
Histamine-treated dendritic cells improve recruitment of type 2 CD8

T cells in the lungs of allergic mice

Introduction

Dendritic cells (DCs) have the unique ability to activate

resting T lymphocytes and play a critical role not only in

the priming of adaptive immune responses, but also in

the induction of self-tolerance.1,2 Upon stimulation by

inflammatory stimuli or pathogens in the periphery, DCs

undergo a number of changes, leading to their matura-

tion.3 Mature DCs activate naı̈ve T cells and direct the

differentiation of CD4+ T cells into cells with distinct

profiles.1–4

Histamine (HIS) plays an important role in the devel-

opment of lung inflammation during the course of aller-

gic processes by inducing airway constriction, mucus

secretion and recruitment of immune cells.5,6 Histamine

is involved in the regulation of DC function. It stimulates

the chemotaxis of immature DCs,7,8 increases the ability

of DCs to induce the differentiation of CD4+ T cells into

cells with a T helper type 2 (Th2) profile,9 and induces

the cross-presentation of antigens by DCs through major

histocompatibility complex (MHC) class I,10 supporting

the theory that histamine plays a role in the activation of

CD8+ T cells in response to allergens.

Adoptive transfer of allergen-pulsed DCs is a useful

tool with which to examine the role of DCs in the course

of allergic lung inflammation.11,12 It has been shown that

injection of antigen-pulsed DCs into the airways leads to

sensitization to inhaled antigen and to the development

of antigen-induced airway eosinophilia.12–14 Moreover,

modulation of the functional profile of DCs has been

shown to be able to regulate the course of allergic inflam-

mation. Administration of ovalbumin (OVA)-pulsed DCs
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Summary

Histamine controls the function of dendritic cells (DCs). It appears to be

required for the normal development of DCs. It also induces the chemo-

taxis of immature DCs and promotes the differentiation of CD4+ T cells

into cells with a T helper type 2 (Th2) profile. Moreover, we have recently

shown that histamine stimulates both the uptake and the cross-presenta-

tion of antigens by DCs, supporting the theory that histamine promotes

activation of CD8+ T cells during the development of allergic pathologies.

Here, we investigated whether the course of an allergic response, in a

well-defined model of ovalbumin (OVA)-induced allergic airway inflam-

mation, could be modulated by intratracheal injection of OVA-pulsed

DCs previously treated with histamine (DCHISs). Compared with control

DCs, DCHISs induced: (i) greater recruitment of CD8+ T cells in the

lung, (ii) greater stimulation of the production of interleukin (IL)-5 by

lung CD8+ T cells, and (iii) increased recruitment of CD11c/CD8 double-

positive DCs in the lungs of allergic mice. Moreover, mice treated with

DCHISs showed increased levels of serum-specific immunoglobulin E

(IgE) antibodies directed to OVA, and a higher proportion of eosinophils

in bronchoalveolar lavage (BAL) compared with mice treated with OVA-

pulsed control DCs. Our results support the notion that histamine, by

acting on DCs, increases the severity of allergic processes.

Keywords: allergy; dendritic cells; histamine; interleukin-5; CD8+ T lym-

phocytes

Abbreviations: DC, dendritic cell; HIS, histamine; MFI, mean fluorescence intensity; Tc2, type 2 CD8+ T cell.
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treated with bacillus Calmette–Guérin (BCG) in allergic

mice reduced eosinophilic airway inflammation, airway

hyperreactivity (AHR) and mucus production while

enhancing the accumulation of regulatory Foxp3(+) T

cells.15 Administration of interleukin (IL)-10-treated DCs

markedly suppressed the development of AHR, inflamma-

tion, and Th2 cytokine production.16 Similarly, activation

of DCs with antibodies directed to a member of the fam-

ily of B7 costimulatory molecules PD-1 costimulatory

molecule ligand ex vivo before adoptive transfer into pre-

sensitized mice was shown to be sufficient to protect ani-

mals from inflammatory lung disease induced by subse-

quent repeated airway exposure to the offending

antigen.17 In this study, we investigated whether transfer

of histamine-treated allergen-pulsed DCs changed the

course of the allergic response, in a well-defined model of

OVA-induced allergic airway inflammation.18

Materials and methods

Mice

All experiments were carried out using 2-month-old vir-

gin female BALB/c mice raised at the National Academy

of Medicine, Buenos Aires, Argentina. Mice were housed

six per cage and kept at 20 ± 2� under an automatic

12 hr light/dark schedule. Animal care was in accordance

with institutional guidelines.

