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ABSTRACT

Histamine may contribute to the pathology of MS and
its animal model EAE. We explored the effects of hista-
mine and specific HR agonists on activation and migra-
tory capacity of myelin-autoreactive T cells. We show
that histamine in vitro inhibits proliferation and IFN-y
production of mouse T cells activated against PLP,35_;5¢-
These effects were mimicked by the H1R agonist HTMT
and the H2R agonist dimaprit and were associated with
reduced activation of ERK1/2 kinase and with increased
levels of cell cycle inhibitor p27Kip-1, both involved in T
cell proliferation and anergy. H1R and H2R agonists re-
duced spontaneous and chemokine-induced adhesion
of autoreactive T cells to ICAM-1 in vitro and blocked
firm adhesion of these cells in inflamed brain microcir-
culation in vivo. Thus histamine, through H1R and H2R,
inhibits activation of myelin-autoreactive T cells and
their ability to traffic through the inflamed BBB. Strate-
gies aimed at interfering with the histamine axis might
have relevance in the therapy of autoimmune disease
of the CNS. J. Leukoc. Biol. 89: 259-267; 2011.

Introduction

Histamine is an important mediator in several physiological
and pathological processes, including neurotransmission and
brain function, hormonal secretion, and gastrointestinal and
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circulatory function [1, 2]. Histamine is also critical in inflam-
mation and a potent regulator of the innate and adaptive im-
mune responses [3]. Synthesized from histidine by a unique
enzymatic reaction mediated by HDC, histamine exerts its ef-
fects through four types of membrane HRs: HIR, H2R, H3R,
and H4R. All HRs are heptahelical GPCRs with seven putative
transmembrane domains and transduce extracellular signals
through Gq (for HIR), Gs (for H2R), and Gi/o (for H3R and
H4R) [1, 2]. In the immune system, histamine influences T
cell polarization by having effects on monocytes and DCs,
which promote a Th2 environment in humans and in mice
[4-10]. Histamine can also influence T and B cell functions
directly [11]. Indeed, in polarized human T cells, depending
on the receptor engaged, histamine promotes Thl responses
through HIR and down-regulates Th1l and Th2 responses
through H2R [12] with congruent data in mice lacking HIR
and H2R [12, 13].

A role for histamine in MS and in EAE, an animal model
for this disease associated with CD4" T cells reactive to myelin-
secreting IFN-y (Th1) and/or IL-17 (Th17) [14, 15], has been
suggested (reviewed in refs. [3, 16]). We have shown previ-
ously that HIR as well as H2R are expressed on mononuclear
cells within the inflammatory foci in the brain of mice with
EAE, whereas encephalitogenic Thl cell lines activated against
PLP,49_;5; expressed more HIR and less H2R compared with
Th2 TCLs [17]. Inhibition of myelin oligodendrocyte glyco-
proteing;_ss-induced, chronic EAE has been reported in mice
deficient for HIR [13, 18, 19], and treatment with HIR antag-
onists reduced the severity of PLP,34_,5;-induced, relapsing-
remitting EAE [17, 20] and rat EAE [21]. Supporting the hy-
pothesis of an important role for HIR in the development of
EAE, it has been shown that Bphs, a gene that is associated
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with susceptibility to EAE and other autoimmune diseases in
animal models, is HIR [13]. Re-expression in T cells of the
HIR allele from mice susceptible to EAE restores susceptibility
to this disease in resistant HIR-deficient mice [18, 19]. How-
ever, histamine might also have an important role in limiting
autoimmune brain inflammation, as HDC ™/~ mice, which lack
histamine, exhibit exacerbation of chronic EAE with an in-
creased T cell production of proinflammatory cytokines com-
pared with WT mice, and a more diffuse inflammatory CNS
infiltrates containing a large polymorphonuclear component
and eosinophils [22]. Further, treatment with a specific ago-
nist of H2R prevents chronic EAE [23]. These in vivo data em-
phasize a major regulatory role for histamine and its receptors
in EAE. However, the direct effects of histamine on autoreac-
tive myelin-specific T cells from nongenetically manipulated
mice are largely unknown.

In this study, by using histamine and H1R and H2R ago-
nists, we investigated the effects of these molecules on mouse
T cells activated against the myelin peptide PLP,54_,5,. We
show that these molecules modulate autoreactive T cells to
reduce antigen-induced proliferation and IFN-y production.
HR agonists inhibit the adhesion of myelin-autoreactive T cells
to mouse ICAM-1 in vitro and block firm adhesion of these
cells on the activated brain vessels in an in vivo model of early
EAE inflammation. The HIR agonist inhibits integrin activa-
tion of myelin-autoreactive T cells. These data show an unex-
pected role for histamine as an inhibitor of autoreactive T cell
activation and reveal for the first time an important role for
histamine in the regulation of the ability of myelin-activated T
cells to traffic through the inflamed brain microcirculation.

