
Experimental Parasitology 107 (2004) 189–199

www.elsevier.com/locate/yexpr
The modelling of mononuclear phagocyte—connective
tissue adhesion in vitro: application to disclose a specific

inhibitory effect of Leishmania infection

Djalma G.F. Carvalhal,a Aryon Barbosa Jr.,a Micely D’El-Rei Hermida,a Jorge Clarencio,a

Nathanael F. Pinheiro Jr.,a Patricia S.T. Veras,a,b and Washington L.C. dos-Santosa,b,*

a Centro de Pesquisas Gonc�alo Moniz, Fundac�~ao Oswaldo Cruz, Rua Waldemar Falc~ao 121, 40295-001 Salvador, BA, Brazil
b Escola Bahiana de Medicina e Sa�ude P�ublica, Av. Dom Jo~ao VI 274, Brotas 40290-000, Salvador, BA, Brazil

Received 12 March 2004; accepted 14 June 2004

Available online 20 July 2004
Abstract

In this work, we have developed an adhesion assay to study interactions between mononuclear phagocytes and connective tissue in

vitro and show its potential use to study diseases caused by intracellular microorganisms. The assay reproduces most of the char-

acteristics of macrophage adhesion to connective tissue in vivo, such as: preferential adhesion to inflamed connective tissue, divalent

cation and integrin dependence, and up-regulation upon cell activation. The phagocyte adhesion to connective tissue was inhibited by

infection with Leishmania (58� 22%, p < 0:05) and was not affected by infection with Mycobacterium or by endocytosis of latex

beads. Manganese partially reverted the loss in adherence produced by Leishmania infection, indicating that the mechanisms regu-

lating the function of integrins are affected by cell infection with Leishmania. This assay might be a useful tool for the study of the

mechanisms by which mononuclear phagocytes play a role in the immune-inflammatory response and in the development of lesions.

� 2004 Elsevier Inc. All rights reserved.

Index Descriptors and Abbreviations: Adhesion assay; Cell adhesion; Macrophage adhesion; J774 cells; Leishmania amazonensis; Leishmania bra-

ziliensis; Leishmania chagasi; Mycobacterium fortuitum; Promastigotes; ANOVA, analysis of variance; CD, cluster designation for classification of

cell markers; CS-1, connecting segment 1 of fibronectin; EDTA, ethylenediaminetetracetic acid; FACS, fluorescence activated cell sorting; FBS, fetal

bovine serum; HBSS, Hanks’ balanced salt solution; LFA-1, leukocyte activation antigen 1 (b2-integrin, CD11a/CD18); LPS, lypopolysaccharide;

Mac-1, b2-integrin named after macrophages (CD11b/CD18); PBS, phosphate-buffered saline; RGD, peptide containing RGD sequence; RPMI,

Roswell Park Memorial Institute-1640 (tissue culture medium); SNK, Student–Newman–Keuls test; VCAM-1, vascular cell adhesion molecule 1
1. Introduction

Mononuclear phagocytes constitute a heterogeneous

cell population, with a wide range of phenotypes and

functional differentiation (Cavanagh and Von Andrian,

2002; Mantovani et al., 2002). These cells are involved
in a variety of pathological processes and act as an

important link between inflammatory and immune re-

sponses. In some chronic infectious diseases, such as

leishmaniasis and tuberculosis, macrophages, and

dendritic cells play a critical role in the genesis and
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progression of lesions. During the inflammatory pro-

cess, mononuclear phagocytes are stimulated to mi-

grate from blood or from their primary homing sites to

the inflammatory areas and from these inflammatory

areas to lymph nodes (Moll et al., 1993; Randolph

et al., 1999).
The cell capability to migrate or to remain in a spe-

cific site depends upon both its profile of expressed ad-

hesion molecules and the functional status of these

molecules (Springer, 1995). Hence, a variety of experi-

mental models of cell adhesion and migration have been

envisaged to study normal aspects of cell function and

cell participation in disease (dos Santos et al., 1996;

Loike et al., 1999; Pietschmann et al., 1992; Pryce et al.,
1994).
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In 1976, Stamper and Woodruff described an adhe-
sion assay using lymph node sections to study lympho-

cyte interaction with high endothelial venules (HEV)