Sensitization and challenge of mice with OVA

Mice were sensitized using a standard protocol, as

described previously.18 Briefly, mice were injected intra-

peritoneally (i.p.) with 20 lg of OVA (grade V; Sigma-

Aldrich, Sigma, San Louis, MO) in 2 mg of aluminium

hydroxide (alum) at days 0 and 7. Control mice received

a saline injection instead of OVA/alum solution. On day

14, sensitized mice were challenged intranasally with 50 ll

of phosphate-buffered saline (PBS) containing 3% OVA

for 5 days. Control mice were instillated with PBS.

DC generation from bone marrow cultures

The procedure used to obtain DCs was as described by In-

aba et al.,19 with minor modifications.20 Briefly, bone mar-

row was flushed from the long bones of the limbs using

2 ml of RPMI-1640 (Invitrogen, Carlsbad, CA) with a syr-

inge and 25-gauge needle. Red cells were lysed with ammo-

nium chloride. After washing, cells were suspended at a

concentration of 1�5 · 106 cells/ml in 70% RPMI-1640

medium supplemented with 10% fetal calf serum (FCS),

5�5 · 10)5 mercaptoethanol (Sigma, San Louis, MO)

(complete medium) and 30% J588-GM cell line superna-

tant. The cultures were fed every 2 days by gently swirling

the plates, aspirating 50% of the medium, and adding fresh

medium with J588-GM cell line supernatant. At day 9 of

the culture, > 90% of the harvested cells expressed MHC

class II, CD40 and CD11c, but not Gr-1 (not shown).

Intratracheal injection of DCs

DCs obtained from bone marrow precursors were incu-

bated in the absence or presence of histamine (1 lM)

(DCs and DCHISs, respectively) for 30 min at 37�. Cells

were then incubated for 3 hr at 37� in the presence or

absence of OVA (100 lg/ml). Finally, DCs were washed

and injected intratracheally (i.t.) into BALB/C mice after

intranasal challenge of sensitized mice with OVA. For this

purpose, mice were anaesthetized with embuthal (2% v/v

in PBS), and 100 ll of PBS, DCs or DCHISs

(5 · 105 cells) was injected.

Treatment of lung tissues to obtain a cell suspension

Lungs were cut into small pieces and treated with Type I

collagenase (250 U/ml) (Roche; Bs.As., Argentina) for

30 min at 37�. At the end of the incubation time, the

reaction was stopped by the addition of PBS supple-

mented with 5% FCS. Subsequently, the fragments were

incubated with DNase I (50 U/ml) (Invitrogen) for

40 min at 37�. Finally, the cell suspensions were collected

through a gauze mesh and washed with cold PBS.

Migration of DCs

DCs were labelled with carboxyfluorescein succinimidyl

ester (CFSE; 5 lM) for 40 min at 37�. Cells were exten-

sively washed and re-suspended in PBS. DCs (1 · 106)

were injected i.t. into BALB/c mice. Six hours later, lung

tissues were collected and processed as described above.

The presence of CFSE-labelled DCs in the lung suspen-

sions was analysed by flow cytometry.

Bronchoalveolar lavage

A week after the treatment of allergic mice with PBS, DCs

or DCHISs, lungs were washed via a tracheal tube with

PBS. Cells were washed and leucocyte counts were deter-

mined by optical microscopy. Cytospin slides were stained

with toluidine to determine the percentages of eosinophils.

