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Dendritic cells (DC) are able to present extracellular antigens associated with the molecules of the major histocompatibility
complex class I. In a previous work, we demonstrated that the histamine (HIS), acting through H1/H4 receptors, increases the
cross-presentation of soluble ovalbumin by murine DC and can enhance the recruitment of specific CD8" T lymphocytes during
the development of chronic inflammatory responses. Here, we studied in more depth the mechanisms underlying this
enhancement. We showed that the cytotoxicity of specific CD8" lymphocytes is increased in HIS-treated DC and it is lost by
inhibition of vacuolar-ATPase that prevents endosome acidification. It is known that HIS acts through G protein-coupled
receptors. The H1/H4 receptors are associated with a G, subunit, which involves PKC signaling, a pathway related to the
apoptotic process. Interestingly, we demonstrated for the first time that HIS prevents DC apoptosis induced by heat shock
through the inhibition of caspase-3, a mechanism dependent on PKC activation, since it is reversed by its inhibition. By

contrast, cytolytic activity of T lymphocytes induced by HIS-stimulated DC was independent of PKC pathway.

1. Introduction

Dendritic cells (DC) internalize exogenous antigens (Ags) by
fluid-phase pinocytosis or by receptor-mediated endocytosis
[1, 2]. Peptides derived from these antigens are efficiently
presented to T lymphocytes in the context of major
histocompatibility complex (MHC) class II molecules. Con-
versely, the peptides originated in the cytosol are presented
in the MHC class I. However, exogenous Ags can be pre-
sented through this pathway. Cross-presentation of antigens
enables DC to present antigens associated with class I
molecules, allowing the activation of CD8" T responses by
extracellular proteins. Antigen cross-presentation is not only
relevant in the induction of antiviral and antitumor
responses, but also in the induction of chronic inflammatory
diseases [3]. This mechanism can be induced through two
main pathways: cytosolic and vacuolar. In the first case,

protein escape from the endosomal compartment allows its
processing via proteasome and subsequent association with
class I molecules. On the contrary, through the vacuolar
pathway, the extracellular antigens are fused with the plas-
matic membrane forming intracellular vesicles containing
the machinery necessary to accommodate the peptides gen-
erated in class I molecules [4].

Histamine (HIS) is a main inflammatory mediator
secreted primarily by mast cells. It is involved in several func-
tions affecting neurotransmission, gastric secretion, and
immunomodulation, playing a central role in the develop-
ment of inflammatory pathologies such as asthma [5]. Its
functions are mediated through its interaction with four his-
taminergic receptors (HR): HIR-H4R, which are members
of the G protein-coupled receptor (GPCR) family [6]. It has
been widely documented that the modulation of allergy by
histamine mainly involves the HI receptor. The use of
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receptor 1 antagonists proved to be successful in controlling
clinical symptoms associated with pruritus and vasoconstric-
tion in diseases such as rhinitis and conjunctivitis, but it
showed no effectiveness in asthma [7, 8]. This may be
explained with the fact that asthma is a multifactorial pathol-
ogy; in this sense, the development of a Th2 response is
essential during allergen sensitization and early inflamma-
tory response, whereas the chronic process is strongly depen-
dent on the recruitment of CD8" Tc2 lymphocytes [9].
Gantner et al. [10] showed in humans that the interaction
of histamine with H2R and H4R induces the secretion of
IL-16 by CD8" T lymphocytes, which determines the migra-
tion of CD4" and CD8" T cells to lung tissues. Also, in a
model of contact dermatitis, the induction in the skin of IL-
17" CD8" T lymphocytes was shown to be mediated by HIS
via the H4R [11].

Moreover, contradictory results were reported in relation
to the pro- or antiapoptotic effect of HIS. Thus, in human
monocytic cells, Soga et al. [12] demonstrated that it prevents
apoptosis via the upregulation of Bcl-2 and Mcl-1 and the
suppression of activated caspase-3, an effect dependent on
H2R signaling. On the other hand, in the human embryonic
cell line H3K293 transfected with the enzyme histidine
decarboxylase (HDC), responsible for HIS synthesis [13],
its production was associated with the upregulation of the
proapoptotic effector caspase-3 and cell cycle arrest by alter-
ation in proteins such as cyclin D1 and A1l.

Here, we study the intracellular mechanisms triggered
by the HIS which determine DC functionality. We found
that HIS prevents the apoptosis of DC, as shown by the inhi-
bition of procaspase-3 and caspase-3. Interestingly, this
mechanism depends on PKC activation. We also show that
DC cross-presentation of antigen induced by HIS involves
the vacuolar pathway resulting in the induction of a specific
cytotoxic response. However, this activity is not dependent
on PKC activation.

2. Materials and Methods

2.1. Mice. All experiments were carried out using 2-month-
old virgin female C57BL6/j mice and OT-I mice on the
C57BL6/j background raised at the National Academy of
Medicine, Buenos Aires, Argentina. They were housed six
per cage and kept at 20 +2°C under automatic 12h light-
dark schedule. Animal care was in accordance with institu-
tional guidelines.