(Stamper and Woodruff, 1976). The Stamper and

Woodruff’s assay has, however, been criticized for using

low temperature (Warren et al., 1993), favouring inter-

actions mediated by non-energy requiring molecules

(Marlin and Springer, 1987), and excluding most of the

interactions mediated by activated integrins.
Integrins are responsible for the firm adhesion es-

tablished between leukocytes and endothelium and also

between leukocytes and connective matrix components

(Carlos and Harlan, 1994). Stamper and Woodruff

noticed, however, that raising the temperature during

their adhesion assay would result in lower levels of cell

adhesion to lymph node sections (Stamper and

Woodruff, 1977). In spite of this observation, the
Stamper and Woodruff assay has been performed us-

ing different ranges of temperature by other authors

(Barbe et al., 1996; Chakravorty et al., 1999; Mats-

ushita et al., 1998; Poston and Johnson-Tidey, 1996;

Steffen et al., 1996; Symon et al., 1999), although in

most of these studies the effect of varying the tem-

perature has not been reported. Vora et al. (1995),

using brain tissue, noticed that increase in temperature
lead to a more widespread adherence of the cells to

non-vascular areas. These authors interpreted this

observation as an increase in non-specific adhesion.

On the other hand, Grober and collaborators (Grober

et al., 1993) draw attention to the possibility that such

cell adherence to non-endothelial tissues represent re-

ceptor-mediated interactions of potential functional

significance. According to this latter view, we adapted
the model developed by Stamper and Woodruff, as

described below, to the study of mononuclear phago-

cyte interactions with the connective tissue. In syn-

thesis, the working hypotheses of the study described

herein were that the so-called non-specific adhesions

occurring at 37 �C or room temperature (Coleman and

Stanley, 1994; Vora et al., 1995) are actually mediated

by energy-requiring adhesion pathways that commonly
operate in vivo and that an adhesion assay taking into

account this aspect would be useful for studying the

mechanisms of diseases caused by intracellular micro-

organisms in which mononuclear phagocytes play a

fundamental role in the defense and in the genesis of

lesions.

In the initial set of experiments, we defined the opti-

mal conditions under which the mononuclear phago-
cyte-connective tissue interactions occurred and

performed experiments to confirm the nature and spec-

ificity of the interactions observed. In sequence, we

studied the adherence of different mononuclear phago-

cytes to connective tissue and the changes induced by

infection with two intracellular pathogens, Leishmania

and Mycobacterium, using this system.
2. Material and methods

2.1. Animals

Eight- to 12-week-old BALB/c mice were obtained

from the colony of the Gonc�alo Moniz Research Cen-

ter—FIOCRUZ (Salvador, Brazil). The animals were

maintained under specific pathogen-free and controlled

environmental conditions of humidity, temperature,
light–dark cycle, and with commercial balanced mouse

chow and water ad libitum. The experiments using an-

imals were conducted in accordance with the Oswaldo

Cruz Foundation guidelines for experimentation

with animals (http://www.fiocruz.br/presidencia/vppdt/

index.htm).

2.2. Sections of inflamed tissue

Dorsal subcutaneous inflammatory air pouches were

produced in BALB/c mice by the injection of 5ml of air

and 200 ll of soy oil containing 0.1% of croton oil.

Three days after injection the animals were killed by

cervical dislocation. Transversal slices of tissue from the

inflammatory air pouch (skin and subjacent tissue) were

collected, immersed in Histoprep (Fisher Scientific,
USA), frozen in liquid nitrogen and preserved at )70 �C
until use. For the adhesion assays, serial 7 lm cryostat

sections (perpendicular to the skin and the wall of the

inflammatory air pouch) were collected onto glass slides

previously coated with a gelatine (Sigma–Aldrich, USA)

film (0.5% gelatine solution in distilled water). Sections

were air dried and fixed with 1% glutaraldehyde (Sigma–

Aldrich, USA) in phosphate-buffered saline (PBS) for
5min or with cold ()20 �C) acetone for 3min. The sec-

tions were then washed with PBS and used in the ex-

periments. The purpose of using glass slides pre-coated

with gelatine was to minimize the monocyte/macro-

phage adherence to glass.

2.3. Mononuclear phagocytes

Most of the experiments were performed using the

J774.G8 cell line (BCRJ No. CR028, generously pro-

vided by Dr. Radovan Borojevic, Federal University of

Rio de Janeiro, Brazil). The cells were grown in RPMI-

1640 supplemented with 10% heat inactivated fetal

bovine serum (FBS, Gibco-BRL, USA), 60 lg/ml gen-

tamycin and 2mM glutamine (complete RPMI).