MATERIALS AND METHODS
Mice

SJL mice (Charles River, Calco, Italy), female, 8—12 weeks old, were used

in this study. All procedures involving animals were approved by the Ethi-
cal Committee of the Neurological Institute Foundation Carlo Besta (Mi-
lan, Italy) and performed according to the Principles of Laboratory Animal
Care (European Communities Council Directive 86/609/EEC).

Peptide synthesis and immunization protocol

PLP,5_,5; (HSLGKWLGHPDKF) was synthesized using standard 9-fluore-
nylmethyloxycarbonyl chemistry and purified by HPLC. The peptide purity
was >95%, as assessed by analytical, reverse-phase HPLC. EAE was induced
in mice by s.c. immunization in their flanks with PLP,4y_;5; (100 ug/
mouse), emulsified in CFA containing 2 mg/ml heat-killed mycobacterium
tuberculosis H37Ra (Difco Laboratories, Detroit, MI, USA), and assessed
daily for neurological signs of EAE, according to a five-point scale [24].

T cell proliferation assays

LNGs or spleen cells were cultured in vitro in 96-well microtiter plates at a
density of 500 X 10® cells/well (for LNCs) or 350 X 10° cells/well (for
splenocytes) in 200 ul RPMI 1640, supplemented with L-glutamine (2
mM), sodium pyruvate (1 mM), nonessential amino acids (0.1 mM), peni-
cillin (100 U/ml), streptomycin (0.1 mg/ml), 2-ME (5X10 5 M), HEPES
buffer (0.01 M), and 10% FCS (enriched RPMI), and stimulated with
PLP,59_15; (20 ug/ml), Con A (2 pg/ml), anti-CD3 mAb (1 pg/ml; clone
41452C11, BD PharMingen, San Diego, CA, USA), or medium alone. The
amount of histamine contained in culture medium was 1.1 X 107 M, as
measured by an enzyme immunoassay kit (ImmunoTech, Beckman
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Coulter, Brea, CA, USA), as described previously [22]. CD3™ T cells were
purified from suspensions of splenocytes depleted of B220, CD11b, CD49b,
and Ter-119-positive cells by magnetic separation (Miltenyi Biotec, Ger-
many). Cell purity was confirmed by flow cytometric analysis and was deter-
mined to be 94% or higher. CD3™ T cells (50%x10%/well) were stimulated
in a 96-well plate with PLP 5,5, (20 pug/ml), anti-CD3 mab (1 wg/ml), or
medium alone in enriched RPMI in the presence of 500 X 10* y-irradiated
(3000 rad) splenocytes from naive mice as an APC source [25]. After 72 h
of incubation (37°C, 5% CO,), cultures were pulsed for 18 h with 0.5 uCi/
well [H?]-thymidine, and proliferation was measured from triplicate cul-
tures on a B-counter (Perkin Elmer, Waltham, MA, USA). Data are shown
as mean cpm * seM. To test the effects of histamine on T cell prolifera-
tion, LNCs or purified CD3™ T cells were treated with histamine dihydro-
chloride (Sigma-Aldrich, Seelze, Germany), HTMT dimaleate (Tocris Bio-
science, Bristol, UK), dimaprit dihydrochloride (Tocris Bioscience), or me-
dium alone for 2 h at 37°C in RPMI 1640, washed, and in vitro-stimulated
as described above. The concentrations of histamine, HTMT, or dimaprit
used in the different experiments are reported in figure legends.

Cytokine measurements

Supernatants from LNCs or purified CD3™ T cells cultured in parallel with
those cells used in proliferation assays were used for cytokine analysis.
IFN-v, IL-10, IL-6 (anti-mouse OptEIA ELISA set, BD PharMingen), and
IL-17 (anti-mouse DuoSet ELISA, R&D Systems, Minneapolis, MN, USA)
were analyzed by ELISA, according to the manufacturers’s protocols. Su-
pernatants were collected from cultured cells at 48 h for IFN-y and IL-6
and at 96 h for IL-10 and IL-17. Results are shown as mean of triplicates +
sEM, and SEMs were within 10% of the mean.