2.2. DC Generation from Bone Marrow Cultures. The proce-
dure used to obtain DC was described by Inaba et al. [14],
with minor modifications [15]. Briefly, bone marrow was
flushed from the limbs of long bones using 2ml of RPMI
1640 (Invitrogen, Carlsbad, CA) with a syringe and 25-
gauge needle. Red cells were lysed with ammonium chlo-
ride (0.45M). After washing, cells were suspended at a
concentration of 1.5x10° cells/ml in 80% RPMI 1640
medium supplemented with 10% fetal calf serum, and
5.5x 107> B-mercaptoethanol (Sigma) (complete medium)
and 20% J588-GM cell line supernatant. The cultures were
fed every 2 days by gently swirling the plates, aspirating
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50% of the medium, and adding back fresh medium with
J588-GM cell line supernatant. On day 9 of culture, more
than 90% of the harvested cells expressed MHC class II,
CD40, and CDl11c, but not Gr-1 (not shown).

2.3. Flow Cytometry. The following monoclonal antibodies
(mAbs) were used, conjugated with fluorescein isothiocya-
nate (FITC), phycoerythrin (PE), or peridinin chlorophyll
protein complex (PerCP): anti-CDllc, anti-H2K®, anti-
GR1, anti-CD8, the lysosomal membrane proteins CD107a
(LAMP-1) (BD Pharmingen), and the OVA 257-264 (SIIN-
FEKL) peptide bound to H2K" antibody (25D1.16; eBios-
ciences). To perform staining, cells were incubated with the
corresponding conjugated antibody, or isotype-matched
control antibody, for 20 min. Finally, cells were washed once
again and analyzed by flow cytometry. Data were collected
using a FACScalibur flow cytometer and analyzed with Cell-
Quest software (Becton Dickinson, San Jose, CA).

2.4. Confocal Microscopy. DC were treated with or without
HIS for 20min and then incubated in the presence of
OVA-FITC (Sigma) for 1h at 37°C. After washing, cells were
attached in L-polylisine pretreated coverslips and blocked
with decomplemented normal mice serum 0.1% in RPMI
medium for 1 hour at 37°C. Cells were washed twice with
PBS and then fixed with 2% of paraformaldehyde (Merck,
Germany) for 20 minutes at 4°C. The fixed cells were washed
twice with PBS. DC were incubated with PE-conjugated anti-
bodies directed to MHC class I (H2K®; BD Pharmingen) for
20 min at room temperature. Finally, after washing, cover-
slips were mounted onto microscope slides using Fluoro-
mount medium (Vector Labs; Southfield; MI, USA). Images
were taken using a FluoView FV1000 confocal microscope
(Olympus, Tokyo, Japan). Analysis was performed with
Olympus FV10-ASW software.

2.5. Western Blot Analysis. DC were suspended in RPMI 10%
fetal calf serum (4 x 10°/ml) and treated with or without HIS
(0.1 uM) for 10 min at 37°C, then washed with PBS. Pellets
were resuspended in Western blot loading buffer (100 mM
Tris-HCI pH 6.8; 4% SDS, 0.2% bromophenol blue, 20% glyc-
erol, and 200 mM dithiothreitol), heated for 5min at 95°C
and frozen at —80°C. Proteins were separated onto 10%
SDS-PAGE followed by electroblotting. The membranes
were blocked in PBS + 5% milk powder for 1 h and then incu-
bated with the following primary antibodies in blocking
buffer + 0.05% Tween 20 overnight at 4°C: anti-phospho-
P38K (1:1000; Santa Cruz Biotechnology), anti-phospho-
Akt (1:300; Santa Cruz Biotechnology), anti-caspase-3
(1:2000; Cell Signaling Technology), anti-caspase-9 (1:500,
Cell Signaling Technology), and anti-phospho-(Ser) PKC
(1:100; Cell Signaling Technology). After washing, second-
ary antibodies were applied in blocking buffer for 1h at
room temperature: anti-rabbit, anti-mouse, or anti-goat
mAb-HRP (1:2000; Cell Signaling Technology). Specific
bands were developed by enhanced chemiluminescence
(ECL, Amersham Biosciences, Uppsala, Sweden). Mem-
branes were stripped and reprobed with a rabbit mAb
against murine S-actin (1:3000; Cell Signaling Technology).
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Ficure 1: Histamine increases OV A-degradation timing. In (a), we show the ratio of OVA/f-actin at different times after HIS (0.1 uM, 37°C)
stimulation. Bars represent the mean + SE, N = 4 experiments (*p < 0.05). In (b), a representative Western blot is shown.

The quantification was performed using the Image-
Quant program.

2.6. Cytotoxicity Assay

2.6.1. In Vivo. Cytotoxicity was performed as described pre-
viously. In brief, bone marrow-derived DC were loaded
with OVA (100 pg/ml) and treated with or without HIS.
HIS-DC were labeled with 5nM (CFSE™®") fluorescent
dye carboxyfluorescein succinimidyl ester (CFSE, Invitro-
gen). Ct-DC were labeled with 0.5nM CEFSE (CFSE™Y).
Then, CFSE"8" and CFSE"" cells were mixed in a 1:1 ratio
(1x 107 cells/population) and inoculated intravenously (i.v.)
into naive syngeneic mice which were previously immunized
i.v.with OVA (100 pg/ml). The number of CFSE™ cells remain-
ing in the spleen after 4 hours was determined by flow cytom-
etry. Cytotoxicity (Cx) was expressed as the percentage of lysis,
calculated as [1 = (Fypmune/Tcontrol )] X 100, where 7 is given by

the expression of %CFSE™#"/9%CFSE™" cells for immune and

nonimmunized (control) mice, respectively. In some experi-
ments, we used OT-I mice to evaluate the Cx.