Confluent cells were detached by washing with cold
Ca2þ- and Mg2þ-free Hanks’ balanced salt solution

(HBSS, Gibco-BRL, USA) and resuspended in complete

RPMI. Mouse inflammatory macrophages and human

peripheral blood monocytes were also used to confirm

the results obtained with the cell line. Mouse

inflammatory macrophages were obtained by the

intraperitoneal injection of 3ml of a 3% thioglycolate

http://http:www.fiocruz.br/presidencia/vppdt/index.htm
http://http:www.fiocruz.br/presidencia/vppdt/index.htm
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(Sigma–Aldrich, USA) solution in distilled water. Three
days after the injection, peritoneal macrophages were

collected, washed three times with HBSS and resus-

pended in complete RPMI. The peritoneal exudates ob-

tained using this process contained more than 70% of

cells with macrophage characteristics, as evaluated by

flow cytometry using forward and side scatter. Human

monocytes were isolated from buffy coats obtained from

normal volunteers by the Bahia State Haematology and
Haemotherapy Foudation (HEMOBA). Cells were

suspended in RPMI 1640 (Sigma–Aldrich, USA) and

centrifuged over a Ficoll-Paque plus (Amersham–Phar-

macia Biotech, AB, Sweden) solution, followed by a

slightly hyperosmolar (density¼ 1.070) Percoll (Amer-

sham–Pharmacia Biotech, AB, Sweden) gradient, as

previously described (de Almeida et al., 2000). The cells

were washed in HBSS (Sigma–Aldrich, USA) and re-
suspended in complete RPMI. This fractionation pro-

tocol yielded a 87% pure monocyte population, as judged

by morphology and flow cytometry. J774 cells, perito-

neal exudate cells and peripheral blood monocytes were

resuspended at 2� 106 cells/ml in complete RPMI and

cultured overnight in non-adherent polypropylene tubes

at 37 �C and at 5% CO2 atmosphere.

2.4. Adhesion assay

Fixed tissue sections were incubated with HBSS

containing 4mg/ml bovine serum albumin (BSA, Sig-

ma–Aldrich, USA), for 20min at room temperature.

They were then washed with PBS before co-incubation

with cell suspension. The cells were washed twice in

HBSS and resuspended in HBSS containing 10% FBS.
Aliquots of 100 ll of the cell suspension were placed

over the tissue sections. A 10-mm diameter circle was

drawn around the section with a non-toxic marker pen

(Pap Pen, Zymed Laboratories, USA) to prevent the

free flow of cell suspension over the whole slide. After a

30-min incubation, the sections were washed three times

with PBS to remove non-adherent cells and fixed for

10min with 2% glutaraldehyde in PBS, at room tem-
perature. After washing with distilled water the sections

were stained with haematoxylin–eosin, and examined

under light microscopy. Sections were initially examined

to identify the areas of well-characterized inflammation.

These areas were assigned for quantification of adhered

cells. This measurement was performed using a Leica

Quantimet Q500MC image analyser (Leica, Cambridge,

UK).

2.5. Removal of divalent cations from the mononuclear

phagocyte-connective tissue adhesion assay

J774 cells were cultured overnight in non-adherent

tubes, washed with Ca2þ- and Mg2þ-free HBSS and

resuspended in HBSS containing 2mM of EDTA (Sig-
ma–Aldrich, USA) for 5min at 4 �C. They were then
washed and resuspended in HBSS containing 10% FBS

alone or with either 2mM EDTA or 2mM MnCl2
(Sigma–Aldrich, USA).

2.6. Inhibition of cell adhesion with peptides and anti-

integrin antibodies

J774 cells and tissue sections were pre-incubated with
25 lg/106 cells of antibodies against b2 (game 46, IgG1, j
isotype) and a4 (R1/2, IgG2b, j isotype), both from

Pharmingen (USA) and with 1mg/ml of peptides con-

taining the CS-1 sequence of fibronectin (DELPQLVTL

PHPNLHGPEILDVPST) and the RGD sequence com-

mon to many connective matrix components (RGDS,

Sigma–Aldrich, USA). As control, 25 lg/106 cells of

isotype-matched antibodies R3-34 (IgG1, j isotype) and
R35-38 (IgG2b, j isotype), both from Pharmingen and

1mg/ml of the truncated peptides CS1t (DELPQL

VTLPHPNLHGPPVTSELID) and RGDt (GRGES)

were used. CS1 and the truncated versions of the peptides

were kindly supplied byDr. Antonio Oliveira dos Santos,

(Amgen Research Institute, Canada).

