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Differentiation of monocytes into macrophages
induces the upregulation of histamine
H1 receptor
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Background: Histamine modulates several functions in human

monocytes, macrophages, and dendritic cells. However,

responses elicited by histamine differ depending on cell type,

suggesting variable expression of histamine receptors in the

monocyte/macrophage lineage.

Objective: We sought to examine whether the expression of

H1 receptors was regulated by cell differentiation of human

monocytes into macrophages or dendritic cells.

Methods: Expression of H1 receptor was evaluated by RT-PCR

and western blot in monocytes, monocyte-derived macrophages

(MDMs), monocyte-derived dendritic cells (DCs) and human

lung macrophages (HLMs).

Results: Expression of H1 receptor mRNA and protein was

higher in HLMs and DCs than in monocytes. H1 expression was

approximately 15-fold and 4-fold higher in MDMs and HLMs,

respectively, as compared with that seen in monocytes. H1

receptor protein was undetectable in monocytes, whereas it was

conspicuous in MDMs. Simultaneous analysis of H2 and H1

mRNA expression indicated that the H2/H1 ratio decreased

from 202.7 6 14.8 in monocytes to 2.2 6 0.4 in MDM and 39.5

6 5.0 in DCs. Incubation of monocytes with histamine neither

affected intracellular Ca2+ concentrations nor influenced IL-8

production. In contrast, histamine rapidly induced a Ca2+

signal and stimulated IL-8 production in MDMs. Both effects

were inhibited by H1 blockade with levocetirizine, but not by

H2 blockade with ranitidine.
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Conclusions: Differentiation of monocytes into macrophages or

dendritic cells is associated with profound changes of histamine

receptor expression. Upregulation of H1 receptors confers on

macrophages the capacity of being activated by histamine.

Clinical implications: Regulation of H1 and H2 receptor

expression in the monocyte/macrophage lineage can be relevant

to the pathogenesis of allergic inflammation. (J Allergy Clin

Immunol nnnn;nnn:nnn-nnn.)
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Histamine released from mast cells and basophils plays
a central role in allergic and inflammatory reactions.1 The
acute effects of histamine, such as bronchoconstriction,
vasodilation, and increased vascular permeability, are
responsible for most of the symptoms of rhinitis, asthma,
urticaria, and anaphylaxis.2 In addition, histamine exerts
immunomodulatory effects by influencing the functions
of a number of immune cells (eg, T cells, dendritic cells,
monocytes, and macrophages) that play a primary role
in initiating and sustaining allergic inflammation.3 In par-
ticular, histamine influences the profile of proinflamma-
tory and immunoregulatory cytokines produced by blood
monocytes, tissue macrophages, and dendritic cells.4,5

For example, histamine induces the production of IL-10
and inhibits that of TNF-a and IL-12 from monocytes.6-8

Furthermore, histamine induces IL-6 and IL-10 production
from human lung macrophages (HLMs).9,10 Finally, hista-
mine induces cytokine and chemokine production11,12 and
polarizes immature, but not mature, dendritic cells into
TH2 response–promoting cells.13 Interestingly, histamine
induces TNF-a production from macrophages14 but not
from monocytes6 or dendritic cells.11 Although these ob-
servations indicate that histamine exerts important immu-
noregulatory effects, they also illustrate the heterogeneity
of the responses of human immune cells to this mediator.

The biologic effects of histamine are mediated by
activation of 4 distinct receptors (H1, H2, H3, and H4).3,15

However, several histamine-induced immunoregulatory
responses are related to the engagement of H1 and H2

receptors.3-5 Indeed, the interaction of histamine with
these 2 receptors elicits responses that are often divergent,
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Abbreviations used
[Ca21]i: Intracellular calcium concentrations

DC: Monocyte-derived dendritic cell

Fura-2AM: Fura-2 acetoxymethyl ester

HLM: Human lung macrophage

HRP: Horseradish peroxidase

MDM: Monocyte-derived macrophage

MPS: Mononuclear phagocyte system

PAF: Platelet-activating factor

with H1 being predominantly stimulatory9,10 and H2 being
inhibitory in most cases.6-8 Thus the expression of hista-
mine receptors might be a mechanism to regulate cell
responsiveness to this mediator, which would explain
the heterogeneity of histamine’s effects on inflammatory
and immune cells.