2.6.2. In Vitro. OVA-loaded (100 pg/ml) DC were stained
with 5 yuM of CFSE for 40 min at 37°C, and after exhaustive
washing, cells were incubated in the presence of splenic
mononuclear cells from OVA-immunized mice (ratio 1:4,
DC and mononuclear cells, resp.) for different times. After
this, the percentage of CFSE" cells in the cocultures was
determined by flow cytometry and compared to the percent-
age of CFSE" cells obtained from nonimmunized mice.

2.7. Apoptosis Assay. To evaluate apoptosis, we used the
Annexin-V-propidium iodide (PI) approach. The assay con-
sists in the fluorescent labeling of phosphatidylserine groups
expressed on the extracellular side of apoptotic cell mem-
brane. Also, to assess nuclear integrity, we used propidium
iodide. For this, DC (5% 10°), stimulated or not with HIS
(0.1 puM) and inhibited or not with bafilomycin (Baf;
0.1 uM) and G66983 (protein kinase C inhibitor (PKCi),
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FIGURE 2: Histamine modulates presentation via the vacuolar pathway. (a), (i) A representative dot plot of DC region used for the analysis is
shown. (a), (i) The mean percentage of OVA257-264-H2K®" DC is significantly higher for HIS-stimulated DC. (b) We show the
colocalization at the membrane of DC of class I molecules and the generated OVA epitope. (c) DC were incubated with Epo or Baf for
90 min at 37°C and then treated or not with HIS (0.1 uM). After 20 min, cells were incubated in the presence of OVA-FITC (100 pg/ml).
Finally, after 2h of culture, DC were washed and stained with anti-mouse SIINFEKL-H2K® for 20 min at 4°C. Bars represent the % mean of
OVA,s, 56,-H2K" cells + SE of 8 independent experiments for DC inhibited with Epo (i) and Baf (ii) (*p < 0.05, ANOVA and Tukey’s test).

2nM), were exposed to heat shock (20 minutes, 42°C) to
induce apoptosis. Then, at different time points, cells were
stained with Annexin-V-FITC (1 ug/ml in binding buffer)
for 20 minutes at room temperature. At the end of the
incubation time, we added PI (3 ug/ml) and the samples
were immediately analyzed by cytometry. Both Annexin-
V" and double-positive Annexin-V* PI* cells were consid-
ered apoptotic.

2.8. Determination of Cytokines. Cytokine levels in super-
nantants of cultured DC exposed to 42°C for 24 h were mea-
sured by ELISA. IL-12, TNF-a, and MCP-1 (eBiosciences,
San Diego, CA) were performed according to the manu-
facturer’s protocols. The detection limits were 4 pg/ml for
IL-12, 8 pg/ml for TNF-a, and 12.5pg/ml for MCP-1.

2.9. Statistical Analysis. Differences among treatments
were determined by one-way ANOVA, followed by
post-ANOVA comparisons using the Tukey’s test. Differ-
ences between two means were analyzed using Student’s
t-test. A p value < 0.05 was considered to indicate statis-
tical significance.

3. Results

3.1. Histamine Increases Class I Presentation via Modulation
of Vacuolar Pathway. Previously, we demonstrated that
histamine is able to increase the presentation of soluble anti-
gens via MHC class I [16]. Here, we analyze in more depth
the mechanisms involved. In the first place, DC were treated
with HIS (HIS-DC; 0.1 4M, 30 min at 37°C) or without HIS
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FiGure 3: Histamine increases the ability of DC to activate CD8" cytotoxicity. Histograms show the cytotoxicity after 24 h (a) and 48 h (b) of
in vitro coculture of OVA-immunized splenic mononuclear cells (5 x 10°) with OVA loaded-DC stimulated or not with HIS (1.25 x 10°). Bars
represent the mean Cx percentage + SE of 6 independent experiments. In (c), we show a representative in vitro Cx histogram plot. The
cytotoxicity activity in vivo was evaluated in splenocytes obtained after 4h of OVA loaded DC transfer (1 x 107 cells, injected i.v. to OVA-
immunized mice). In (d), the bars represent the mean percentage + SE of 5 independent in vivo experiments. p < 0.05, Student’s ¢-test. (e)
A representative histogram is shown. (f) 107 loaded DC were transferred to OTI-mice after its treatment with Baf (0.1 uM) for 90 min at
37°C. Then, DC were treated or not with HIS (0.1 uM). Bars represent the mean cytotoxicity percentage+SE of 5 independent

experiments (*p < 0.05, ANOVA Tukey’s test).