2.7. Cell activation

J774 cells were cultured overnight in complete RPMI

alone or containing different concentrations of bacterial

lypopolysaccharide (LPS, Sigma–Aldrich, USA). The

cells subjected to the different treatments were washed

and used in the adhesion assays.

2.8. Infection of mononuclear phagocytes by Leishmania

and by Mycobacterium

Leishmania braziliensis (MHOM/BR/3456); Leish-

mania amazonensis (Leila strain, MHOM/BR88/BA-125),

and Lesihmania chagasi (MHOM/BR2000/Merivaldo2

strain) were grown in vitro using Schneider’s insect

medium (Sigma–Aldrich, USA) containing 20% of fetal

bovine serum (Gibco-BRL, USA) (Teixeira et al., 2002).
Mycobacterium fortuitum was isolated from naturally

infected C57BL/6 mice and characterized by polymerase

chain reaction as previously described (Da Silva et al.,

2002), then 108 bacilli were inoculated intravenously

in Nude nu/nu mice to obtain virulent transparent

variants. After 30 days of infection bacteria were har-

vested from liver and spleen of infected Nude nu/nu

mice and grown on Middlebrook 7H10 agar plates
(Difco Laboratories, USA) supplemented with 10%

oleic acid–albumin–dextrose–catalase (Difco Laborato-

ries). Aliquots of Mycobacterium were frozen at )70 �C.
For infection, the frozen samples were quickly thawed,

vortexed, passed several times through a 25-gauge

tuberculin needle to make single bacterial cell suspen-

sion. Leishmania promastigotes or Mycobacterium were
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washed three times in HBSS, and incubated overnight
with J774 cells in non-adherent tubes at 37 �C, 5% CO2.

As a control, 3 lm latex beads (Sigma–Aldrich, USA)

were used. Ten microorganisms or latex particles per

J774 cell were used in each experiment. To determine the

percentage of infected cells, cytospin preparations of

J774 cell cultures were fixed with 2.5% glutaraldehyde or

with methanol, were air dried, stained with Ziehl–

Neelsen (Crowle and May, 1981) or Wright stains and
examined by light microscopy. At least 500 mononu-

clear cells were counted in triplicates to determine the

infection rate.

2.9. Investigation of expression of surface molecules

Cells were analyzed for surface expression of CD-11b

(Mac-1), CD-49d (a4-integrin), CD-62L (L-selectin) and
CD-106 (VCAM-1). All the antibodies were fluorescein

conjugates (clones M1/70, 9C10/MFR4.B, MEL-14,

429/MVCAM.A, respectively) obtained from Pharmin-

gen. J774 cells, non-infected or after 18–20 h of infection

with Leishmania, were prepared for analysis by resus-

pension in PBS containing 1% bovine serum albumin

and 0.05% sodium azide (PBS–BSA) and blocked

with rat immunoglobulin (20 lg/ml) and 10% FBS for
30min on ice. The cells were then incubated with labeled

antibodies, corresponding isotype controls (fluorescein-

conjugated rat immunoglobulins clones A95-1 and R35-

95, both from Pharmingen) or diluent, for 30min. The

cells were washed and fixed with 1% paraformaldehyde

in PBS and analyzed with a FACS flow cytometer and

CellQuest software (Becton–Dickinson). At least 5000

events were analyzed per sample.

2.10. Expression and analysis of results

The adhesion assays were always performed in at

least triplicate using serial sections. They are expressed

as means� SEM of the number of cells adhered to an

area of the section measured in square micrometer. The

statistical significance of the differences between groups
was assessed using the two-tailed t test, or one-way

ANOVA (more than two groups), with critical level of

significance at p6 0:05. When the F test was found

significant, the difference between two groups was

identified using the Student–Newman–Keuls test.

Trends were measured using Pearson’s correlation co-

efficient (r) (Glantz, 1997).
Fig. 1. J774-cell adhesion to connective tissue: (A) Inflammatory air

pouch, (C, cavity): cell adhesion to inflamed tissue and (B) to the re-

generating epithelium (R) and normal skin (N). Cells adhere and

spread their cytoplasm (insert).
3. Results

3.1. Determination of optimal experimental conditions

In this part of the study, we tested fixatives, preser-

vation state of tissue sections after storage and agitation
in mononuclear phagocyte adhesion, using tissue sec-
tions containing normal, and inflamed areas. The glu-

taraldehyde fixation of inflammatory air pouches, as

proposed by Stamper and Woodruff (Stamper and

Woodruff, 1976) for spleen, lead to a widespread ad-

herence of cells all over the section and even to the

gelatin film used as substrate. Such non-specific binding

was abolished with cold acetone fixation. A slight de-

crease in cell adhesion was observed when agitation was
excluded or when the slides containing the tissue sec-

tions kept for 24 h at )70 �C before using for adhesion

assays. This change was never statistically significant.