The H1 receptor plays a crucial role in mediating both
the acute and long-term effects of histamine in inflamma-
tion.16 Activation of the H1 receptor generates signals
through the Gq/11 family of G proteins that is functionally
coupled with phospholipase C.17 Subsequent phospholipase
C–catalyzed phospholipid breakdown generates 1,2- diacyl-
glycerol and inositol 1,4,5 triphosphate, which induces an in-
crease in intracellular Ca21. Studies with cells transfected
with the human H1 receptor have shown that its function
can be regulated by different mechanisms: (1) upregulation
or downregulation of gene expression, (2) postranscriptional
modifications leading to changes in the ligand affinity, and
(3) homologous and heterologous desensitization.18,19 These
observations strongly support the hypothesis that the H1 re-
ceptor is a dynamic structure, the expression of which might
influence responsiveness to target cells.

The differential responsiveness to histamine of human
monocytes, macrophages, and dendritic cells led to the
hypothesis that cell differentiation in the monocyte/macro-
phage lineage might induce changes in the expression of the
H1 receptor. These cells are components of the mononu-
clear phagocyte system (MPS), a widely distributed cellular
network that has a primary role in innate immunity.20 MPS
cells are thought to derive from CD341 bone marrow cells
differentiating into monocytes. Monocytes are the predom-
inant MPS cells in the blood, and they differentiate into
macrophages or dendritic cells as they migrate within vari-
ous organs and tissues.21 Upregulation of the H1 receptor
has been reported in the histiocytic lymphoma cell line
U937 differentiated into macrophages by exposure to phor-
bol esters.14 However, it is not known whether changes in
the H1 receptor expression occur when normal blood mon-
ocytes differentiate into macrophages or dendritic cells and
whether the inducible H1 receptor is functionally active.

In this study we compared the expression of H1 and H2

receptors in peripheral blood monocytes, macrophages
purified from human lung tissue (HLMs), monocyte-
derived macrophages (MDMs), and monocyte-derived
dendritic cells (DCs). Our results indicate that HLMs,
MDMs, and DCs express larger amounts of the H1 recep-
tor than their precursor monocytes and that the expression
of the H1 receptor is upregulated at both the mRNA and
protein levels as monocytes differentiate into macro-
phages or dendritic cells. Differentiation of monocytes
into macrophages also induces a dramatic downregulation
of the H2 receptors, whereas differentiation into dendritic
cells has no significant influence on H2 receptor expres-
sion. Overexpressed H1 receptor is functionally active,
and it mediates increased production of IL-8 in hista-
mine-stimulated macrophages.

METHODS

Reagents

The following reagents were purchased: histamine dihydrochlor-

ide, ranitidine hydrochloride, Percoll, Histopaque-1077, L-gluta-

mine, antibiotic-antimycotic solution (10,000 UI/mL penicillin, 10

mg/mL streptomycin, and 25 mg/mL amphotericin B), LPS (from

Escherichia coli serotype 026:B6), Triton X-100, and BSA (Sigma,

St Louis, Mo); RPMI 1640 and FCS (ICN, Costa Mesa, Calif); the

specific fluorochrome-conjugated mAbs anti-CD1a, anti-CD11c,

anti-CD14, anti-CD45, anti-CD83, and anti–HLA-DR (Becton Dick-

inson, San Jose, Calif); IgG1 and anti-CD71 (Immunotech, Marseille,

France); IgG2 and anti-CD86 (Caltag, Burlingame, Calif); rabbit anti-

human H1 receptor (H-300) antibody and JAR (choriocarcinoma) cell

lysate (Santa Cruz Biotechnology, Santa Cruz, Calif); horseradish

peroxidase (HRP)–conjugated donkey anti-rabbit Ig antibody (Amer-

sham Biosciences, Buckinghamshire, United Kingdom [UK]); and

platelet-activating factor (PAF; Biomol, Plymouth Meeting, Pa).

Levocetirizine was a gift from UCB Pharma (Chemin du Foriest, Bel-

gium). All other reagents were from Carlo Erba (Milan, Italy).