Real-time PCR

Total RNA was isolated from LNCs or from magnetically purified CD3* T
cells from LNCs of naive or immunized mice ex vivo at different time-
points during EAE or upon in vitro stimulation using Trizol reagent (In-
vitrogen, San Diego, CA, USA), following the manufacturer’s instructions.
cDNA was synthesized from 1 pg total RNA using Superscript IT RT (In-
vitrogen) and random primers, as described by the manufacturers. The ex-
pression of HIR and H2R was quantified by using the following commer-
cial primer-probe sets (Applied Biosystems, Foster City, CA, USA): HIR,
Mm00434002_s1; H2R, Mm00434009_s1; GAPDH, Mm99999915_g1. A C;.
was used to determine HIR and H2R mRNA expression relative to house-
keeping GAPDH. The C; value was normalized for each sample using the
formula: AC; = Cp (a4 = Cr (Garpmy» and the relative expression of the
receptors was calculated using the equation 274",

Western blot and biochemical analyses

Total cell lysates were obtained from LNCs ex vivo (baseline) and at differ-
ent time-points during in vitro stimulation in 50 mM HEPES (pH 7.5), 250
mM NaCl, 1 mM EDTA, 1.0% Triton X-100, 10 mM sodium fluoride, 1 mM
sodium orthovanadate, and 2 pg/ml each aprotinin, leupeptin, and pepsta-
tin, as described previously [26]. Total proteins from each lysate were sub-
jected to SDS-PAGE under reducing conditions. After electrophoresis, pro-
teins were transferred onto a nitrocellulose filter membrane (Protan,
Schleicher and Schuell BioScience, Dassel, Germany) using a Trans-Blot
cell (Bio-Rad Laboratories, Milan, Italy) and transfer buffer containing 25
mM Tris, 192 mM glycine, and 20% methanol. Membranes were placed in
5% nonfat milk in PBS plus 0.5% Tween 20 at 4°C for 2 h to block non-
specific binding sites. Filters were incubated with specific antibodies before
being washed and then incubated with a peroxidase-conjugated secondary
antibody (Amersham Biosciences, Piscataway, NJ, USA). Peroxidase activity
was detected by using the ECL system (Amersham Biosciences). The anti-
bodies used were the following: anti-p27Kip-1 (Cell Signaling Technology
Inc., Beverly, MA, USA), anti-ERK1/2, and antiphosphorylated ERK1/2
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). The filters were
also probed with an antitubulin antibody (Sigma-Aldrich) to normalize the
amount of loaded protein. All filters were quantified by densitometric anal-
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ysis of the bands using the program Scionlmage (Version 1.63 for Mac,
Scion Corp. Inc., Frederick, MD, USA).

Flow cytometry

A TCL activated against PLP,,_,,, prepared as described previously [27],
was antigen-stimulated for 4 days and then treated for 2 h with histamine,
HTMT, dimaprit, or medium alone before labeling with fluorescent anti-
body for a4 integrin (VLA-4; PS/2 clone, kindly provided by Dr. Eugene
Butcher, Stanford University, Palo Alto, CA, USA), LFA-1 (anti-al. chain;
clone TIB-213 from ATCC, Manassas, VA, USA), PSGL-1 (clone 4RA10,
kindly provided by Dr. Dietmar Vestweber, Max Plank Institute, Germany),
L-selectin (Mel-14 clone, ATCC), and CD44 (IM/7 clone, ATCC). Isotype-
matched antibodies were used as controls. Cell suspensions were incubated
with 15% adult bovine serum before incubation with the specific mAb at
4°C for 30 min. At least 10,000 events were analyzed by flow cytometry
(FACSCalibur, BD Biosciences, San Jose, CA, USA) using the CellQuest
software.

In vitro T cell adhesion to mouse ICAM-1

A TCL activated to PLP,4,_,5, was treated with histamine, HTMT, or dima-
prit or left untreated for 2 h at 37°C and then added in triplicates on
slides coated overnight at 4°C with purified mouse ICAM-1 as described
[28]. Binding assay medium was represented by DMEM without sodium
bicarbonate containing 10 mM HEPES and 5% BCS (HyClone, Logan, UT,
USA), pH 7.2. To determine spontaneous adhesion, 100 X 10° T cells in
25 ul/well were incubated on ICAM-1-coated slides for 10 min at 37°C, and
then slides were washed in PBS and fixed. For chemokine induced adhe-
sion, 50 X 10® T cells in 25 ul/well were incubated on ICAM-1-coated
slides for 3 min at 37°C, CCL20 (MIP-3B; 1 uM) was added, and after an
additional 3 min, incubation slides were washed in PBS and fixed. Comput-
er-assisted enumeration was performed.