Flow cytometry

Cell staining was performed using the following monoclo-

nal antibodies (mAbs): anti-CD11c, anti-CD8a, anti-CD4,

anti-CD8, anti-CD11b and anti-GR1 [conjugated with

fluorescein isothiocyanate (FITC), phycoerythrin (PE) or

peridinin chrorophyl protein complex] (BD Pharmingen,

San Diego, CA). The data were collected using a FAC-

SCalibur (Bs.As., Argentina) flow cytometer and analysed
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using the CELLQUEST program (BD Biosciences; Bs.As.,

Argentina).

Analysis of serum levels of IgE antibodies directed to
OVA

Serum samples were obtained from mice at the end of

experiments by cardiac puncture. OVA-specific IgE anti-

bodies were detected using plates coated overnight with

1 lg/ml OVA in sodium carbonate buffer (pH 9�5; Sigma-

Aldrich). Plates were treated with Tween 0�5% in PBS

(TPBS) supplemented with 1% bovine serum albumin

(BSA) for 2 hr at room temperature. Serial dilutions of sera

were added and, after 2 hr, the plates were washed three

times with TPBS and an appropriate dilution of biotinylat-

ed detection antibody (rat anti-mouse IgE; BD Pharmin-

gen) was added for 1 hr. After the plates had been washed,

the enzyme avidine peroxidase (eBiosciences; San Diego,

CA) was added for 20 min. 3,30,5,50-tetramethylbenzidine

(TMB) was used as a substrate. Absorbance was measured

at 450 nm.

Cell purification

T cells and DCs were purified from lung cell suspensions

using an autoMACS separator in accordance with the

manufacturer’s protocols (Miltenyi Biotec; Bergisch

Gladbach, Germany). DCs and T cells were purified by

positive selection using magnetic beads coupled to anti-

CD11c and anti-CD3 antibodies, respectively.

Intracellular cytokine staining

Purified T cells from lungs were stimulated for 18 hr with

OVA (10 ng/ml) in the presence of brefeldin A (10 lg/

ml). Cells were stained for cell surface markers with

FITC-conjugated anti-CD4 or CD8 antibodies (BD

Pharmingen). After washing, cells were fixed in 4% para-

formaldehyde and permeabilized with saponin (0�1% in

PBS). Permeabilized cells were incubated with PE-conju-

gated antibodies directed to IL-4, IL-13, interferon (IFN)-

c, IL-5 (BD Pharmingen) or isotype-mached control anti-

bodies for 30 min. The stained cells were washed with

saponin buffer twice, suspended in isoflow, and analysed

by flow cytometry.

Leukotriene B4 (LTB4) production

Production of LTB4 was analysed in the supernatants of

CD11c+ cells purified from the lungs (1�5 · 105 cells/200 ll

cultured for 18 hr) by enzyme-linked immunosorbent assay

(ELISA) (IBL Internat.; IBL-America Minniapolis, MN).

Figure 1. High levels of serum immunoglobulin E (IgE) antibodies directed to ovalbumin (OVA) in allergic mice. (a) BALB/c mice were inocu-

lated intraperitoneally (i.p.) with OVA on days 0 and 7. On day 14, sensitized mice were challenged intranasally with OVA for 5 days. After

7 days, serum samples were obtained from allergized (A) or control (N) mice and the levels of IgE antibodies directed to OVA were determined

by enzyme-linked immunosorbent assay (ELISA). Values are expressed as the arithmetic mean of the optical density (OD) ± standard error of

the mean (SEM) (n = 6–8). Asterisks indicate statistical significance (**P � 0�01) versus controls. (b) Representative histograms of the pheno-

types of immature DCs obtained from bone marrow precursors. The thin line represents the isotype control. (c) Carboxyfluorescein succinimidyl

ester (CFSE)-labelled DCs (1 · 106) were injected intratracheally (i.t.). After 6 hr, lungs were processed as described in the ‘Materials and meth-

ods’. Cells were labelled with phycoerythrin (PE)-conjugated antibodies directed to CD11c and analysed by flow cytometry. A representative

experiment (n = 3) is shown.
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Statistical analysis

Differences between means were analysed using Student’s

t-test, and values of P < 0�05 were considered to indicate

statistical significance. All calculations were performed

with GRAPHPAD PRISM 4 for Windows (GraphPad Software;

La Jolla, CA).