Cell isolation, purification, and culture

The study protocol involving the use of human blood cells and

lung tissue was approved by the Ethical Committee of the University

of Naples Federico II, and informed consent was obtained from blood

donors and patients undergoing thoracic surgery.

Monocytes were purified from buffy coats of healthy donors by

means of negative immunomagnetic selection (Miltenyi Biotec,

Bergisch Gladbach, Germany), as previously described.22 This proce-

dure yields a population of monocytes with a purity of greater than

97%, as assessed by means of flow cytometric analysis of CD14.

MDMs were obtained by culturing purified monocytes for 7 to 10

days in RPMI containing 2 mmol/L glutamine, 1% antibiotic-antimy-

cotic solution, and 20% FCS. After either 7 or 10 days of culture, the

expression of CD14, CD86, CD11c, and HLA-DR was evaluated by

means of flow cytometry, and b-glucuronidase activity was deter-

mined as previously described.10

DCs were generated as previously reported23 by incubating purified

monocytes for 7 days in RPMI 10% FCS supplemented with 50 ng/mL

GM-CSF (PeproTech, London, UK) and 10 ng/mL IL-13 (PeproTech).

Flow cytometric analysis showed that these cells were negative or

low positive for CD14, highly positive for CD1a, and negative for

CD83 expression.

HLMs were purified from the parenchyma of patients undergoing

thoracic surgery, as previously reported.10 The purity of HLMs

(>95%) was assessed by means of flow cytometric analysis of

CD14/CD71/HLA-DR.

RT-PCR for histamine H1 and H2 receptors

Total RNA from monocytes, MDMs, DCs, and HLMs was

extracted by using the SV 96 total RNA isolation system (Promega,

Milan, Italy) and treated with RNase-free DNase I. Reverse transcription

was performed as previously described.22 cDNA was then titrated for
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b-actin message, and the expression of histamine H1 and H2 receptors

was evaluated by means of PCR. For semiquantitative PCR, equiva-

lent templates of cDNAs obtained from monocytes, HLMs, and DCs

were amplified by using the H1-specific primers prepared as previ-

ously published.24 The PCR products were separated on 2% agarose

gel, stained with ethidium bromide, and visualized with the image anal-

ysis system ChemidocXRS (Bio-Rad Laboratories, Hercules, Calif).

Real-time quantitative PCR was performed on the iCycler (Bio-

Rad) by using the PE SYBR Green PCR kit (Applied Biosystems,

Foster City, Calif). Target-specific primers for b-actin and H1 and H2

receptors suitable for real-time PCR were designed by using Beacon

Designer 3.0 software (Bio-Rad; b-actin forward: 59-TGCGTGA-

CATTAAGGAGAAG-39; b-actin reverse: 59-GCTCGTAGCTCT-

TCTCCA-39; H1 forward: 59-CACACTGAACCCCCTCATCT-39;

H1 reverse: 59-GGCCTTCGTCCTCTATTTCC-39; H2 forward: 59-

TCTGAGGTCCAACGCC TCTC-39; H2 reverse: 59-TTCCTGTTG-

CCTGGGTTCTC-39). After an initial denaturation step at 958C for 10

minutes, amplification was performed with 40 cycles of denaturation

(958C) for 30 seconds and annealing (608C) for 1 minute. The PCR

efficiency was examined by serially diluting the template cDNA,

and the melting curve data were collected to check the PCR specific-

ity. Each cDNA sample was analyzed in triplicate, and the corre-

sponding no-RT mRNA sample was included as a negative control.

The mRNA signal for the H1 and H2 receptors in each sample was nor-

malized to that of the b-actin mRNA. The data were analyzed with

iCycler iQ analysis software (Bio-Rad), and the changes in H1 and

H2 receptor mRNA in MDMs, DCs, and HLMs were expressed as

the ratio versus monocytes.