(Ct-DC) and finally incubated with OV A (100 pg/ml). At dif-
ferent times, lysates were obtained and the generated pep-
tides were evaluated by Western blot. As shown in
Figures 1(a) and 1(b), the kinetics of antigen processing or
degradation indicates that this process is faster for DC stim-
ulated with HIS between 15 and 30 min, but after the 30 min,
no significant differences in degradation rate can be observed
between treatments. In fact, Ackerman and Cresswell [17]
associated a rapid degradation to class I presentation.

Next, we decided to evaluate the possible pathways mod-
ulated by HIS on dendritic cells. In a first set of experiments,
DC treated with or without HIS were incubated with OVA-
FITC (100 pug/ml). Then, cells were stained with the antibody
anti-OVA (peptide 257-264; SIINFEKL) joined to the class I
molecule (H2K?). The percentage of DC (region R1 of posi-
tive CD11c-IA® cells, Figure 2(a), (i)) that stained positive
to OVA,., ., peptide bound to H2K? antibody at membrane
level was analyzed by flow cytometry. As shown in

Figure 2(a), (ii), the percentage of double-positive cells was
increased in a 50% for HIS-DC than Ct-DC. To corroborate
this result, we analyzed OVA presentation by confocal
microscopy. In Figure 2(b), we observed the colocalization
of H2K-OVA,., ,., complexes in the membrane of DC,
being greater for HIS-stimulated cells than for nonstimulated
DC. Finally, before their stimulation with HIS, we preincu-
bated cells with the inhibitors of the main pathways involved
in class I presentation, bafilomycin (Baf) (vacuolar pathway)
and epoxomicin (cytoplasmatic pathway). As shown in
Figure 2(c), (i), the incubation of DC with epoxomicin
(Ing/ml), a proteasome inhibitor, did not modify the per-
centages of antigenic presentation in DC treated with HIS.
It should be noted that, as expected, double-positive staining
was slightly inhibited in untreated controls. Then, we ana-
lyzed this phenomenon in the presence of Baf (0.1 uM), an
inhibitor of vacuolar proton pump (v-ATPase), needed for
the reduction of vacuolar pH resulting in the antigenic
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Ficure 4: CD8" T lymphocyte degranulation is higher in cocultures with HIS-treated DC. Degranulation was assessed by LAMP-1 fluorescent
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representative dot plot is shown.

degradation [18]. We showed in Figure 2(c), (ii) that Baf sig-
nificantly reduced cross-presentation of HIS-DC by 65%
compared to DC. In a preliminary assay, we also observed
that inhibition of cathepsin S (CatSi) activity decreases
almost by 74% of the class I presentation by HIS-DC stim-
ulated (Ct-DC: 3.9+0.42; CatSi-DC: 2.1+0.19; HIS-DC:
6.1 £0.55; HIS-DC + CatSi: 1.6+2.2; N =2).

3.2. Histamine Enhances Cytotoxicity Activity of Specific T-
CD8 Lymphocytes. The above results show that HIS promotes
extracellular antigen presentation in the context of MHC
class I. Next, we decided to test whether this HIS modulation
affects the CD8" T cells activity and, consequently, increases
cytolytic activity. To this aim, cytotoxicity (Cx) was evalu-
ated. The mononuclear spleen cells from immunized mice
were cocultured with OVA-loaded DC stained with CFSE

(5nM) and finally incubated for 24 or 48h as described in
Materials and Methods. As shown in Figures 3(a), 3(b), and
3(c), a significantly higher lytic activity was observed when
DC were stimulated with HIS compared to Ct-DC at the two
time points analyzed, although it is more significant at 48 h
(approximately 50% increase). Strikingly, in the in vivo assays,
after 4 h of DC transfer, the Cx activity was significantly greater
(19% increment) when cells were preincubated with HIS
(Figures 3(d) and 3(e)). Finally, since Baf inhibited DC class I
presentation induced by HIS, we decided to evaluate the cyto-
toxicity in the presence of this vacuolar ATPase inhibitor.
With this aim, DC were transferred to OTI mice after their
loading with the H2K"-binding peptide OVA 257-264 (SIIN-
FEKL, 1 umol/l). As shown in Figure 3(f), the inhibition of
vacuolar pathway using Baf reduced significantly by 47.8%
the Cx induced by HIS acting on DC.
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In addition, we performed the staining of LAMP-1, a
marker of CD8" T lymphocyte degranulation [19]. In
Figures 4(a) and 4(b), the percentage of double-positive
CD8/CD107a obtained by flow cytometry is shown. This
shows that a higher number of CD8" T cells were degranu-
lated in the presence of HIS-stimulated DC; thus, HIS can
modulate the ability of DC to induce CD8 cytotoxicity.

3.3. Histamine Interaction with Dendritic Cells Activates PKC
and Caspase Pathway. To study which pathways are activated
by HIS action on DC, we used the Western blot technique
after DC stimulation with HIS for 10 minutes. First, we stud-
ied Akt and P38 proteins, since they are known to be
involved in DC functionality [20-22]. As shown in
Figures 5(a), 5(b), and 5(c), these pathways are not modu-
lated by HIS.

