with TLR4 stimula-
tion alone.

Expression of TLRs during mDCs Histamine Stimulation—A
question that we posed was if histamine could modulate TLRs
expression during innate stimulation of mDCs, therefore influ-
encing the outcome of the function and immune response of
mDC. To test this, we determined by real-time PCR the relative
expression of TLRs during LPS and Pam3Cys stimulations in the
presence or not of histamine. We found that histamine did not
significantly modify the expression of tested TLRs, although a
trend toward increased TLR expression was present (Fig. 2).

Effect of Histamine on TLR Agonist-induced mDCs Cytoskel-
eton Rearrangements—To evaluate the effect of histamine and
TLR4 or TLR2 activation on actin cytoskeleton organization,
we immunostained mDCs to detect actin and CD11c, an integ-
rin present in the membrane of mDC, and analyzed their dis-
tribution in different experimental conditions (Fig. 3). To
investigate the organization of the mDCs cytoskeleton,
we quantified the colocalized immunofluorescent signals, ex-
pressed as Pearson’s coefficient r (see “Experimental Proce-
dures”). After LPS or Pam3Cys stimulation, r values were
0.437 £ 0.015 and 0.696 = 0.027, respectively (p = 0.02). Inter-
estingly, we found that the presence of histamine during TLR4
stimulation induced a cytoskeleton remodeling when com-
pared with TLR4 stimulation alone (TLR4 * histamine, r =
0.715 £ 0,026; p = 0.016 compared with TLR4 alone; Fig. 3),
which is different from the results obtained with TLR2 stimu-
lation (TLR2 = histamine r = 0.730 £ 0,018, p = n.s. compared
with TLR2; Fig. 3). Hence, histamine induces a redistribution of
actin during TLR4 stimulation that changes the organization of
mDCs cytoskeleton.

Histamine Effects on Cytoskeleton-regulating Molecules:
Cdc42 and PAKI—To investigate the way histamine may inter-
fere with the LPS downstream pathway in shaping actin cyto-
skeleton organization, we analyzed by RT-PCR the relative
expression of two Rho GTPse involved in cytoskeleton organi-
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FIGURE 1. Expression of HR during in vitro mDCs differentiation. A, the relative expression of H1R, H2R, H3R, and H4R was evaluated by real-time PCR on
CD14" monocytes at days 0, 3, and 6 of culture in differentiating medium (RPMI 10% FCS supplemented with GM-CSF and IL-4), and at day 7, after 24 h of
stimulation with HA (10 um). Graphs report the mean value of HR relative expression = S.E. of 5 experiments using cells from 5 different donors. Hypoxanthine-
guanine phosphoribosyltransferase was used as housekeeping gene. The H3R was never detectable at any time point. B, HR expression at day 7 of cultured
mDCs stimulated with TLR ligands with or without HA for 24 h. HRH3 expression was not detectable. *, p < 0.05.

zation: Racl and Cdc42 and by confocal microscopy the expres-
sion of their common protein target PAK1. LPS maturation of
mDCs is accompanied by a higher expression of PAK1 and
Cdc42 compared with Pam3Cys matured cells (Fig. 4, A and B)
and a comparable amount of Rac1 (Fig. 4C). Histamine reduces
PAKI1 and Cdc4?2 expression in LPS-stimulated cells, with no
effect on Racl (Fig. 4, A-C).