Western blot analysis of the H1 receptor

Monocytes, MDMs cultured for 7 or 10 days, DCs, and HLMs were

lysed in lysis buffer (20 mmol/L Tris [pH 7.5], 5 mM EDTA, 1 mmol/L

phenylmethylsulfonyl fluoride, 2 mmol/L benzamidine, 10 mg/mL

leupeptin, 10 mmol/L NaF, 150 mmol/L NaCl, 1% Nonidet P-40, and

5% glycerol). Cell lysates were kept on ice for 20 minutes and then

centrifuged (14,000 rpm, 48C,20 minutes). Protein extracts were diluted

in lithium dodecylsulfate sample buffer containing 2.5% 2b-mercapto-

ethanol. Samples were boiled for 5 minutes and stored at 2808C. Equal

protein extracts (10-50 mg per sample) were separated on 4% to 12%

Bis-Tris gels (NuPAGE; Novex, Invitrogen, Milan, Italy) and trans-

ferred to a nitrocellulose membrane (Bio-Rad) together with a biotiny-

lated protein ladder. After blocking for 2 hours in TBST (20 mmol/L

Tris-HCl, 150 mmol/L NaCl, and 0.05% Tween-20 [pH 7.5]) contain-

ing 4% BSA, membranes were washed with TBST and then incubated

(48C overnight) with rabbit anti-human H1 antibody. After washing, the

membranes were incubated (228C for 1 hour) with HRP-conjugated

goat anti-rabbit IgG antibody together with HRP-conjugated anti-biotin

antibody. Membrane-bound antibodies were visualized with the ECL

Western blotting detection reagent (Amersham Biosciences) by using

the ChemidocXRS analysis system.

Measurement of intracellular
Ca21 concentrations

Intracellular Ca21 concentrations ([Ca21]i) were measured by

means of single-cell computer-assisted video imaging.10 Briefly,

monocytes and MDMs cultured on glass cover slips were loaded

with 3 mmol/L Fura-2 acetoxymethyl ester (Fura-2AM; Molecular

Probes, Eugene, Ore) for 1 hour at room temperature in RPMI 1640

(pH 7.4). At the end of the Fura-2AM loading period, the cover slips

were placed into a perfusion chamber (Medical System, Co.,

Greenvale, NY) mounted onto the stage of an inverted fluorescence

microscope (Nikon Diaphot, Nikon, Torrance, Calif). The cells

were stimulated with histamine or PAF by means of single-bolus

fast injection. A 100-W Xenon lamp (Osram, Berlin, Germany)
with a computer-operated filter wheel bearing 340-nm and 380-nm in-

terference filters illuminated the microscopic field light every 3 sec-

onds, alternating the wavelengths at an interval of 500 ms. The light

emitted by Fura-2AM–loaded cells was passed through a 400-nm di-

chroic mirror filtered at 510 nm and collected with an intensified cam-

era (Photonic Science, Photonic Science, Robertsbridge, UK). Images

were analyzed with a Magiscan image processor (Applied Imaging

Ltd, Dukesway, UK) driven by the AUTOLAB software (RBR

Altair, Florence, Italy). The ratios of fluorescence intensity were

converted by the software into [Ca21]i by using a previously obtained

calibration curve.10 For each experimental condition, 15 to 25 cells

were analyzed.

IL-8 release

Monocytes and MDMs cultured for 10 days were incubated (378C

for 18 hours) with histamine or LPS. In selected experiments the cells

were preincubated (378C for 30 minutes) with levocetirizine (0.1-10

mmol/L) or ranitidine (0.1-10 mmol/L) and then stimulated (378C for

18 hours) with histamine (1 mmol/L). IL-8 release in the supernatant

was measured in duplicate determinations by means of ELISA (Euro

Clone, Devon, UK), and the results were normalized for the protein

content of each well.10

Statistical analysis

The data are presented as the means 6 SE of the indicated number

of experiments. P values were determined by using the Student paired

t test.25

RESULTS

Expression of H1 receptor mRNA and protein
in monocytes, HLMs, and DCs

Initial experiments were performed to compare the
expression of the H1 receptor gene in monocytes, HLMs,
and DCs. Fig 1 shows the RT-PCR amplification signals
for the H1 receptor and for the constitutive b-actin gene
obtained in 1 experiment representative of 4. Small quan-
tities of H1 mRNA were detected in freshly isolated mon-
ocytes. Larger amounts of H1 mRNA were consistently
detected in HLMs and DCs (Fig 1, A). To evaluate whether
the increased mRNA level for the H1 receptor resulted in a
larger production of the H1 protein, we examined mono-
cyte, HLM, and DC lysates by means of Western blotting
with a polyclonal anti-human H1 receptor antibody (Fig 1,
B). JAR (choriocarcinoma) cells expressing the human H1