Then, as PKC is also associated to GPCR, such as HIS
receptors, we evaluated PKC activation in HIS-treated DC.
Figure 6(a), (i-ii) shows that PKC is significantly activated

after 10min of stimulation. Since PKC phosphorylation is
associated to apoptosis and caspase-dependent cytotoxicity
mechanisms [23, 24], we analyzed the expression of
caspase-3 and caspase-9 on DC. Interestingly, in HIS-
treated DC, the expression of procaspase-3 was significantly
reduced, although this decrease was not related to a modi-
fication of effector caspase-3 levels (Figure 6(b), (i-ii)),
while the analysis of caspase-9 showed no difference
between treatments (data not shown). When the cleaved
caspase-3 was evaluated at different time points, we
observed a significant reduction of this protein in HIS-
stimulated cells compared to Ct-DC at longer stimulation
times (Figure 6(c)).

3.4. PKC Activation Is Implicated in Cellular Death. Taking
into account our previous results and the fact that HIS
induction of neutrophil apoptosis is dependent on PKC
phosphorylation via the caspase-3 pathway [25], we
decided to study the possible effects of HIS on the
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propidium iodide. (f) TNF-a production in DC cultures was analyzed in the supernatants of apoptotic cells at 24h by ELISA. The bars
represent the mean + SEM of 4 experiments. The figure shows mean concentration values (pg/ml). Asterisks indicate statistical significance

(*p <0.05, ANOVA and Tukey’s posttest).

modulation of DC apoptosis. Apoptosis induced by heat
shock at 42°C was evaluated in Ct-DC and HIS-DC. After
24h, the apoptosis was assessed by cytometry using
Annexin-V-propidium iodide staining. As shown in
Figures 7(a) and 7(b), the pretreatment of cells with HIS
prevents their apoptosis by 30%.

Because HIS activates PKC pathway, we decided to eval-
uate its functional role. First, we analyzed PKC expression in
DC treated with HIS in the presence of Baf. As demonstrated
in Figures 8(a) and 8(b), the blockage of vacuolar pathway
does not affect PKC activation and therefore does not
modulate cytotoxic activity (Figure 8(c)). On the other hand,



10

apoptosis was inhibited by 85% when PKC phosphorylation
was blocked (Figures 8(d) and 8(e)). Finally, we evaluated
the secretion of inflammatory cytokines in supernatants of
apoptotic cells. Figure 8(f) shows that PKC activity blocking
in HIS-DC significantly increases TNF-«a production while
MCP-1 and IL-12 were not affected (data not shown).

4. Discussion

Although in many previous works it has been proved that
histamine is able to induce the recruitment or activation of
CD8" T cells to skin and lung among others [10, 26], little
is known regarding the mechanisms involved. In our labora-
tory, we demonstrated previously that HIS increases class I
presentation by murine DC [27]. Here, we evaluate the
mechanisms responsible for this effect and, surprisingly, we
found that the effect was independent of proteasome activity.
On the contrary, in DC stimulated with HIS, the antigen was
retained in the vacuolar compartment. As it was observed in
the presence of bafilomycin, which prevents vacuolar
acidification, the generation of antigenic peptides for their
subsequent accommodation in the class I molecules was
compromised. In fact, Rock and Shen [28], many years ago,
showed that in the vacuolar compartment exists the complete
machinery and specific proteases which allow the generation
of peptides for class I molecules. One of the proteases
involved is cathepsin S; however, in our system, we cannot
rule out the participation of other proteases, since the inhibi-
tion only reduced by 74% the expression of the MHC I-OVA
complexes on the cellular surface. It is clear that other prote-
ases and mechanisms could be also involved in the enhance-
ment of dendritic cell presentation by histamine.

We prove for the first time that HIS prevents apoptosis of
murine DC. Recently, Deng et al. [29] described in humans
and mice that HIS increases during myocardial infarction.
Interestingly, the amine depletion contributes to heart dis-
ease through the inhibition of macrophage recruitment and
increase of cardiomyocyte apoptosis. Furthermore, via its
interaction with H2R, HIS prevented the apoptosis of NK
cells, mediated by inactivation of NADPH oxidase [30]. In
our system, HIS was able to inhibit the levels of both the
inactive and active forms of caspase-3 in DC. In a model of
carrageenan-induced pleurisy in rats, the induction of an
inflammatory response was associated with the recruitment
of leukocytes and nitric oxide production, which together
with the activation of caspase-3 upregulated oxidative
damage and apoptosis [31]. The use of an H4R antagonist
reversed dramatically the tissue injury. However, an inter-
esting fact was described by Matsuda et al. [32] in a model
of sepsis, where the upregulation of H4R was responsible
for spleen T lymphocyte apoptosis. We found this data
encouraging because our model showed a delay in DC
programmed death but an increase of cytotoxicity induced
by specific T lymphocytes, and both mechanisms could be
mediated by H4R. In fact, preliminary results of our group
demonstrated that H4R inhibition using thioperamide
results in downregulation of cytolytic activity induced by
HIS (data not shown).