Intravital microscopy and image analysis

Lymphocytes of a PLP4,_,;,-activated TCL were labeled with green CMFDA
(Molecular Probes, Eugene, OR, USA) or orange CMTMR (Molecular
Probes). Cells were kept for 1-5 days in antigen-free medium before intrav-
ital microscopy experiments to reduce background adhesiveness and to al-
low inside-out signaling generated by local proadhesive agonists [29]. For
the last 2 h, cells were treated with HTMT, dimaprit, or PBS. Mice were
surgically treated and injected i.p. with 12 ug LPS (Escherichia coli 026:B6;
Sigma-Aldrich) 5-6 h before starting the intravital experiment as described
previously [29]. A total of 2 X 10° fluorescent-labeled cells/condition was
injected slowly into the carotid artery by a digital pump. The images were
visualized by using a silicon-intensified target video camera (VE-1000 SIT,
Dage-MTI, Michigan City, IN, USA) and a Sony SSM-125CE monitor and
recorded using a digital VCR (Panasonic NV-DV10000). Video analysis was
performed by playback of digital videotapes as described [29]. No signifi-
cant differences were observed in hemodynamic parameters during the in-
jection of cells treated with histamine agonists or left untreated. Lympho-
cytes that remained stationary on a venular wall for =30 s were considered
adherent. At least 140 consecutive cells/venule were examined. Rolling and
firm-arrest fractions were determined as the percentage of cells that roll or
firmly arrest within a given venule on the total number of cells that enter
that venule during the same period of time.

ImageStream data acquisition and analysis

Lymphocytes of a PLP,4,_,5,-activated TCL were treated with HTMT for

2 h or left untreated before chemokine stimulation with CXCL12. Cells
(10°%) were then incubated with 10 pug/ml TIB-213 (anti-LFA-1; ATCC) for
30 min on ice. After washing, cells were stained with a secondary antibody
(goat anti-rat IgG PE-conjugated; Caltag Laboratories, Burlingame, CA,
USA). Stained cells were resuspended in PBS for the ImageStream analysis.
Images were acquired on the ImageStream imaging cytometer System 100
(Amnis Corp., Seattle, WA, USA). Images of fixed cells were collected and
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analyzed using ImageStream data exploration and analysis software [30].
LFA-1 clustering was evaluated, analyzing the distribution on the cell sur-
face of the fluorescence, associated with the PE staining specific for the
integrin. Uniform (uniform distribution of fluorescence), clustered (small
spots of fluorescence), and caps (big clusters of fluorescence) cells were
gated using the Area feature versus the Delta Centroid XY feature [31].
The Area feature was calculated for Channel 4 (PE-specific emission; area
of fluorescence), applying to the images of a threshold mask; this feature
allows us to discriminate between cells with a larger fluorescence area
(high Area values) and smaller fluorescence area. The Delta Centroid XY
feature calculates the distance between the center of the PE fluorescence
image and the center of the brightfield image for each image pair. This
feature distinguished images with globally distributed staining (lower Delta
Centroid values) from those with capped staining (higher Delta Centroid
values). When plotted versus the Area feature, Delta Centroid XY permits
distinguishing between punctate and uniform staining [31]. In our analysis,
cells with Area values higher than 30 and Delta Centroid XY values lower
than 180 were considered uniform cells for their fluorescence distribution.
Cells with Area values lower than 30 and Delta Centroid XY values lower
than 2 were considered clustered cells (small spots of fluorescence). Cells
with Delta Centroid XY values higher than 2 were considered caps cells
(highly polarized fluorescence).

Statistical analysis

Student’s ¢ test, two-tailed, was used to compare results between two
groups. For intravital microscopy studies, multiple comparisons were per-
formed using the Kruskall-Wallis test with the Bonferroni correction of P.
Differences were regarded significant with a value of P < 0.05. Analysis was
performed with SPSS software (Chicago, IL, USA). In all tests, P < 0.05 was
considered statistically significant.

RESULTS

Histamine reduces in vitro proliferation and IFN-y
production of myelin-autoreactive T cells

Before exploring the effects of histamine on T cells activated
against myelin, we examined the expression of HIR and H2R
ex vivo on LNGs and on purified CD3" T cells derived from
SJL mice (H-2® haplotype) in which relapsing-remitting EAE
was induced with PLP,34_,5,. HIR and H2R were expressed at
the mRNA level on LNCs (Fig. 1A) and on purified CD3" T
cells (Fig. 1B) of mice with EAE, and transcripts for H2R were
always over tenfold more elevated compared with those for
HIR. The expression of both receptors varied during the dif-
ferent phases of EAE on LNCs and T cells, a fact that might
be related to changes in the cytokine milieu [1] and/or in the
activation state of T cells and of other immune cells during
the disease. Indeed, it has been reported that HIR mRNA is
down-regulated rapidly in unprimed CD4" T cells upon TCR
activation with anti-CD3/CD28 antibody [18]. The reduced
transcripts of HIR on LNCs and on purified T cells at the on-
set of EAE might reflect the activation of T cells during dis-
ease priming. Also, as autoreactive T cells after priming mi-
grate rapidly from the LNs toward the CNS, differences in
mRNA expression of HRs might also be influenced by the per-
centage of myelin-specific T cells that are present in LNs at a
given time during EAE.