Results

Airway inflammation was induced in BALB/c mice by i.p.

administration of OVA followed by challenge with aero-

solized OVA, as described in the Materials and Methods.

Control mice were challenged with saline instead of OVA.

Five days after the challenge with aerosolized OVA, we

collected the BAL to confirm the development of the

allergic process. This was confirmed by the high number

of eosinophils found in the BAL of allergic mice

(4�6 ± 2�3 · 105 cells/ml; eosinophil percentage 47 ± 9%)

but not in control mice (2�8 ± 1�2 · 104 cells/ml; eosino-

phil percentage 2�3 ± 1�9%) [mean ± standard error of

the mean (SEM), n = 6, P < 0�001, for allergic versus

control mice]. Also revealing the development of the

allergic status, we found high levels of serum IgE antibod-

ies directed to OVA (Fig. 1a).

DCs were differentiated from bone marrow precursors,

as described in the Materials and Methods. Figure 1(b)

shows the phenotype of these DCs, while Fig. 1c shows

that i.t. inoculated DCs effectively arrived to lung tissues

6 hr after inoculation.

We then investigated whether i.t. inoculation of hista-

mine-treated DCs pulsed with OVA was able to modulate

lung infiltration by T cells in allergic mice. Airway inflam-

mation was induced in BALB/c mice as described in the

Figure 2. Histamine-pretreated dendritic cells (DCs) stimulate the recruitment of CD8+ T lymphocytes in the lungs of allergic mice. BALB/c mice

were inoculated intraperitoneally (i.p.) with ovalbumin (OVA) on days 0 and 7. On day 14, sensitized mice were challenged intranasally with

OVA for 5 days. Then, DCs obtained from bone marrow precursors, pretreated or not with 1 lm histamine (30 min at 37�) and pulsed with

100 lg/ml OVA (3 hr at 37�), were injected intratracheally (i.t.) (5 · 105 cells/mouse). Control mice were injected with phosphate-buffered saline

(PBS). After 7 days, mice were killed and the lungs were processed. Lung T cells were purified using anti-CD3 antibodies coupled to magnetic

beads. Purified T cells were stained with phycoerythrin (PE)-labelled anti-CD8 antibodies and fluorescein isothiocyanate (FITC)-labelled anti-

CD4 antibodies. Cells were analysed by flow cytometry. (a, c) Results are expressed as the percentage of CD8+ and CD4+ T cells, respectively,

and represent the mean ± standard error of the mean (SEM) for eight experiments. Asterisks indicate statistical significance (*P � 0�01) versus

controls (PBS). (b, d) Representative dot-plots (n = 8) are shown.
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Materials and Methods. Histamine-treated DCs (DCHISs)

were prepared by incubating DCs and histamine (1 lM)

for 30 min at 37�. Then, either control DCs (DCs) or

DCHISs were pulsed with OVA (100 lg/ml) for 3 hr at

37� and, after washing, they were injected i.t. into BALB/c

mice 3 days after OVA challenge. Control mice were

inoculated i.t. with PBS instead of DCs. Lung tissues were

collected in all cases 2 weeks later. Cell suspensions were

obtained from the lungs after collagenase treatment, and

T cells were purified by magnetic isolation, using a

monoclonal antibody directed to CD3 coupled to mag-

netic beads (> 80% purity). The total number of T cells

purified from the lungs was similar for mice inoculated

with PBS, DCs or DCHISs (not shown). Interestingly, a

significant increase in the percentage of CD8+ T cells was

observed in T cells purified from the lungs of DCHIS-

treated mice (Fig. 2a,b) compared with T cells from mice

treated with either PBS or control DCs. No changes in

the percentage of CD4+ T cells were detected (Fig. 2c,d).

We then analysed the pattern of cytokine production by

lung CD8+ T cells. Figure 3(a,b) shows that CD8+ T cells

obtained from the lungs of mice inoculated with OVA-

pulsed DCHISs had a higher percentage of IL-5(+) cells

compared with CD8+ T cells obtained from the lungs of

mice treated with either PBS or OVA-pulsed control DCs.