Mediators of Inflammation

The interaction of HIS with DC triggers the phosphoryla-
tion of PKC protein. PKC comprises several serine/threonine
kinases determining three isoform families (conventional,
novel, and atypical) which differentially depend on second
messengers associated for their activation [33]. This protein
kinase has a main role in neurotransmission, gene regulation,
growth, differentiation, and apoptosis. It was shown that
induction of apoptosis by histamine involves the activation
of conventional isoforms (a, 3, and y) [34]) that require
Ca™ activation, a second messenger associated to the hista-
mine receptors signaling (7). Also, high concentrations of
histamine, such as those associated to inflammatory foci,
mediate the apoptosis of neutrophils through caspase and
the novel PKC § activation [25]. Since our antibody reveals
both conventional and novel isoforms, experiments are in
progress with specific antibodies to determine the PKC fam-
ily involved in DC apoptosis induced by histamine.

The upregulation of PKC was described during HIR
signaling, generally associated with the modulation of the
production or release of neurotransmitters such as catechol-
amine and acetylcholine [35, 36]. Moreover, this intracellu-
lar pathway has a central role in the modulation of
epithelial barrier, nervous control of arterial contraction/
dilatation [37, 38], and lung tissues. Thus, bronchial epithe-
lial cells are able to secrete inflammatory cytokines and
growth factors, through the stimulation of H1IR by HIS
[39]. In this regard, we showed that HIS-stimulated DC
inhibits the secretion of proinflammatory cytokines such as
TNF-a, a known inducer of cellular apoptosis [30], after heat
shock. On the other hand, it has been proved that HIS on
keratinocytes and on epithelial cells activates PKC signaling
and induces the secretion of the antiapoptotic factor GM-
CSF [40, 41].

5. Conclusion

Summarizing, our results show for the first time that HIS
has the ability to prevent the normal apoptosis program
during the perception of damage signals by DC and that
the interaction of HIS with DC favors the increase of soluble
antigens presentation in the context of class I molecules
mediated by the vacuolar pathway activation, culminating
with the improvement of specific lytic response by specific
CD8" T lymphocytes.

A future approach will determine whether blocking vac-
uolar pathway or PKC activation could improve the current
therapies used in inflammatory pathologies such as asthma
or dermatitis, where the induction/recruitment of CD8" T
lymphocytes correlates with chronic phase of disease.

Abbreviations

DC:  Dendritic cells

PKC: Protein kinase C

Cx: Cytotoxicity

HIS:  Histamine

Ags:  Antigens

HRs: Histamine receptors

MHC: Major histocompatibility complex.



Mediators of Inflammation

Conflicts of Interest

The authors reported no potential conflicts of interest.

Acknowledgments

This work was supported by grants from the Consejo Nacional
de Investigaciones Cientificas y Técnicas (CONICET) and by
the Agencia Nacional de Promocion Cientifica y Tecnoldgica
from Argentina. Also, the authors thank Beatriz Loria, Maria
Tejeda, and Graciela Leiva for their technical assistance.

References

[1] J. Banchereau, F. Briere, C. Caux et al., “Immunobiology of
dendritic cells,” Immunology, vol. 18, pp. 767-811, 2000.

[2] J. Sabatté, J. Maggini, K. Nahmod et al., “Interplay of patho-
gens, cytokines and other stress signals in the regulation of
dendritic cell function,” Cytokine ¢ Growth Factor Reviews,
vol. 18, no. 1, pp. 5-17, 2007.

[3] O. P. Joffre, E. Segura, A. Savina, and S. Amigorena, “Cross-
presentation by dendritic cells,” Nature Reviews. Immunology,
vol. 12, no. 8, pp. 557-569, 2012.

[4] L. Cohn and L. Delamarre, “Dendritic cell-targeted vaccines,”
Frontiers in Immunology, vol. 5, p. 255, 2014.

[5] M. Jutel, T. Watanabe, M. Akdis, K. Blaser, and C. A. Akdis,
“Immune regulation by histamine,” Current Opinion in Immu-
nology, vol. 14, no. 6, pp. 735-740, 2002.

[6] M. Cataldi, F. Borriello, F. Granata, L. Annunziato, and G.
Marone, “Histamine receptors and antihistamines: from
discovery to clinical applications,” Chemical Immunology and
Allergy, vol. 100, pp. 214-226, 2014.

[7] M. Jutel, M. Akdis, and C. A. Akdis, “Histamine, histamine
receptors and their role in immune pathology,” Clinical and
Experimental Allergy, vol. 39, no. 12, pp. 1786-1800, 2009.

[8] M. K. Church and M. Maurer, “Antihistamines,” Chemical
Immunology and Allergy, vol. 100, pp. 302-310, 2014.

[9] E. W. Gelfand and A. Dakhama, “CD8+ T lymphocytes and
leukotriene B4: novel interactions in the persistence and
progression of asthma,” The Journal of Allergy and Clinical
Immunology, vol. 117, no. 3, pp. 577-582, 2006.

[10] F. Gantner, K. Sakai, M. W. Tusche, W. W. Cruikshank, D.
M. Center, and K. B. Bacon, “Histamine h(4) and h(2)
receptors control histamine-induced interleukin-16 release
from human CD8(+) T cells,” The Journal of Pharmacology
and Experimental Therapeutics, vol. 303, no. 1, pp. 300-307,
2002.