We then explored in vitro the effects of histamine on prolif-
eration and cytokine production of LNCs derived from mice
with EAE. As shown in Fig. 2A, treatment of LNCs with hista-
mine for 2 h before in vitro stimulation with PLP,44_,5, re-
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Figure 1. mRNA expression of HIR and H2R during the course of
EAE. Freshly isolated LNCs (A) or LNG-purified CD3" T cells (B)
from SJL mice at different phases of PLP,34_,5,-induced EAE were
used to examine ex vivo mRNA expression of HIR and H2R. Mice
were considered as remitting when the EAE score was decreased at
least one point for at least two consecutive days. Data represent mean
mRNA expression relative to GAPDH mRNA expression of three to
four mice at each time-point * sp and are representative of two inde-
pendent experiments. *P < 0.05; **¥*P < 0.005; ****P < (0.001.

duced LNC proliferation and production of the Th1 cytokine
IFN-vy, and no significant changes were observed in the pro-
duction of the suppressor cytokine IL-10. As reported previ-
ously [11], we did not observe in these experiments a typical
dose-response curve, a fact that could be related to the differ-
ent affinity of histamine for HIR, H2R, and probably, for H4R
(not evaluated in this study). Reduced proliferation and pro-
duction of IFN-y were even more pronounced when histamine
was used to treat LNCs derived from mice at later stages of
EAE, and IL-10 was also reduced by histamine treatment at
those stages of the disease (Supplemental Fig. 1). To evaluate
the contribution of HIR and H2R activation to the effects pro-
duced by histamine on these cells, we treated LNCs with
HTMT, a selective HIR agonist, or dimaprit, a selective H2R
agonist, for 2 h before antigen stimulation. As shown in Fig.
2B, HTMT inhibited proliferation and IFN-y production signif-
icantly from LNCs, and IL-17 was also reduced by this treat-
ment. All agonists inhibited the production of IL-6 in these
cells, although HTMT was more effective in doing so, and
IL-10 was slightly but significantly reduced by dimaprit.
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A variety of immune cells expresses the receptors for hista-
mine [1-3], and the effects of histamine that we observed on
activated LNCs were likely to be the result of the triggering of
this mediator on receptors expressed on different immune
cells. We therefore wanted to ascertain the effects of histamine
specifically on T cells by treating with histamine and its agonist
CD3™" T cells, which were purified magnetically from spleno-
cytes of mice with EAE. As shown in Fig. 2C, treatment of
CD3" T cells with histamine, HTMT, or dimaprit for 2 h be-
fore in vitro antigen stimulation inhibited T cell proliferation
and IFN-y production significantly and reduced the secretion
of IL-17, IL-6, and IL-10.

Effect of histamine on biochemical pathways involved
in T cell activation and anergy

To understand the molecular mechanisms by which histamine
modulated proliferation and cytokine production of myelin-
activated T cells, we analyzed the ERK1/2 pathway, a known
regulator of T cell proliferation and IFN-y production. As
shown in Fig. 3A, treatment with histamine, HTMT, or dima-
prit before in vitro antigen stimulation of LNCs from mice
with EAE reduced ERK1/2 phosphorylation, and HTMT in-
duced the strongest inhibition. These data were in line with
the reduction of IFN-y production observed by LNCs upon
treatment with histamine and its agonists. Also, we studied the
modulation of cyclin-dependent kinase inhibitor p27Kip-1, a
molecule involved in the control of the cell cycle and in the
induction and maintenance of T cell anergy [32, 33]. The ex-
pression of p27Kip-1 was increased in antigen-stimulated LNCs
that were pretreated with histamine, HTMT, or dimaprit, and
dimaprit produced the strongest effect (Fig. 3B), suggesting
the induction of a state of hyporesponsiveness in these treated
cells.

Histamine reduces the adhesion capability of
myelin-autoreactive T cells in vitro and in an in vivo
model of early EAE inflammation

We then wanted to ascertain whether histamine affects the
ability of myelin-autoreactive T cells to adhere to brain endo-
thelium and thus, to influence their capacity to migrate
through the BBB. We first explored the ability of histamine to
modulate the adhesion of myelin-activated T cells to mouse
ICAM-1 in vitro. As shown in Fig. 4A and B, treatment of a
TCL activated against PLP,34_,5; with histamine for 2 h signifi-
cantly reduced spontaneous and chemokine-induced adhesion
to ICAM-1. HTMT and dimaprit produced effects that were
concordant with those produced by histamine, although the
more profound inhibition of T cell adhesion to ICAM-1 was
observed with the HIR agonist HTMT.