By contrast, no differences in the percentage of CD8+ T

cells stained with antibodies directed to IFN-c, IL-4 and

IL-13 were observed.

Because CD8a+ DCs have been implicated as the main

DC subset for cross-presentation and cross-priming of

CD8+ T cells,21–23 we investigated whether treatment of

allergic mice with OVA-pulsed DCHISs also resulted in

the accumulation of CD8a+ DCs in the lungs. Fig-

ure 4(a,b) shows that i.t. injection of both OVA-pulsed

control DCs and OVA-pulsed DCHISs resulted in a higher

proportion of CD8a+ cells in the population of CD11c+

cells. However, the proportion of lung CD8a+ cells was

significantly higher (P < 0�05) for mice treated with OVA-

pulsed DCHISs versus OVA-pulsed control DCs. More-

over, we found that CD11c+ cells isolated from the lungs

of mice treated with DCHISs released higher levels of

LTB4 compared with CD11c+ cells isolated from the lungs

of mice treated with control DCs (Fig. 4c). Because LTB4

displays a potent chemotactic effect on CD8 T cells,24 this

result could explain the infiltration of the lungs by CD8+

T cells found in mice treated with DCHISs.

We finally investigated whether administration of

OVA-pulsed DCs to allergic mice resulted in changes in

serum levels of specific IgE antibodies or the percentages

of eosinophils found in the BAL. In these experiments,

OVA-pulsed DCs were injected 3 days after challenge of

mice with aerosolized OVA, and BAL and serum samples

were obtained 2 weeks later. Figure 5(a,b) shows that

administration of OVA-pulsed DCHISs resulted in: (i) a

significant increase in serum levels of specific IgE anti-

bodies directed to OVA, and (ii) an increase of eosino-

phils percentages of eosinophils in BAL compared with

mice treated with OVA-pulsed control DCs.

Discussion

Asthma is a complex respiratory disease characterized by

persistent airway inflammation and AHR.25 Eosinophils,

Th2 cells and mast cells play a critical role in asthma.26,27

Figure 3. Histamine-pretreated dendritic cells (DCs) stimulate the production of interleukin (IL)-5 by a subset of CD8+ T lymphocytes recruited

in the lungs of allergic mice. DCs pretreated or not with histamine (1 lm; 30 min at 37�) and pulsed with ovalbumin (OVA) (100 lg/ml; 3 hr at

37�) were intratracheally (i.t.) injected (5 · 105 cells/allergized mouse), as described in the Materials and Methods. After 7 days, mice were killed,

the lungs were processed, and T cells were purified using anti-CD3 antibodies coupled to magnetic beads. T cells (2 · 105/200 ll) were then

stimulated in vitro with OVA (10 ng/ml) in the presence of brefeldin (10 lg/ml) for 18 hr. The percentages of interferon (IFN)-c-, IL-4-, IL-13-,

and IL-5-positive CD8 T cells were determined by flow cytometry. In (a), data are expressed as the percentage of CD8+ T cells positive for the

production of each of the cytokines analysed. Data represent the mean ± standard error of the mean (SEM) for five experiments. Asterisks indi-

cate statistical significance (*P � 0�01) versus controls (phosphate-buffered saline). In (b), a representative experiment (n = 5) is shown.
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These cells are recruited in the lung and upon activation

they release a number of cytokines and chemokines

inducing airway inflammation. In contrast to the well-

defined role of Th2 cells in the induction of IgE produc-

tion, eosinophilia and AHR, the role of CD8+ T cells is

less well established.28,29 A number of reports, however,

have shown that CD8+ T cells are essential for the devel-

opment of AHR and allergic inflammation.30 An

increased number of CD8+ T cells were observed in the

blood and in the BAL of asthmatic patients, while animal

models of airway inflammation have revealed substantial

CD8+ T-cell infiltration of the bronchial mucosa after

allergic sensitization.31,32 Like CD4+ T cells, CD8+ T cells

can differentiate into cells with a Th2-like profile charac-

terized by the production of IL-4, IL-5 and/or IL-10, but

not IFN-c or IL-2.33 Interestingly, in patients with

asthma, it has been shown that airway-infiltrating CD8+

T cells have the ability to produce Th2 cytokines.34–36

Moreover, using the model of OVA-induced allergic air-

way inflammation, it was shown that CD8+ T cell-

depleted mice did not develop AHR, and that this failure

was associated with the inability to recruit eosinophils

into the lung as a result of diminished production of IL-

5.37,38

In the present study, we found that adoptive transfer of

OVA-pulsed DCs previously treated with histamine to

allergic mice resulted in the selective stimulation of lung

infiltration by CD8+ T cells but not by CD4+ T cells.