[11] P.J. Dunford, N. O’Donnell, J. P. Riley, K. N. Williams, L.
Karlsson, and R. L. Thurmond, “The histamine H4 receptor
mediates allergic airway inflammation by regulating the acti-
vation of CD4+ T cells,” Journal of Immunology, vol. 176,
no. 11, pp. 7062-7070, 2006.

[12] F. Soga, N. Katoh, and S. Kishimoto, “Histamine prevents
apoptosis in human monocytes,” Clinical and Experimental
Allergy, vol. 37, no. 3, pp. 323-330, 2007.

[13] J. Caro-Astorga, I. Fajardo, M. V. Ruiz-Pérez, F. Sanchez-
Jiménez, and J. L. Urdiales, “Nascent histamine induces
a-synuclein and caspase-3 on human cells,” Biochemical and
Biophysical Research Communications, vol. 451, pp. 580-586,
2014.

(14]

(15]

(16]

(17]

(18]

[19]

(20]

(21]

(22]

(23]

(24]

[25]

(26]

(27]

11

K. Inaba, M. Inaba, N. Romani et al., “Generation of large
numbers of dendritic cells from mouse bone marrow
cultures supplemented with granulocyte/macrophage colony-
stimulating factor,” The Journal of Experimental Medicine,
vol. 176, no. 6, pp. 1693-1702, 1992.

M. Vermeulen, M. Giordano, A. S. Trevani et al., “Acidosis
improves uptake of antigens and MHC class I-restricted
presentation by dendritic cells,” Journal of Immunology,
vol. 172, no. 5, pp. 3196-3204, 2004.

M. M. Amaral, C. Davio, A. Ceballos et al., “Histamine
improves antigen uptake and cross-presentation by dendritic
cells,” Journal of Immunology, vol. 179, no. 6, pp. 3425-3433,
2007.

A. L. Ackerman and P. Cresswell, “Cellular mechanisms
governing cross-presentation of exogenous antigens,” Nature
Immunology, vol. 5, no. 7, pp. 678-684, 2004.

B. van Deurs, P. K. Holm, and K. Sandvig, “Inhibition of the
vacuolar H(+)-ATPase with bafilomycin reduces delivery of
internalized molecules from mature multivesicular endosomes
to lysosomes in HEp-2 cells,” European Journal of Cell Biology,
vol. 69, no. 4, pp. 343-350, 1996.

R. Dressel, L. Elsner, P. Novota, N. Kanwar, and G. Fischer
von Mollard, “The exocytosis of lytic granules is impaired
in Vtilb- or Vamp8-deficient CTL leading to a reduced
cytotoxic activity following antigen-specific activation,” Journal
of Immunology, vol. 185, no. 2, pp. 1005-1014, 2010.

Y. Zhou, V. Pasham, S. Chatterjee et al., “Regulation of Na+/H
+ exchanger in dendritic cells by Aktl,” Cellular Physiology
and Biochemistry, vol. 36, no. 3, pp. 1237-1249, 2015.

R. Vazquez-Lopez,]. Argueta-Donohué, A. Wilkins-Rodriguez,
A. Escalona-Montafio, M. Aguirre-Garcia, and L. Gutiérrez-
Kobeh, “Leishmania mexicana amastigotes inhibit p38 and
JNK and activate PI3K/AKT: role in the inhibition of apoptosis
of dendritic cells,” Parasite Immunology, vol. 37, no. 11,
pp. 579-589, 2015.

M. Jiang, P. Osterlund, R. Fagerlund et al., “MAP kinase p38«
regulates type III interferon (IFN-A1) gene expression in
human monocyte-derived dendritic cells in response to RNA
stimulation,” Journal of Leukocyte Biology, vol. 97, no. 2,
pp. 307-320, 2015.

A. K. Maurya and M. Vinayak, “Modulation of PKC signaling
and induction of apoptosis through suppression of reactive
oxygen species and tumor necrosis factor receptor 1 (TNFR1):
key role of quercetin in cancer prevention,” Tumor Biology,
vol. 36, 2015.

G.-T. Yiang, Y.-L. Yu, S.-C. Hu, M. H.-C. Chen, J.-J. Wang,
and C.-W. Wei, “PKC and MEK pathways inhibit caspase-
9/-3-mediated cytotoxicity in differentiated cells,” FEBS
Letters, vol. 582, no. 6, pp- 881-885, 2008.

J. Hur, M.-K. Kang, J.-Y. Park et al., “Pro-apoptotic effect of
high concentrations of histamine on human neutrophils,”
International Immunopharmacology, vol. 3, no. 10-11,
pp. 1491-1502, 2003.

B. Vanbervliet, M. Akdis, M. Vocanson et al., “Histamine
receptor H1 signaling on dendritic cells plays a key role in
the IFN-y/IL-17 balance in T cell-mediated skin inflamma-
tion,” The Journal of Allergy and Clinical Immunology,
vol. 127, no. 4, pp- 943-53.e1-10, 2011.

M. M. Amaral, C. Alvarez, C. Langellotti, J. Geffner, and M.
Vermeulen, “Histamine-treated dendritic cells improve
recruitment of type 2 CD8 T cells in the lungs of allergic mice,”
Immunology, vol. 130, no. 4, pp. 589-596, 2010.