We next examined whether histamine triggering through
HIR or H2R affects the ability of myelin-activated T cells to
adhere to the endothelium in inflamed brain microcirculation
in vivo by using intravital microscopy in an experimental
model that mimics early EAE inflammation [29, 34]. As shown
in Fig. 4C and D, pretreatment with HTMT and dimaprit of T
cells of the TCL activated against PLP,34_;5; had no signifi-
cant effect on rolling but led to a significant inhibition of firm
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Figure 2. Histamine inhibits prolifer-
ation and IFN-y cytokine production
of LNCs and CD3™" T cells activated
against PLP 34 ;. (A and B) LNCs
obtained from SJL mice 10 days af-
ter the induction of EAE (n=3-5
mice) were pooled and left un-
treated (NT) for 2 h before in vitro
stimulation with PLP,49_;5, (20 ug/
ml) or treated with increasing con-
centrations of histamine (A) or with
histamine, HIR agonist HTMT or
H2R agonist dimaprit, all agonists at
a concentration of 107°> M (B). (C)
CD3™ T cells magnetically purified
from splenocytes of SJL. mice 10 days
after the induction of EAE were
pooled (n=3-5 mice) and treated
with histamine, HIR agonist HTMT
or H2R agonist dimaprit (all at a con-
centration of 10°° M) or left un-
treated for 2 h before in vitro stimula-
ton with PLP,54_;5; and "irradiated
splenocytes. Proliferation and cytokine
production were measured as de-
scribed in Materials and Methods.
Data are shown as mean * SEM.

#P <0.05; *#P < 0.01; *#=P < 0.005;
#AE P < 0.0001 versus untreated cells.
Proliferation of unstimulated (=no
antigen) cells was always below 7500
cpm in LNCs (A and B) and below
700 cpm in CD3" T cells (C) and was
not modified by any of the pharmaco-
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adhesion to inflamed brain microvessels of myelin-autoreactive
T cells.

HIR agonist HTMT reduces LFA-1 distribution in
clusters and caps

To explore the mechanisms by which histamine modulates the
adhesion ability of myelin-autoreactive T cells, we first analyzed
the expression of adhesion molecules on T cells of a TCL acti-
vated against PLP,39_;5; upon treatment with histamine or its
agonists. None of these compounds modified the expression
of PSGL-1, VLA-4, L-selectin, LFA-1, or CD44 on PLP, 54 ,5;-
activated T cells, as determined by flow cytometry analysis (Fig. 5
and Supplemental Fig. 2).

We then wanted to ascertain if histamine interferes with sig-
nal transduction pathways leading to integrin activation and
subsequent leukocyte arrest to inflamed brain venules. We ana-
lyzed LFA-1 integrin distribution on myelin-activated T cell
membranes by using the ImageStream imaging cytometer, a
powerful system that allows analysis of protein distribution and
precise localization in different cellular compartments [30]. It
has been shown previously that integrin distribution in small
clusters or in larger areas (“big polar patches” or “caps”) rep-
resents a modality of integrin activation leading to lymphocyte
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logical treatments used (data not
shown). This is representative of simi-
lar results obtained in four to five in-
dependent experiments performed.

NT

NT
histamine

histamine
HTMT
dimaprit
HTMT
dimaprit

adhesion, whereas a more uniform distribution is indicative of
a low-adhesion capacity [35, 36]. We observed that HTMT,
which presented the highest inhibitory effect on the adhesion
of activated T cells to mouse ICAM-1 in vitro and to inflamed
brain vessels in vivo, significantly reduced LFA-1 distribution in
caps on T cells of the TCL activated against PLP,34_,5, under
basal condition and after stimulation with chemokine
CXCLI12, suggesting a regulatory effect for this molecule on
LFA-1 integrin activation (Fig. 4E and F).