The number of adherent cells increased with the amount

of added cells into the 78.5mm2 area, between 2.0� 105

and 1.0� 106 cells (Pearson r ¼ 0:7546, p ¼ 0:002),
reaching a plateau. Varying the incubation temperature

between 25 (room temperature) and 37 �C did not
change the cell adhesion to tissue sections. Hence, the

subsequent experiments were performed using tissue

sections obtained on the day of the experiment and fixed

with acetone, the adhesion assays were performed at

room temperature, under agitation, and the sections

were overlaid with cell suspensions containing 5.0� 105–

1.0� 106 cells. Under such conditions, J774 cells
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adhered to inflammatory sites around the air pouch
(Fig. 1A) or to the regenerating epithelial cells in the

epidermis in the areas of lesion (Fig. 1B), with minimal

adherence to normal tissues. The cells were firmly ad-

hered and spread their cytoplasm on the inflammatory

connective tissue (Fig. 1 insert).

3.2. In vitro adhesion of mononuclear phagocyte to

connective tissue is divalent cation dependent

Treatment with EDTA decreased by 58� 13% in

average (p ¼ 0:0241; t test), and in some experiments

almost completely abolished (up to 89% inhibition,

p < 0:001) J774 cell adhesion to inflammatory tissue

(Fig. 2). The EDTA effect was completely reversed by

carrying out the adhesion assay in the presence of

Mn2þ (Fig. 2). In fact, in some experiments cell adhesion
was higher in presence of Mn2þ than with Ca2þ and

Mg2þ, but such difference was not always statistically

significant.

3.3. Mononuclear phagocyte adhesion to inflamed con-

nective tissue in vitro depended on integrins

The incubation of cells and sections with RGD or
CS-1 peptides alone had no effect in J774 cell adhesion.

Combined, RGD and CS-1 peptides reduced, by

58� 2% in average, J774 cell adhesion to inflamed tissue
Fig. 2. J774 cell adhesion to inflamed connective tissue in presence of

divalent cations: medium containing 0.5mM of CaCl2 and 0.5mM of

MgCl2 (Ca2þ/Mg2þ) or 1mM of MnCl2 (Mn2þ); or in absence of di-

valent cations: in presence of 5mM EDTA (EDTA). The data are

representative of nine experiments. Vertical bars represent means� SE

of the number of adhered cells per area for the different treatments,

performed in quadruplicate. The statistical significance values of the

differences between the results are shown on top of horizontal lines

joining columns that represent them.
(p < 0:05, ANOVA followed by SNK test). The RGDt
and CS-1t truncated peptides, either isolated or mixed,

had no significant effect in J774 cell adhesion to inflamed

tissue (Fig. 3A). Antibodies against a4- and b2-integrins
had no effect on J774 cell adhesion to inflamed skin

when tested separately. Combined, anti-b2 with anti-a4
antibodies and/or CS-1 peptide reduced from 49.5 to

77.4% (p < 0:01, ANOVA) the J774 cell adhesion to

connective tissue (Fig. 3B).

3.4. J774 cell activation by LPS increased their adhesion

to inflammatory tissue in vitro

The J774 cell treatment for 18–20 h with LPS in-

creased by 10–64% cell adhesion to inflamed connective

tissue (p < 0:05, Fig. 4). The LPS effect was dose-de-

pendent and reached a plateau at the concentration of
0.1lg/ml (not shown). A decrease in adherence and also
Fig. 3. Effect of the presence of RGD and CS1 peptides or anti-integrin

blocking antibodies in the J774-cell adhesion to inflamed connective

tissue (graphics A and B represent two different experiments). (A)

Peptides were tested separately (RGD or CS1) or combined

(RGD+CS1). RGDt is a truncated RGD peptide and CS1t is a

truncated CS1 peptide. (B) Antibody against b2 integrin with antibody

against a4 integrin (b2+ a4) or with CS1 peptide (b2+CS1). IgG1 and

IgG2 are isotype matched control immunoglobulins. Data are repre-

sentative of three experiments. Horizontal bars represent means� SE

of experiments performed in triplicate. The statistical significance

values of the differences between the results are shown on the side of

the vertical lines joining bars that represent them.