receptor were used as positive controls. The anti-H1 recep-
tor antibody detected 1 major band at approximately 60
kd, which corresponds to the native form of the H1 recep-
tor.26 The 60-kd band was clearly evident in HLMs and
DCs but was consistently undetectable in blood mono-
cytes, suggesting that the amount of H1 receptor in mono-
cytes is less than the detection limit of the technique.
Additional bands of about 50 and 70 kd were evident
in HLM and DC lysates, as well as in the JAR cells.
Whether these bands represent proteolytic fragments or
glycosylated forms of the H1 receptor is still unknown.
These results indicate that HLMs and DCs contain larger
quantities of mRNA and protein for H1 receptor than
monocytes, suggesting that differentiation of macrophages
or dendritic cells from monocytes is associated with
enhanced H1 gene transcription.



J ALLERGY CLIN IMMUNOL

nnn 2006

4 Triggiani et al

ARTICLE IN PRESS
FIG 1. Expression of mRNA for H1 receptor in monocytes, HLMs, and DCs. A, b-Actin and H1 receptor RT-PCR

amplification products from monocytes (Mo), HLMs, and DCs. B, Immunoblot with anti-human H1 receptor of

monocyte (Mo), HLM, and DC lysates (40 mg per sample). JAR (choriocarcinoma) cells were used as a positive

control. Data are representative of 4 experiments.
Differentiation of macrophages from
monocytes in vitro

To test the hypothesis that differentiation of macro-
phages was associated with the upregulation of the H1 re-
ceptor, we used an in vitro model to obtain MDMs. We
initially verified that monocytes cultured with 20% FCS
acquired features of mature macrophages. Fig 2 shows
the flow cytometric analysis of freshly isolated monocytes
and the corresponding preparation of MDMs obtained by
means of in vitro culture for 10 days. MDMs displayed
a homogeneous enhancement of the forward- and side-
scatter signals compared with monocytes, which indicates
an increase in cell size and granule content. In addition,
MDMs consistently upregulated the expression of CD11c,
CD86, and HLA-DR, which are surface markers of mature
tissue macrophages.27 Moreover, the cellular content of b-
glucuronidase, which was 0.41 6 0.03 U/mg of protein in
monocytes, significantly increased after 7 days of culture
(1.84 6 0.05 U/mg, P < .01 vs monocytes) and reached
a maximum after 10 days of culture (3.32 6 0.16 U/mg,
P < .01 vs monocytes). These results indicate that the mon-
ocytes incubated for 7 to 10 days with 20% FCS acquire the
phenotypical and biochemical features of differentiated
macrophages.
Upregulation of H1 receptor expression
in MDMs and HLMs

In the next group of experiments, we quantitated H1

receptor mRNA by means of real-time PCR in MDMs
differentiated for 7 or 10 days, in HLMs, and in the precursor
monocytes. Fig 3, A, shows the results obtained in 4 differ-
ent preparations in which the expression of H1 receptor in-
creased 4.9 6 0.8–fold in MDMs cultured for 7 days and
15.0 6 2.9–fold in MDMs cultured for 10 days compared
with that seen in monocytes. Similarly, quantitative analysis
of 4 different lung preparations also revealed that H1 gene
expression in HLMs was higher (3.9 6 0.7–fold) than that
in monocytes. These data demonstrate that H1 gene expres-
sion is significantly upregulated as monocytes differentiate
into macrophages either in vitro or in the lung in vivo.

We next examined whether the enhanced H1 gene
expression in differentiated macrophages was translated
into an increased production of H1 receptor protein by
means of Western blotting. Fig 3, B, shows the data ob-
tained in 2 preparations of monocytes and MDMs. The
60-kd band corresponding to the H1 receptor is clearly
evident in MDMs cultured for 7 days and is further
increased in MDMs cultured for 10 days. The H1 recep-
tor signal was not detected in any of the monocyte
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FIG 2. Phenotypic changes in human MDMs. FACS analysis of forward-scatter (FSC-H) and side-scatter (SSC-

H) characteristics and surface expression of CD45, CD11c, CD86, and HLA-DR in freshly isolated blood mon-

ocytes (Mo) and MDMs cultured for 10 days (MDM10). Data are representative of 4 separate experiments.
preparations, even when up to 50 mg of protein extracts
was loaded onto the gel. These results indicate that upre-
gulation of H1 gene expression in differentiated macro-
phages is associated with an increased synthesis of the
H1 receptor protein.