12

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

K. L. Rock and L. Shen, “Cross-presentation: underlying
mechanisms and role in immune surveillance,” Immunological
Reviews, vol. 207, pp. 166-183, 2005.

L. Deng, T. Hong, J. Lin et al, “Histamine deficiency exac-
erbates myocardial injury in acute myocardial infarction
through impaired macrophage infiltration and increased
cardiomyocyte apoptosis,” Scientific Reports, vol. 5, article
13131, 2015.

J. Xaus, M. Comalada, A. F. Valledor et al., “LPS induces
apoptosis in macrophages mostly through the autocrine pro-
duction of TNF-alpha,” Blood, vol. 95, no. 12, pp. 3823-3831,
2000.

A. Pini, T. Somma, G. Formicola et al., “Effects of a selective
histamine H4R antagonist on inflammation in a model of
carrageenan-induced pleurisy in the rat,” Current Pharmaceu-
tical Design, vol. 20, no. 9, pp. 1338-1344, 2014.

N. Matsuda, H. Teramae, M. Futatsugi et al., “Up-regulation of
histamine H4 receptors contributes to splenic apoptosis in
septic mice: counteraction of the antiapoptotic action of nuclear
factor-B,” The Journal of Pharmacology and Experimental
Therapeutics, vol. 332, no. 3, pp. 730-737, 2010.

P.J. Parker and J. Murray-Rust, “PKC at a glance,” Journal of
Cell Science, vol. 117, no. 2, pp. 131-132, 2004.

M. Montero, C. D. Lobaton, S. Gutierrez-Fernandez, A.
Moreno, and J. Alvarez, “Modulation of histamine-induced
Ca2+ release by protein kinase C: effects on cytosolic and
mitochondrial [Ca2+] peaks,” The Journal of Biological
Chemistry, vol. 278, no. 50, pp. 49972-49979, 2003.

N. H. Moniri and R. G. Booth, “Role of PKA and PKC in
histamine H1 receptor-mediated activation of catecholamine
neurotransmitter synthesis,” Neuroscience Letters, vol. 407,
no. 3, pp. 249-253, 2006.

B. Sadek, S. S. Khanian, A. Ashoor et al., “Effects of antihista-
mines on the function of human «7-nicotinic acetylcholine
receptors,” European Journal of Pharmacology, vol. 746,
pp. 308-316, 2015.

M. Morita, A. Nakane, S. Maekawa, and Y. Kudo, “Pharma-
cological characterization of the involvement of protein
kinase C in oscillatory and non-oscillatory calcium increases
in astrocytes,” Journal of Pharmacological Sciences, vol. 129,
no. 1, pp. 38-42, 2015.

M. V. Valtcheva, S. Davidson, C. Zhao, M. Leitges, and R. W.
Gereau, “Protein kinase C§ mediates histamine-evoked itch
and responses in pruriceptors,” Molecular Pain, vol. 11,
no. 1, p. 1, 2015.

M. Matsubara, K. Ohmori, and K. Hasegawa, “Histamine 1
receptor-stimulated interleukin 8 and granulocyte macro-
phage colony-stimulating factor production by bronchial
epithelial cells requires extracellular signal-regulated kinase
signaling via protein kinase C,” International Archives of
Allergy and Immunology, vol. 139, no. 4, pp. 279-293, 2006.
J. Legacy, S. Hanea, J. Theoret, and P. D. Smith, “Granulocyte
macrophage colony-stimulating factor promotes regeneration
of retinal ganglion cells in vitro through a mammalian target
of rapamycin-dependent mechanism,” Journal of Neuroscience
Research, vol. 91, no. 6, pp. 771-779, 2013.

T. Kato, H. Noma, M. Kitagawa, T. Takahashi, N. Oshitani,
and S. Kitagawa, “Distinct role of c-Jun N-terminal kinase
isoforms in human neutrophil apoptosis regulated by tumor
necrosis factor-alpha and granulocyte-macrophage colony-
stimulating factor,” Journal of Interferon & Cytokine Research,
vol. 28, no. 4, pp. 235-243, 2008.

Mediators of Inflammation



	Modulation of Dendritic Cell Apoptosis and CD8+ Cytotoxicity by Histamine: Role of Protein Kinase C
	1. Introduction
	2. Materials and Methods
	2.1. Mice
	2.2. DC Generation from Bone Marrow Cultures
	2.3. Flow Cytometry
	2.4. Confocal Microscopy
	2.5. Western Blot Analysis
	2.6. Cytotoxicity Assay
	2.6.1. In Vivo
	2.6.2. In Vitro

	2.7. Apoptosis Assay
	2.8. Determination of Cytokines
	2.9. Statistical Analysis

	3. Results
	3.1. Histamine Increases Class I Presentation via Modulation of Vacuolar Pathway
	3.2. Histamine Enhances Cytotoxicity Activity of Specific T-CD8 Lymphocytes
	3.3. Histamine Interaction with Dendritic Cells Activates PKC and Caspase Pathway
	3.4. PKC Activation Is Implicated in Cellular Death

	4. Discussion
	5. Conclusion
	Abbreviations
	Conflicts of Interest
	Acknowledgments