Fig. 4. Effect of J774 cells activation with LPS in their adherence to

inflamed connective tissue. The cells were incubated overnight with

medium alone (Control) or containing 1 lg/ml of LPS (LPS). They

were then washed and used in adhesion assay as described in the

Material and methods. The data are representative of three experi-

ments. Vertical bars represent means� SE of the number of adhered

cells per area for the different treatments, performed in quadruplicate.

The statistical significance values of the differences between the results

are shown on top of horizontal lines joining columns that represent

them.
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of cell viability was observed when concentrations above

10 lg/ml of LPS were used.

3.5. Leishmania infection inhibited mononuclear phago-

cyte adhesion to inflamed connective tissue

Infection with different Leishmania species (L. ama-

zonensis, L. braziliensis, or L. chagasi) significantly in-

hibited (58+ 22%, p ¼ 0:05, ANOVA, and SNK test)

J774 cell adhesion to inflamed tissue (Figs. 5A–D). Cell

adhesion did not change with overnight incubation with

3 lm latex beads or after J774 cell infection with

M. fortuitum (Fig. 6). Similar inhibition of cell adhesion

by Leishmania infection was observed with thioglycolate

induced mouse peritoneal macrophages (50–85% inhi-
bition, Fig. 7A) or with human peripheral blood

monocytes (23–51% inhibition, Fig. 7B).

3.6. Adhesion molecules expression on Leishmania-in-

fected J774 cells

No significant change was observed in Mac-1, VLA-

4, L-selectin or VCAM-1 expressions after 18–20 h of
infection with L. braziliensis (Fig. 8).

3.7. Manganese partially reverted the inhibition of J774

cell adhesion induced by Leishmania infection

Since no significant changes on cell surface expression

of adhesion molecules in the group of cells infected with
Leishmania was observed, we treated these cells with
Mn2þ, to see if a state of high affinity for their receptor

could be induced in the integrins expressed on the sur-

face of these cells resulting in an increase in adherence to

connective tissue. Treatment of Leishmania-infected

J774 cells with 2mM of MnCl2 partially restored their

adherence to inflamed connective tissue, to the levels of

control non-infected cells (Fig. 9).
4. Discussion

In this work, we developed an assay for studying

mononuclear phagocyte interactions with connective

tissue based on the assay previously described by

Stamper and Woodruff (1976). Three bodies of obser-

vations made in the study support the hypothesis that
the model described herein mimics specific interactions

between leukocytes and connective tissue observed in

vivo: first, the adherence of J774 cells to the tissue sec-

tions at room temperature was not indiscriminate: it

preferentially occurred on the inflamed connective tis-

sue. In inflamed areas, changes are induced in the con-

nective tissue (Santos et al., 1994), resulting in an

increase in the number and redistribution of adhesion
sites, and in the release of chemoattractants for inflam-

matory cells (Loike et al., 1999; Schor et al., 2000). In

this study, we used inflammatory air pouches after three

to four days of induction. At this stage, a neutrophil-

and macrophage-rich inflammatory infiltrate was evi-

dent in the lesion. This finding indicates that adhesion

sites and chemoattractants for mononuclear phagocytes

migration were also present. The presence of both nor-
mal and inflamed tissues in these sections allowed a clear

distinction between areas with different capabilities of

supporting cell migration and such finding was reflected

on the preferential adhesion of mononuclear phagocytes

to inflamed areas in the in vitro assay.

The second body of evidence for the specificity of the

adhesion reported herein comes from the finding that

adhesion of J774 cells to the inflamed connective tissue
in vitro was divalent cation dependent: it significantly

decreased in presence of EDTA and was restored by

addition of Ca2þ and Mg2þ or Mn2þ. Various leukocyte
adhesion pathways are dependent on calcium or mag-

nesium for their function (Carlos and Harlan, 1994).