These cells did not produce IFN-c but a subpopulation of

them produced IL-5, suggesting that they had differenti-

ated into cells with a CD8+ T-cell type 2 profile. Interest-

ingly, these changes were associated with a significant

increase in the serum levels of specific IgE antibodies

directed to OVA and more persistent lung infiltration by

Figure 4. Histamine-pretreated dendritic cells (DCs) stimulate the recruitment of CD11c+ CD8 alpha+ DCs in the lungs of allergic mice and the

production of Leukotriene B4 (LTB4). DCs pretreated or not with histamine and pulsed with ovalbumin (OVA) were intratracheally (i.t.) injected

(5 · 105 cells/allergized mouse), as described in the Materials and Methods. After 7 days, mice were killed and the lungs were processed. Lung cell

suspensions were enriched in CD11c using antibodies directed to CD11c coupled to magnetic beads. Isolated cells were analysed for the expression

of CD11c and CD8a, using specific antibodies labelled with phycoerythrin (PE) and fluorescein isothiocyanate (FITC), respectively. (a) Results are

expressed as the percentage of cells double-positive for CD11c and CD8a [mean ± standard error of the mean (SEM); n = 6]. (b) A dot-plot of a

representative experiment is shown. (c) CD11c+ cells purified from the lungs (1�5 · 105 cells/200 ll) were cultured for 18 hr at 37� and the pro-

duction of LTB4 was analysed in the supernatants by enzyme-linked immunosorbent assay (ELISA). Results are expressed in pg/ml, and represent

the mean ± SEM of eight experiments. Asterisks indicate statistical significance (*P � 0�01) versus controls (phosphate-buffered saline).
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eosinophils. This last effect could be attributable to the

higher levels of IL-5 in the lungs of mice treated with

DCHISs.

Histamine plays a critical role in immediate-type aller-

gic reactions, and also modulates the function of

DCs.31,39,40 Histamine inhibits IL-12 and increases IL-10

production by activated DCs, promoting the differentia-

tion of CD4+ T cells into cells with a Th2 profile,5,8 and

thus increasing the severity of atopic diseases. Histamine

also induces the chemotaxis of immature DCs.7 More-

over, it has been shown that histamine is produced dur-

ing the differentiation of DCs and that inhibition of

histamine biosynthesis results in the impairment of DC

development.41 We previously reported a new mechanism

through which histamine might modulate the function of

DCs.10 We found that histamine stimulates cross-presen-

tation of soluble antigens by DCs. Thus, histamine may

enhance the ability of DCs to activate CD8+ T cells. This

mechanism, however, does not explain the greater ability

of DCHISs to induce the recruitment of CD8+ T cells in

the lung. This response could be related to the higher

production of LTB4, a master chemotactic stimulus for

CD8+ T cells,24,42 by DCs isolated from the lungs of aller-

gic mice treated with DCHISs.

Our results reveal a new pathway through which hista-

mine, via its effects on DCs, may increase the severity of

allergic airway inflammation. Further experiments are

required to elucidate the underlying mechanisms by

which DCHISs stimulate lung infiltration by CD8+ T cells

and their differentiation into cells with a type 2 profile.
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9 Sabatté J, Maggini J, Nahmod K et al. Interplay of pathogens, cytokines and other

stress signals in the regulation of dendritic cell function. Cytokine Growth Factor Rev

2007; 18:5–17.

10 Amaral MM, Davio C, Ceballos A, Salamone G, Cañones C, Geffner J, Vermeulen M.
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