Relative expression of H1 and H2 receptors
in MDMs and DCs

H1 and H2 receptors are coexpressed in most inflam-
matory cells.15 These receptors play distinct and often
divergent roles on cell activation.6-10 Therefore we exam-
ined simultaneously, by means of quantitative PCR, the
changes in H1 and H2 mRNA expression occurring when
monocytes differentiate into MDMs or DCs. In these exper-
iments we used MDMs and DCs differentiated in parallel
from monocytes obtained from the same donor. Fig 4, A,
shows that the H1 receptor mRNA significantly increases
in MDMs (12.4 6 0.81–fold, P < .01) and, to a lesser extent,
in DCs (5.77 6 0.74–fold, P < .01) compared with that seen
in monocytes. In contrast, the mRNA for the H2 receptor
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FIG 3. Upregulation of H1 receptor in MDMs and HLMs. A, Quantitative RT-PCR of H1 mRNA levels in mono-

cytes (Mo), MDMs cultured for 7 days (MDM7) or 10 days (MDM10), and HLMs. Data are presented as the mean

6 SE of 4 experiments. *P < .05 versus monocytes; **P < .01 versus monocytes. B, Immunoblot with anti-hu-

man H1 receptor of lysates of monocyte (Mo) and MDMs cultured for 7 days (MDM7) or 10 days (MDM10; (10

mg per sample). Data are representative of 4 experiments. JAR, Choriocarcinoma cells.
was markedly reduced to 0.13 6 0.03 (P < .01) when mon-
ocytes differentiated into MDMs, whereas it did not change
when monocytes differentiated into DCs (Fig 4, B). These
data revealed that the relative expression of H2 versus H1

receptor dramatically changed on differentiation of mono-
cytes into MDMs (from 202.7 6 14.8 to 2.2 6 0.4) or
into DCs (from 202.7 6 14.8 to 39.5 6 5.0; Fig 4, C).
These results indicate that a switch from H2 to H1 receptors
occurs when monocytes differentiate into macrophages,
whereas just upregulation of H1 receptors is detected
when monocytes differentiate into DCs.

Effect of histamine on cytosolic Ca21

concentrations in monocytes and MDMs

Fura-2AM single-cell microfluorometric experiments
were performed by using a video-imaging technique to
test the functional activity of the H1 receptors in
monocytes and MDMs. Histamine failed to induce
changes in [Ca21]i in monocytes (Fig 5). In contrast,
PAF used as a positive control induced a significant in-
crease of [Ca21]i (Fig 5). MDMs cultured for 10 days rap-
idly responded to histamine, generating an increase of
[Ca21]i that was comparable with that induced by PAF
(Fig 6, A). Data from 3 experiments revealed that hista-
mine and PAF both induce significant [Ca21]i changes
(basal: 126.0 6 2.8 nmol/L; histamine: 173.8 6 4.7
nmol/L, P < .01; PAF: 196.0 6 6.1 nmol/L, P < .01).

To verify that the Ca21 signal induced by histamine in
MDMs cultured for 10 days was due to engagement of H1

receptors, these cells were preincubated with the H1 antag-
onist levocetirizine16 before the addition of histamine.
Levocetirizine completely blocked the increase in Ca21

signal induced by histamine (Fig 6, B and C), but it had
no effect on the Ca21 signal induced by PAF (Fig 6, B).
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Histamine-induced IL-8 production
in monocytes and MDMs

Previous studies have shown that histamine induces
IL-8 release in endothelial cells and keratinocytes by
activating the H1 receptor.28,29 We therefore investigated
IL-8 production in monocytes and macrophages to exam-
ine whether upregulation of the H1 receptor increased
responsiveness to histamine. Fig 7, A, shows that hista-
mine did not induce production of IL-8 from monocytes.
In contrast, histamine resulted in concentration-dependent
release of IL-8 from MDMs. The release of IL-8 caused by

FIG 4. Relative expression of H1 and H2 receptors in monocytes

(Mo), MDMs, and DCs. Quantitative RT-PCR of H1 (A) and H2 (B) re-

ceptor mRNA levels in monocytes, MDMs, and DCs are shown.