Integrins have different requirements of Ca2þ and Mg2þ

for clustering (van Kooyk et al., 1994) or increasing

their affinity for their receptors (Takagi and Springer,
2002; van Kooyk et al., 1994). Manganese can induce in

some integrins an even higher affinity state for their re-

ceptor than that observed in presence of Mg2þ (Takagi

and Springer, 2002). In fact, in the experiments pre-

sented herein, Mn2þ not only restored the adherence of

J774 cells to connective tissue, but also induced in some

experiments levels of cell adhesion higher than the



Fig. 5. Effect of Leishmania infection in J774-cell adhesion to inflamed connective tissue (Inflammatory air pouch; C, cavity): the cells were incubated

overnight with medium alone (A) or with L. amazonensis (B) or with 3-lm latex beads (C), washed and used in the adhesion assay as described in the

Material and methods. The graph (D) represents a quantitative analysis of J774-cell adhesion after the different treatments. Data are representative of

six experiments. Vertical bars represent means�SE of experiments performed in quadruplicate. The statistical significance values of the differences

between the results are shown on the side of the vertical lines joining bars that represent them.
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adherence observed in presence of control medium,

containing Ca2þ, and Mg2þ. Although the participation

of other Ca2þ-dependent adhesion systems, such as C-
lectins (Gabius, 1997) can not be excluded, the charac-

teristics of the cell adherence observed in this work, such

as high strength (the cells were not displaced even after

three washes under agitation), and cytoplasm spread by
the adhered cells, suggested an integrin participation in

the process. In fact, the adherence of J774 cells to in-

flamed tissue was inhibited by anti-integrin antibodies
and by peptides (CS-1 and RGD) bearing sequences

corresponding to the binding sites for integrins in con-

nective matrix components, a fact that constitutes a

third type of evidence for the specificity of the cell ad-



Fig. 6. Effect of Leishmania infection in the adherence of (A) BALB/c

mice thioglycolate-induced peritoneal exudate cells (BALB/c PEC) or

of (B) human peripheral blood monocytes to inflamed connective tis-

sue. The cells were incubated overnight with L. amazonensis (BALB/c

PEC+L. amazonensis or Human monocytes+L. amazonensis), with

Latex particles (BALB/c PEC+ latex) or with medium alone (BALB/c

PEC or Human monocytes), washed and used in the adhesion assay as

described in the Material and methods. Horizontal bars represent

means�SE. Graphics A and B represent two different experiments

performed in quadruplicate (BALB/c PEC) or triplicate (Human

monocytes) and repeated twice with similar results. The statistical

significance values of the differences between the results are shown on

the side of the vertical lines joining bars that represent them.

Fig. 7. Infection with Leishmania and not with Mycobacteria reduces

J774 cell adhesion to inflamed tissue: J774-cells were incubated over-

night with L. amazonensis (L. amazonensis), with Mycobacterium

frotuitum (M. fortuitum) or with medium alone (Control), washed and

used in the adhesion assay as described in the Material and methods.

Vertical bars represent means� SE of three experiments performed in

triplicate. The statistical significance values of the differences between

the results are shown on top of horizontal lines joining columns that

represent them.
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herence. The fact that only combinations of RGD and
CS-1 peptides and of anti-b2 and anti-a4 antibodies

significantly reduced the adherence of J774 cells to in-

flamed tissue indicate that both b1 and b2 integrins

participate in the process of cell adhesion. The partici-

pation of these integrins, both in leukocyte adhesion and

migration into inflammatory sites has been demon-

strated in many works, summarized in a series of good

reviews (Carlos and Harlan, 1994; Schor et al., 2000;
Springer, 1995). b1 Integrins are considered the main

leukocyte receptors for connective matrix components

and b2 integrins such as Mac-1 and LFA-1, which also

interact with cell receptors, play an important role in

leukocyte migration into inflammatory sites (Loike

et al., 1999).

The level of cell adhesion inhibition observed in this

work with antibodies or peptides combinations were
never complete. Partial blockage of cell adhesion is a

common finding in many adhesion systems (Malawista

and de Boisfleury Chevance, 1997), even when less

complex substrates are used (Male et al., 1994). Al-

though the possibility of some bridge formation between

antibodies and their receptors on the cells and in the

tissue section (the experiments were performed using

complete antibody molecules) can not be excluded, the
fact that the results obtained with antibodies were not

substantially different from those obtained with peptides

suggests that other receptors, besides the integrins tested

in these experiments, may be involved in the adherence

of cells to the inflamed tissue. In fact, Malawista and

Chevance (Malawista and de Boisfleury Chevance,

1997) have shown that non-divalent cation-dependent

pathways, not yet identified, are involved in leukocyte
adhesion with connective tissue.