To gain better insight in the possible role of Cdc42 in mod-
ulating actin cytoskeleton organization, we investigated the
level of Cdc42 activation in our samples. We found that activa-
tion is increased after LPS stimulation and diminished in TLR4-
stimulated cells in the presence of histamine (Fig. 4D). We may
conclude that histamine modulation of LPS-induced cytoskel-
eton organization is at least in part mediated by modulation of
Cdc42 and PAK1 expression.
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Effect of Histamine on mDCs Function: CKs Production and T
Cell Polarization—When TLRs stimulation was performed in
the presence of histamine, mDCs changed their cytokine pro-
file, measured in cell supernatants. TLR4 and TLR2 stimulation
induced a comparable production of IL12p70 and TNFw;
whereas Pam3Cys-stimulated mDC produced significantly less
CXCL10, IL10, and IL6 than LPS-stimulated mDC (Fig. 5A).
We also found that independently of what TLR maturation sig-
nal was used, histamine reduced the production of IL12p70 and
CXCL10. Histamine reduced TNFa production only in TLR4-
stimulated cells (Fig. 5B). On the other hand, histamine did not
significantly modify TLRs stimulation-induced production of
IL10, IL6, and IL8 (Fig. 5B). We further tested mDCs by per-
forming a T lymphocyte polarization and priming experiment.
In the presence of histamine, T lymphocytes alone or primed
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FIGURE 2. Effect of LPS, Pam3Cys, and histamine on TLR expression. mDCs expression of TLR4 (A) and TLR2 (B) was evaluated by real-time PCR after 2 h
stimulation with TLRs ligands in the presence or absence of HA in 8 donors. Data are reported as relative expression with respect to the housekeeping gene
hypoxanthine-guanine phosphoribosyltransferase (mean = S.E. of five independent experiments). ns, not significant.
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FIGURE 3. Actin cytoskeleton distribution in mDCs treated with HA during TLR stimulation. At day 7 of culture, after 24 h of stimulation with either LPS or

Pam3Cys in the presence (+) or absence (—) of HA, DCs were analyzed by confocal microscopy for F-actin (green) and CD11c (red) cell distribution. Colocal-

ization between F-actin and CD11c was visualized in white by using the ImageJ colocalization finder plug-in and quantified by Pearson’s coefficient (r),

calculated with ImagelJ Jacop plug-in (r = 1: complete colocalization; r = 0: absence of colocalization). The pictures are from one experiment representative of

three independent observations; Pearson’s coefficient values (r) reported below the colocalization images are the mean = S.E. of all of three experiments.
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with non-TLR activated mDCs did not significantly change the  naive T lymphocytes to produce significantly more IL4 and less
production of IL4, IFNvy, nor IL17 (Fig. 6A). However, mDCs IFNvy compared with LPS-activated T lymphocytes. This effect
activated with LPS and histamine induced autologous CD4"  was not present in mDCs activated with Pam3Cys that induced
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FIGURE 4. Effect of histamine on the expression of cytoskeleton-regulating molecules. mDCs stimulated for 2 h with LPS or Pam3Cys in the presence or
absence of HA were analyzed for PAK1 expression by confocal microscopy (A) and for Cdc42 and RACT expression by real-time PCR (B). A, PAK1 expression
(green) was quantified as mean fluorescence intensity (mean of green fluorescence measured in five randomly selected fields in three independent experi-
ments) and reported as gray value * S.E. **, p = 0.009; ***, p = 0.0002; ****, p < 0.0001; ns, not significant. B, Cdc42 and RAC1 expression in TLR-stimulated
mDCs in the presence or absence of HA, normalized with respect to CDC42 and RACT expression in non-stimulated mDCs (ratio to basal condition). Hypox-
anthine-guanine phosphoribosyltransferase was used as housekeeping gene. Mean = S.E. of three independent experiments are shown. *, p < 0.05; **, p =
0.006; ns, not significant. D, Western blot of active precipitated Cdc42, 10 X 10° cells for each point: first row, DCs; second row, 2 DCs + HA; third row, DCs +
LPS; fourth row, DCs + LPS + HA, cells were stimulated for 30 min; optical density of each band is reported. One experiment representative of two independent

observations is shown.

a comparable production of IL4 and IFNv, independently of
histamine (Fig. 64). In all samples IL17 was not modified
although highly variable (Fig. 64). T lymphocytes proliferative
response was not changed by the presence of histamine (Fig.
6B). Of note, TLR2 and TLR4 stimulations induced a complete
maturation of mDCs that was not modified by histamine as
shown by a co-stimulation molecule expression (Fig. 7, A and
B), micropinocytosis ability, and MLR (Fig. 7, C and D). We
then investigated DC-T cell immune synapses to understand if
histamine-induced actin cytoskeleton organization determines
a different IL12p70 distribution at cell-cell contact zone alter-
ing cell microenvironment, a process functionally responsible
of T cell polarization. Indeed, in the presence of histamine,
LPS-activated mDCs showed the Th1 polarizing cytokine IL12
dispersed in the cytoplasm, whereas in control samples (LPS
mDCs) it was concentrated and partially colocalized with CD3
molecules at the T cell mDCs contact zone (Fig. 8).