Data are expressed as the ratio versus monocytes (Fig 4, A and

B) or the H2/H1 ratio (C) and are presented as the mean 6 SE of 4

experiments.
histamine from MDMs was not due to an increased capac-
ity of macrophages to produce this cytokine because the
release induced by LPS was similar in monocytes and
MDMs (Fig 7, A). Histamine-induced production of IL-8
in MDMs was due to the increased expression of the H1

receptor because levocetirizine inhibited this response in
a concentration-dependent fashion (Fig 7, B). Incubation
of MDMs with the H2 antagonist ranitidine had no
influence on the release of IL-8 induced by histamine
(Fig 7, B).

DISCUSSION

Differentiation of monocytes into macrophages or
dendritic cells in vitro, as well as maturation of macro-
phages in the lung in vivo, is associated with profound
changes in the expression of histamine H1 and H2 recep-
tors. Upregulation of H1 receptor and downregulation of
H2 receptor occur when monocytes differentiate into
macrophages, whereas upregulation of H1 receptor with-
out changes in H2 receptor takes place when monocytes

FIG 5. Effect of histamine on [Ca21]i in monocytes. A, Single-cell

tracing of Fura-2AM–loaded monocytes incubated with histamine

(1 mmol/L) or PAF (0.1 mmol/L). The trace is representative of 75

monocytes recorded in 3 different sessions. B, Mean [Ca21]i values

6 SE of 3 preparations. *P < .05 versus basal value.
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differentiate into DCs. The upregulation of H1 receptor
confers on mature macrophages the capacity of being
activated by histamine. These findings indicate that the
inducible H1 receptor is functionally active.

It is conceivable that the plasticity of histamine recep-
tors in primary human cells might be a means to modulate
cell responsiveness to histamine in vivo. In this study we
report for the first time that H1 receptor expression is in-
creased in lung macrophages and dendritic cells compared

FIG 6. Effect of histamine on [Ca21]i in MDMs. Single-cell tracing of

Fura-2AM–loaded MDMs incubated with histamine (1 mmol/L) or

PAF (0.1 mmol/L; A) or preincubated with levocetirizine (10 mmol/

L) before the addition of stimuli (B) is shown. The traces are repre-

sentative of 80 MDMs recorded in 3 different sessions. C, Mean

[Ca21]i values 6 SE of 3 preparations. *P < .05 versus basal value;

**P < .05 versus histamine.
with that seen in blood monocytes (Fig 1). Macrophages
and dendritic cells differentiate from monocytes as they
migrate into peripheral tissues. Therefore we hypothesized
that differentiation of the monocyte/macrophage lineage
induced the upregulation of the H1 receptor. We tested
this hypothesis in a macrophage differentiation model
in vitro that was verified on the basis of biochemical and
phenotypic criteria. The increase in H1 receptor expression
in macrophages differentiated in vitro (MDMs) occurred
at both the mRNA and protein levels, is evident after 7
days, and is maximal after 10 days.

A major strength of our study was that H1 receptor regu-
lation was evaluated at different levels: gene transcription,
protein synthesis, intracellular signaling, and functional ac-
tivity. Blood monocytes express relatively small quantities
of H1 mRNA (Figs 1, A, and 3, A), and H1 receptor protein
in the cell lysates was undetectable by means of Western
blotting (Figs 1, B, and 3, B). These data suggest that the
H1 receptor is expressed at a very low level in monocytes
and that the number of receptors displayed on these cells
is too low to generate Ca21 signals (Fig 5) and to activate
cytokine production in response to histamine (Fig 7, A).
However, monocytes also express relatively large quantities
of the H2 receptor, with a ratio of H2/H1 mRNA greater than
200 (Fig 4, C). The relative abundance of H2 receptors com-
pared with H1 receptors is likely to make monocytes more
prone to the inhibitory effects of histamine.6-8 Differentia-
tion of monocytes into MDMs results in the simultaneous
upregulation of H1 receptors and downregulation of H2