DISCUSSION

The signaling of histamine occurs through each of its four
known receptors, and each of these receptors might exert a
variety of different effects within the immune response leading
to brain inflammation and demyelination of EAE. In this
study, we explored the ability of histamine, HIR agonist
HTMT, and H2R agonist dimaprit to modulate two important
steps of the autoimmune attack leading to EAE: T cell activa-
tion and adhesiveness to the inflamed microcirculation, an
event that precedes T cell penetration in the brain paren-
chyma. Our results show that histamine in vitro inhibits anti-
gen-induced proliferation and IFN-y cytokine secretion of T
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cells activated against myelin. These effects were induced by
HTMT and dimaprit, suggesting that the inhibitory effects in-
duced by histamine on T cell proliferation and cytokine pro-
duction are associated with histamine triggering of HIR or
H2R. Our results were also corroborated by molecular analyses
of intracellular pathways involved in differentiation, prolifera-
tion, and cell cycle control: ERK1/2 phosphorylation was re-
duced by histamine treatment, and p27Kip-1 expression in-
creased, suggesting that histamine functionally modulates the
activation state and responsiveness of myelin-activated T cells.
Our data also indicate that histamine, through HIR and H2R,
blocks spontaneous and chemokine-induced adhesion of mye-
lin-autoreactive T cells to mouse ICAM-1 in vitro and reduces
firm arrest of these cells to inflamed brain circulation in an in
vivo model of early EAE inflammation. Although neither hista-
mine nor its agonists modulated the expression of adhesion
molecules on myelin-autoreactive T cells, HTMT inhibited
LFA-1 distribution in clusters and caps, an important mecha-
nism by which histamine might modulate the ability of T cells
to adhere to inflamed brain vessels.

Our observation of a reduction of IFN-y production by
LNCs and CD3™" T cells induced by histamine is consistent
with the results of the work of Osna and colleagues [10], ob-
tained on mouse splenocytes and Th1 cells with histamine and
histamine antagonists, and with those of Sonobe and col-
leagues [37], obtained on splenocytes from HI1R- and H2R-
deficient mice. However, in apparent contrast with our data,
recent work obtained in HIR-deficient mice has shown that
HIR is important for optimal IFN-y production by CD4" T
cells [18]. It must be noted that in our experimental setting,
we explored the effects of histamine and its HIR and H2R
agonists on CD3™" T cells purified from mice with EAE and
thus activated in vivo with PLP,44_,5,, and the work by Nou-

264 Journal of Leukocyte Biology Volume 89, February 2011

bade and colleagues [18] has been conducted on CD4" T
cells purified from nonimmunized, H1R-deficient mice and
activated polyclonally in vitro with the anti-CD3/28 antibody.
It is possible that histamine has different effects on in vitro
versus in vivo activated T cells. Also, it has to be considered
that histamine can affect IFN-y production by CD8" T cells
[37], so that in our model the effects of histamine on CD8* T
cells might have contributed to the reduced production of
IFN-y that we observed on CD3" T cells. Last, as discussed by
the authors themselves in the work by Noubade et al. [18], it
cannot be ruled out that in HIR-deficient mice, differences in
H2R (and H4R) expression caused by loss of HIR-dependent
cross-regulation may also influence IFN-y production.

A role for histamine in the adhesion of leukocytes during
inflammation and recruitment of immune cells into inflamed
tissues has been suggested previously. Indeed, histamine can
up-regulate the expression of vascular endothelial cell-associ-
ated molecules that promote trafficking of leukocytes through
postcapillary venules [38, 39], an effect probably associated
with the ability of this mediator to activate NF-kB through
HIR (reviewed in ref. [40]). At the BBB level, histamine can
increase vascular permeability by having direct effects on tight
junctions (reviewed in ref. [41]). However, in an air pouch-
type allergic inflammation model, histamine has been shown
to down-regulate leukocyte infiltration through H2R [42], sug-
gesting that depending on the specific receptor engaged, hista-
mine might provide fine-tuning of leukocyte traffic through
endothelial cells. The results shown here reveal an inhibitory
effect of histamine, HTMT, and dimaprit on the adherence
ability of myelin-autoreactive T cells on endothelial cells in
vitro and in an in vivo model of EAE early brain inflammation.
These effects did not appear to be associated with an effect of
histamine on the expression of adhesion molecules on T cells.
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Figure 4. Histamine reduces the adhesion capability of myelin-autoreactive T cells. T lymphocytes of a TCL activated against PLP,59_,5, were used
to perform these experiments. (A and B) T cells were treated with histamine, HIR agonist HTMT, or H2R agonist dimaprit (used at concentra-
tions of 10~° or 10~ * M) or left untreated (NT) for 2 h at 37°C and then added in triplicates on slides precoated with purified mouse ICAM-1.
(A) For evaluation of spontaneous adhesion, 100 X 10° T cells were incubated in medium culture for 10 min at 37°C. (B) For chemokine-induced
adhesion, 50 X 10° T cells were incubated in medium for 3 min at 37°C (no chemokine), followed by an additional 3 min in the presence of
CCL20 (1 uM; chemokine). Data are shown as mean counts of adherent T cells/0.2 mm? * sp. *P <0.05; **P <0.005; ***P <0.001 versus un-
treated cells (A) or versus chemokine-stimulated, untreated cells (B). Data are representative of at least three independent experiments. (C and
D) Fluorescently labeled T cells were treated for 2 h with HTMT or dimaprit (at a concentration of 107°) or left untreated before the intravital
microscopy experiments. (C) Rolling and arrest fractions were calculated as described in Materials and Methods in five to seven venules from
three to four animals for each experimental condition. Data are shown as mean * sp. ¥*P <0.05 versus untreated cells. (D) Adherent PLPg5q_;5;-
activated T cells (arrows) that were left untreated (CMFDA-labeled) or treated with HTMT (CMTMR-labeled) in the same brain venules are
shown. (E and F) Analysis of LFA-1 clustering was performed on acquired cells with the ImageStream system software as described in Materials
and Methods. (E) Mean percentages = sp of cells presenting LFA-1 integrin distribution in uniform, clustered, and caps patterns in unstimulated
(Basal) or chemokine (CXCL12)-stimulated cells in the presence or absence of HTMT from three experiments are shown. *P < 0.05 for distribu-
tion in caps in HTMT-treated cells versus untreated cells. (F) Representative cells from the most frequent pattern of LFA-1 distribution in un-
stimulated cells in the presence or absence of HTMT.