Histamine Receptor Antagonist Effects on Actin Cyto-
skeleton—Finally, we confirmed the involvement of H2R in
mediating actin cytoskeleton modifications induced by hista-
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mine during mDCs LPS stimulation (22). In Fig. 9 we show by
confocal microscopy that the H2R antagonist zolantidine pre-
vented the cytoskeleton modifications induced by histamine
and LPS. This was not observed in the presence of the HIR
antagonist pyrilamine or the H4R antagonist JNJ7777120s.

Discussion

Histamine differentially regulates the polarizing ability of
mDC consequent to TLRs stimulation. Agrawal et al (23)
showed that different TLR stimulations instruct DCs to induce
distinct Th responses via differential CKs production. More
recently, Deifl et al. (24) showed that dendritic cells derived
from allergic patients and stimulated by different TLR agonists
cause different ThO naive cell responses due to different activa-
tion of three signals: antigen presentation, co-stimulatory mol-
ecules, and CKs milieu.

In the present work we show that histamine differently
shapes the TLR4 and TLR2 responses of mDC, and we pro-
pose that this is at least in part mediated by a fourth signal:
rearrangement of the cytoskeleton. In our experiments,
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FIGURE 5. Effect of histamine on mDC cytokine and chemokine production. A, cytokine and chemokine production (pg/ml) determined at day 7 of culture
on supernatants of mDCs under basal conditions (—), after 24 h of exposure to HA, or upon 24 h of stimulation with TLR2/4 ligands (LPS; Pam3Cys). Mean = S.E.
of five independent experiments are shown. B, effect of HA on cytokine and chemokine production induced by LPS or Pam3Cys stimulation. Data are expressed
as mean = S.E. of five independent experiments, normalized with respect to cytokine production (pg/ml) measured in LPS- or Pam3Cys-stimulated cells
reported in A. *, p < 0.05; **, p < 0.01; ns, not significant.
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FIGURE 6. Effect of histamine on the capability of mDC to polarize T cells. Upon 24 h of stimulation with LPS or Pam3Cys in the presence or absence of HA, mDCs
were co-cultured with autologous T cells in anti-CD3-coated plates (T cells + «CD3). As controls, we used non-stimulated (no TLR stim) mDCs, exposed or not to HA in
thelast 24 h of culture. A, IL4, IFN+y,and IL17 were measured by Bioplex on cell supernatants after 4 days of co-culture. Mean (pg/ml) = S.E. of five experiments with cells
from five different donors are shown. B, after 4 days of co-culture as described above, T cell proliferation was evaluated by [*H]thymidine incorporation and expressed
as mean cpm (counts per min); mean values of com = S.E. of the same five experiments reported in A. *, p < 0.05; ns, not significant.
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FIGURE 7. Phenotypic and functional characterization of mDCs treated with histamine in the presence or absence of TLR stimuli. A, percentage of cells
expressing the mDC characteristic markers HLA-DR, CD80, CD86, CD83; and B, the mean fluorescence intensity (MF/) of each marker (mean =+ S.E. of 8
experiments, using mDCs from 8 different donors). CTR, unstimulated and untreated mDCs; HA, mDCs treated with HA in the absence of TLR stimulation; LPS,
LPS-stimulated mDCs; LPS + HA, mDCs treated with HA in the presence of LPS; Pam3Cys, Pam3Cys-stimulated mDCs; Pam3Cys + HA, mDCs treated with HA in
the presence of Pam3Cys. C, micropinocytosis ability of mDCs with various combinations of TLR4, TLR2 stimulation, and HA. Micropinocytosis was evaluated
by flow cytometry following dextran-FITC uptake; FITC MFlindicates the mean amount of dextran-FITC endocytosed (mean = S.E. of three experiments). Insets,
overlay plots (one experiment representative of three): HA-treated mDCs, gray histogram plots; untreated empty histogram plots, in the absence of TLR
stimulation (a), in the presence of LPS stimulation (b), and in the presence of Pam3Cys stimulation (c). D, allostimulatory ability of mDCs treated or not with HA
in the presence or absence of TLR stimulation was evaluated by a MLR, where mDCs were co-cultured with allogeneic CD4 * T cells at the ratio of 1:10 for 5 days.
T cell proliferative response was assessed by [*H]thymidine incorporation and expressed as counts per min (com). Graph reports the mean com *+ S.E. of 5

experiments done with coupled mDCs and T cells from 5 different donors.