receptors (Figs 3 and 4). The change in the ratio of H2/H1

mRNA endows the macrophages with the capacity to gener-
ate Ca21 signals and to produce IL-8 in response to hista-
mine. However, the observation that these effects are
blocked by levocetirizine and are not influenced by raniti-
dine suggests that upregulation of H1 rather than downregu-
lation of H2 is responsible for histamine-induced activation
of macrophages. Interestingly, differentiation of monocytes
into DCs induces H1 upregulation without changes of H2

receptors (Fig 4). These data suggest that the expression
of the H1 and H2 receptors is differentially regulated in the
human MPS cells and that activation of distinct differentia-
tion programs in monocytes (eg, macrophages vs dendritic
cells) influences the profile of histamine receptors expressed
on differentiated cells. A similar phenomenon has been de-
scribed in naive T cells that upregulate H1 or H2 receptors
when they differentiate into TH1 or TH2 cells, respec-
tively.30 In addition, a switch from H2 to H1 receptor expres-
sion has been reported in U937 cells incubated with phorbol
esters14 or GM-CSF.31 Thus the expression of histamine H1

and H2 receptors is a dynamic process that is finely regulated
by differentiation and maturation of inflammatory cells.

Histamine is released by mast cells primarily in periph-
eral tissues, such as the lung, the gastrointestinal tract, and
the skin.1 Evidence that monocytes upregulate the H1

receptor when they differentiate into mature macrophages
within tissues supports the hypothesis that these cells
acquire responsiveness to histamine produced at sites
of allergic inflammation. It has also been reported that
human monocytes and macrophages express a histidine
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FIG 7. Effect of histamine on IL-8 release from monocytes (Mo) and MDMs. A, Cells were incubated (378C for 18

hours) with histamine or LPS. Data are presented as the mean 6 SE of 3 experiments. *P < .05 versus un-

treated; **P < .01 versus untreated. B, MDMs were preincubated (378C for 30 minutes) with levocetirizine

or ranitidine and stimulated (378C for 18 hours) with histamine. Data are presented as the mean 6 SE of 3

experiments. §P < .01 versus control; *P < .05 versus histamine; **P < .01 versus histamine. IC50, Inhibitory

concentration of 50%.
decarboxylase activity32 that can be upregulated in vivo
during inflammation.31 Therefore monocytes and macro-
phages might be a potential source of histamine that could
further enhance cell activation and cytokine production
acting in an autocrine fashion.

Our results expand the profile of histamine’s effect on
human macrophages by showing that in addition to IL-
10,9 IL-6,10 and TNF-a,14 activation of H1 receptors on
these cells also induces IL-8 production. The ability of
macrophages to respond to H1 receptor activation by
releasing proinflammatory cytokines and chemokines
supports the potential role of these cells in bronchial
asthma.5,27

In our study macrophages purified ex vivo from the
human lung have an expression profile of the H1 receptor
comparable with that of MDMs and show similar respon-
siveness to histamine in terms of cytokine production.10

The H1 receptor inducible on macrophages differentiated
in vitro has pharmacologic properties similar to that
expressed on macrophages in vivo. In fact, levocetirizine
displays an inhibitory concentration of 50% on hista-
mine-induced production of IL-8 from MDMs
(approximately 450 nM) that is comparable with the inhib-
itory concentration of 50% (approximately 500 nM) re-
ported to inhibit histamine-induced production of IL-6
from HLMs.33

The observation that histamine receptor expression can
be modulated in cells that are targets of histamine prompts
the hypothesis that H1 overexpression could be involved
in the pathogenesis of such allergic disorders as rhinitis,
asthma, urticaria, and anaphylaxis. In vitro and in vivo
studies have shown that exposure to allergens,34 TH2 cy-
tokines,35,36 and b2-adrenoceptor agonists37 can modulate
H1 receptor expression on epithelial cells and airway
smooth muscle cells. Studies are currently ongoing to
investigate whether H1 receptor is upregulated in vivo in
airway macrophages of patients with bronchial asthma.

In conclusion, our results support the novel concept of
the H1 receptor plasticity in human inflammatory cells and
suggest that the regulation of H1 receptor expression can
be relevant to the pathogenesis of inflammatory and aller-
gic diseases.

We thank Jean Ann Gilder for text editing.
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