Instead, we observed that the HIR agonist HTMT reduced LFA-1 ment on integrin activation and distribution on T cells might rep-
distribution significantly in clusters and caps (big polar patches) resent an important mechanism by which histamine modulates
on activated T cells (Fig. 4), an event that facilitates cell-cell con- myelin-activated T cell adhesiveness in inflamed brain vessels.
tacts and adhesive interactions, which are required for efficient Further studies are required to explore the effects of HR-gener-
migration through the endothelium [36]. Integrin distribution in ated signaling on integrin affinity, another modality of integrin
clusters indicates increased lateral mobility and higher binding activation. Supporting our results, it has been shown previously
avidity [35, 36], and it has been shown recently that integrin clus- that H2R signals through a PKA-dependent signaling pathway
ters are associated with integrin-increased affinity, further empha- [45], whereas HIR signals through PKC as well as PKA in certain
sizing the importance of adhesion molecule distribution on cell experimental conditions [46, 47]. Indeed, cCAMP and PKA activa-
surface [43]. Also, the distribution of adhesion molecules in tion are able to block integrin activation and leukocyte adhesion
larger areas (caps/clusters vs. round distribution) allows a higher through blockade of RhoA small G proteins [48], thus support-
outside-in signaling and a higher stabilization of cell adhesion ing the hypothesis that HIR activation can interfere with the sig-
required for adhesion strengthening during the migration naling machinery controlling integrin activation and T cell migra-
through the endothelium [44]. Thus, the effects of HIR engage- tion into the brain.
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Figure 5. Flow cytometry analysis of the expression of adhesion mole-
cules on myelin-autoreactive T cells upon treatment with histamine,
HIR agonist HTMT, and H2R agonist dimaprit. T lymphocytes of a
TCL activated against PLP,49_;5; were treated with histamine, HTMT,
or dimaprit (all used at concentrations of 107°) or left untreated for
2 h before labeling with adhesion molecule-specific fluorescent anti-
bodies. Data represent mean fluorescence intensity (MFI) * sEm from
three experiments.

The results presented here have been obtained from in vitro
studies and from an in vivo model of early brain inflammation
and might help explain the exacerbation of EAE observed in
vivo in histamine-deficient HDC™/~ mice, including some of
the features of the disease expressed by these mice, such as
increased T cell production of proinflammatory cytokines and
more diffuse inflammatory CNS infiltrates [22]. In this regard,
it must be considered that within the four known receptors for
histamine, we focused our study on the effects of HIR and
H2R on myelin-autoreactive T cells because of the in vivo evi-
dences supporting a role for these two receptors in EAE and
because these receptors are expressed on T cells. Other recep-
tors for histamine are known or are likely to play roles in EAE.
Indeed, disruption of H3R, which is expressed on neural cells
but not normally on hematopoietic cells [49, 50], leads to ex-
acerbation of EAE associated with dysregulation of the BBB
permeability [50], and the role in this disease of H4R, which is
expressed on a variety of immune cell types and has been
shown recently to be involved in Th2 polarization [51, 52],
still needs to be investigated.

In conclusion, although the role of histamine in a disease as
complex as EAE, let alone human MS, requires further investi-
gation, our study confirms an important role for this mediator
in the activation of myelin-autoreactive T cells and reveals for
the first time an important role for histamine in the regulation
of the ability of these autoreactive cells to adhere to the in-
flamed brain endothelium.
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