mature TLR4 and TLR2 mDCs were comparable in terms of
phenotypes: a comparable level of co-stimulatory and
MHCII molecules, the same reduction of endocytosis upon
stimulation, and an equal T cell proliferative response to
mDCs. IL8 is elevated in both samples and increased in
Pam3Cys-stimulated cells compared with LPS. Histamine,
added to fully differentiated mDCs did not change these
phenotypes.

TLRs activation determines, to various extents, maturation
of mDCs accompanied by actin cytoskeleton remodeling with
consequent functional effects: cytokine production, efficient
immune synapse formation, and T cell priming and polariza-
tion. When we investigated the actin distribution in mDCs, we
observed that TLR4 and TLR2 activation determined different
re-organization of actin cytoskeleton. Among the many intra-
cellular responses that follow TLR activation, actin re-organi-
zation is a key factor for the maturation state of mDC, inducing

14810 JOURNAL OF BIOLOGICAL CHEMISTRY

a migratory phenotype versus the antigen presenting ability.
Cytoskeleton re-organization is also responsible for T cell polar-
ization and activation (18). Idzko et al. (25) showed that histamine
stimulation of immature mDCs modified actin that in turn influ-
enced the migratory ability and endocytosis. In the present work
we observed that histamine affected the mature cytoskeleton of
mDCs when cells were stimulated with the TLR4 agonist LPS,
whereas it did not modify TLR2-induced cytoskeleton organiza-
tion. Mature TLR4 cells presented low colocalization of actin and
CD11c, two molecules that precisely describe mDCs morphology
(26), compared with mature TLR2 cells. Histamine does not seem
to affect TLR2-induced cytoskeleton organization. In the complex
signaling cascade that determines actin cytoskeleton organization,
Racl, CdC42, and the target protein PAK1 play an important role
(27,28). We found that histamine is responsible for the differential
expression and activation of CdC42 and PAK1 in TLR4, but not in
TLR2-stimulated cells.
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FIGURE 8. IL12p70 distribution at the immune synapse. Confocal microscopy images of IL12p70 (red) and CD3 (green) at the immune synapse between
mDCs (DC) and CD4™ T cells (T), and relative DIC images. Upper row: LPS and Pam3Cys activated mDCs (CTR). Lower row: LPS and Pam3Cys activated mDCs in
presence of histamine (+HA). Arrow, colocalization (yellow) between IL12p70 and CD3.

When we looked at functional effects of histamine on mDCs
we observed that mDCs stimulated with TLR4 and TLR2 ago-
nists changed their cytokines profile in the following way: Th1
polarizing cytokine IL12p70 and TNFa were equally produced
by LPS and Pam3Cys, whereas IL10, an anti-inflammatory
cytokine, IL6 and the Th1 chemoattracting CXCL10 were pro-
duced at a significantly higher level by LPS compared with
Pam3Cys-stimulated cells. In agreement with other authors’
results, histamine modulates this profile and reduces both
TLRs induced IL12p70 and CXCL10 production (15, 29, 30).
On the other hand, we did not confirm previous data showing
that histamine determines TNFa reduction in TLR2-activated
cells, nor that histamine increases IL10 by TLR4- and TLR2-
stimulated mDCs (11, 13, 15, 29). We attribute the lack of a
clear effect on the induction of IL10 by histamine to a high
variability between subjects (see Fig. 5B). Presumably, and
opposite to the effects of histamine on TLRs-induced IL12p70
and CXCL10 production, modulation of IL10 is a sensitive sub-
ject. In our hands, the production of TLR-induced IL6 and IL8
was never affected by histamine. When we tested CD4 ™" naive T
lymphocytes for cytokine production in different priming con-
ditions, we found that when primed with histamine-treated,
mature TLR4 mDCs (but not TLR2-matured cells), T lympho-
cytes increased IL4 and decreased IFNy production, compared
with mDC-TLR4 stimulation alone. Therefore, histamine
appears to polarize mDC cells into Th2-promoting DC in a
manner not linked to the maturation state of DC, as described
in other experimental designs (10).