As shown herein, J774 cell activation with LPS in-

creases its adherence to inflamed tissue. This finding

concurs with the classical observation of inhibition of

macrophage migration following activation (Weiser

et al., 1985). Surprisingly, our experiments using intra-

cellular pathogens revealed a more complex pattern of

mononuclear phagocyte-connective tissue interaction.
Leishmania infection decreased the J774 cell, peritoneal

inflammatory macrophage or human monocyte adhe-

sion to inflamed connective tissue in a way that was not

dependent only on phagocytosis, since control cells in-

cubated with 3-lm latex beads did not have their ad-

herence to inflamed tissue affected. Such change in

adhesion by Leishmania infection may involve specific

mechanisms trigged by the parasite infection, since it
was not observed in cells infected withM. fortuitum. The

observations that the reduction in the levels of J774 cells

adhesion was not associated with a decrease in the ex-

pression of the adhesion molecules potentially involved

in the process, and that Mn2þ substantially restored the

adherence of infected cells to inflamed tissue, suggest

that mechanisms regulating integrin function (Hogg



Fig. 8. Effect of Leishmania infection in J774 cell expression of (A) CD49d (VLA-4), (B) CD11b (Mac-1), (C) CD106 (VCAM-1), and (D) CD62-L

(L-selectina). J774 cells were incubated overnight with medium alone or with L. amazonensis. The expression of the adhesion molecules was de-

termined using the antibodies M1/70 (Mac-1), 9C10 (VLA-4), MEL-14 (L-Selectin), and 429 (VCAM-1). The thin line represents expression in non-

infected cells and thick lines represent expression Leishmania-infected cells. The data are representative of three independent experiments.
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et al., 2002) are altered in Leishmania infected

mononuclear phagocytes. In fact, Leishmania infection

changes the intracellular calcium homeostasis in mac-

rophages, inhibiting G-protein-dependent signal trans-

duction and cell activation by chemotactics (Olivier

et al., 1992). It is possible that a similar mechanism of

interference with intracellular signaling results in im-
pairment of integrin regulation by inside-out signs

(Hogg et al., 2002) and, consequently, cell adhesion to

connective tissue. Further studies on the molecular

mechanisms involved in modulation of mononuclear

phagocyte adherence by Leishmania infection are now

under way in our laboratory.

What would be the physiopathological significance of

the reduced adherence of Leishmania-infected mononu-
clear phagocytes to connective tissue? Evidence that

emerged from studies with Leishmania infection shows

that, after inoculation into the dermis, a fraction of the

parasites are carried over to the regional lymph nodes,

possibly in the interior of dendritic cells derived from

Langerhans (Moll et al., 1993) or other circulating

mononuclear phagocyte (Muraille et al., 2003; Ran-

dolph et al., 1999). In addition, Leishmania have been
observed in the interior of phagocytic cells circulating in

the blood (Liarte et al., 2001). These findings indicate

that, after being infected by Leishmania in the tissues,

mononuclear phagocytes can emerge in the blood or

lymph. Detachment is the first step in the emigration of

cells from one site to another. It is therefore possible

that the reduction of phagocytic cell adhesion to con-
nective tissue induced by Leishmania infection play a

critical role in parasite dissemination, by causing para-

site movements throughout the organism inside phago-

cytic cells, spreading the infection to different tissues

(lymph nodes, mucosae, spleen, and liver). Further

studies are necessary to confirm this hypothesis and to

identify the populations of mononuclear phagocytes

involved and the mechanisms modulating their adher-
ence after Leishmania infection. The in vitro model of

cell adhesion described herein may be helpful in these

studies. This model may also be adapted to test func-

tional aspects of interactions between mononuclear

phagocytes and other inflammatory cells with connec-

tive tissue in a variety of diseases in which such inter-

actions play a role in defense and the development of

lesions.



Fig. 9. Effect of calcium and magnesium replacement by manganese in

the adhesion of Leishmania-infected J774-cell adhesion to inflamed

connective tissue. J774 cells were incubated overnight with medium

alone or with L. amazonensis. They were then incubated with EDTA,

washed, resuspended in medium containing 0.5mM of CaCl2 and

0.5mM of MgCl2 (Ca2þ/Mg2þ and L. amazonensis/Ca2þ/Mg2þ) or

1mM MnCl2 (Mn2þ and L. amazonensis/Mn2þ). The data are repre-

sentative of three independent experiments. Vertical bars represent

means�SE of three experiments performed in triplicate. The statistical

significance values of the differences between the results are shown on

top of horizontal lines joining columns that represent them.
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