Taken together our data suggest that LPS-induced cytoskel-
eton re-arrangement determines the polarizing ability of mDC
and this leads to variable local release and concentration of
IL12p70, altering the immune synapse microenvironment and
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therefore Th1/Th2 polarization A possible explanation is that
during innate immune response, TLRs stimulation affects DC
function and that different TLRs may determine different cell
phenotypes and functions (32, 33). Our data suggest that hista-
mine acts on different activation states of DCs with different
pathways involved, e.g. TLR2 signaling is strictly MyD88 depen-
dent, whereas TLR4 is not (6). In our hypothesis the different
histamine effects on TLR2 and TLR4 activated DCs may lead to
T cell skewed response.

Histamine exerts its diverse effects on mDCs activating H1,
H2, or H4 receptors. Here, we confirm the expression of mDCs
HIR, H2R, and H4R during in vitro culture and maturation with
or without histamine as reported by other authors (10, 11). In
our experimental setting we found that histamine per se did not
change the expression of any of these receptors. However, the
application of histamine increased H2R expression in TLR2-
compared with LPS-stimulated or non-stimulated cells. In the
past, it has been reported that histamine modulates actin polar-
ization and chemotaxis in immature mDCs mainly through
HIR and H2R cytokine production exclusively through H2R
and H3R (1); more recently H4R has been shown to be involved
in both pathways (16), here we confirm the involvement of H2R
in actin cytoskeleton modulation (Fig. 9). Probably, the signal-
ing responsible for histamine modulation during TLRs stimu-
lation is more complex, here we did not find expression of H3R,
in agreement with most reports (14, 34). Finally, to assess the
possibility that histamine regulates TLR4 and TLR2 expression
we analyzed mRNA for both receptors and showed for the first
time that in the mDC cultures, histamine did not significantly
modulate TLR2 and TLR4 transcripts, as reported in fibroblast
cultures (31), although a trend toward increased expression was
observed.
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FIGURE 9. Effect of histamine receptor antagonists on actin cytoskeleton distribution in mDCs treated with histamine during LPS stimulation.
Atday 6 of culture, mDCs were stimulated 24 h with LPS alone (—) or simultaneously treated with the following drugs: histamine (+HA10; um), histamine
together with the H1R antagonist pyrilamine, 1 um (+HA + Pyrilamine), or with the H2R antagonist zolantidine, 10 um (+HA + Zolantidine), or with the
H4R antagonist JNJ7777120, 10 um (+HA + JNJ7777120). DCs were analyzed by confocal microscopy for F-actin (green) and CD11c (red) cell distribution.
Colocalization between F-actin and CD11c was visualized in white by using the ImageJ colocalization finder plug-in and quantified by Pearson’s
coefficient (r), calculated with ImageJ Jacop plug-in (r = 1: complete colocalization; r = 0: absence of colocalization). The pictures are from one
experiment representative of three independent observations; Pearson’s coefficient values (r) reported below the colocalization images are the mean =

S.E. of all of three experiments.

In a translational perspective we may consider that in vivo
DCs are often in close proximity to mast cells and therefore the
microenvironment may be rich in histamine during microbe
stimulation of innate immune receptors and inflammation
(34:-37); if so the reaction of TLR4 and TLR2 mDCs to infec-
tions or allergen will determine diverse T subpopulation
responses. This TLRs/histamine interaction could participate
to pathological allergic processes, as loss of tolerance (38) and

14812 JOURNAL OF BIOLOGICAL CHEMISTRY

exacerbation of asthma (39). Indeed, histamine influences
responses against parasitic or bacterial infections in several ani-
mal models (15), and the mode of action that we propose adds a
relevant piece of knowledge on the complex mechanism behind
it. In the future it would be of interest to study these mecha-
nisms in pathological situations as allergic subjects or autoim-
mune diseases, to evaluate the relevance of actin cytoskeleton
as a possible target for chronic inflammation therapy.
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