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SUMMARY

The effect of indomethacin (Indo), a cyclo-oxygenase inhibitor, on the monocyte-mediated killing of

a low- (Pb265) and a high- (Pb18) virulence strain of Paracoccidioides brasiliensis was examined.

The Pb18 strain was not killed by either non-activated or interferon-c (IFN-c) -activated human

monocytes but these cells did show fungicidal activity if pretreated with Indo. In contrast with IFN-

c, tumour necrosis factor-a (TNF-a) was very effective at stimulating the fungicidal activity of

monocytes. While the low-virulence strain, Pb265, could not be killed by monocytes, cells

preincubated with IFN-c demonstrated fungicidal activity. The killing of this strain was also

induced by pretreatment of monocytes with Indo. The results suggest a negative role for

prostaglandins, which are synthesized via the cyclo-oxygenase pathway, in the regulation of

monocyte-mediated killing of virulent and avirulent strains of P. brasiliensis and that TNF-a
generation during the fungus±monocyte interaction is more important in the killing of Pb265 than

Pb18.

INTRODUCTION

Paracoccidioidomycosis is a deep mycosis which is endemic in

Latin America. This disease is caused by Paracoccidioides

brasiliensis, a fungus that undergoes thermal dimorphism,

developing as a yeast at body temperature and as a mycelium at

room temperature.1 The clinical manifestations of the disease

are those of a chronic granulomatous disease with involvement

of the lung, reticuloendothelial system, mucocutaneous areas

and other organs.2 Studies on experimental infection with P.

brasiliensis have shown an involvement of polymorphonuclear

neutrophils and resident macrophages in the development of

the lesions already observed in the early phases of the

infection.3 However, these cells do not appear to be fungicidal

for P. brasiliensis in vitro.4±6 A signi®cant fungicidal activity

was only obtained after macrophage activation by interferon-c

(IFN-c) by a mechanism other than the generation of reactive

oxygen metabolites.7 However, studies from our laboratory on

the modulation by cytokines of P. brasiliensis growth in

macrophages have suggested that IFN-c does not activate

human monocytes or macrophages for killing of virulent

strains of P. brasiliensis in vitro. This cytokine is important for

effective killing by human monocytes or macrophages when

challenged with a low-virulence strain of the fungus.

Prostaglandins are synthesized by a variety of activated cell

types during the course of arachidonic acid metabolism,

through the cyclo-oxygenase pathway. Macrophages are an

important source of prostaglandin E2 (PGE2), which has been

shown to play a critical role in modulating host immune

responses.8 This mediator has been shown to suppress various

lymphocyte functions, such as T-lymphocyte proliferation9 and

lymphokine secretion by antigen-activated lymphocytes,10 as

well as to inhibit Ia antigen expression on macrophages.11

Moreover, in the murine system, PGE2 decreases interleukin-2

(IL-2) and IFN-c production by T helper type 1 (Th1) subsets

but not the production of IL-4 by Th2 cells. Some models of

interaction between phagocytic cells and micro-organisms have

suggested that secretion of PGE2 elicited by intracellular

parasites induces unresponsiveness of macrophages to IFN-c.12

In the present investigation we studied the modulatory effect of

prostaglandins on the activation process for the fungicidal

activity of human monocytes challenged in vitro with high- and

low-virulence strains of P. brasiliensis.

MATERIALS AND METHODS

Isolation of peripheral blood mononuclear cells

Heparinized venous blood was obtained from healthy

adult volunteers with informed consent. Peripheral blood
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mononuclear cells (PBMC) were isolated by density gradient

centrifugation at 400 g for 30 min on Histopaque [density

(d)=1.077] (Sigma Chemical Co., USA). Brie¯y, 5 ml of

heparinized blood was mixed with an equal volume of

RPMI-1640 tissue culture medium (Gibco Laboratories,

Grand Island, NY) containing 2 mM L-glutamine, 10% heat-

inactivated human AB serum, 20 mM HEPES and 40 mg/ml

gentamicin (CTCM). Samples were layered over 3 ml of

Histopaque in a 15-ml conical plastic centrifuge tube. After

centrifugation at 400 g for 30 min at room temperature,

the interface layer of PBMC was harvested and washed twice

with phosphate-buffered saline-ethylenediaminetetraacetic

acid (PBS-EDTA) and once with CTCM. Cell viability, as

determined by 0.2% Trypan blue exclusion, was >95% in

all experiments. The monocytes were counted using neutral

red (0.02%) and the mononuclear cells were suspended to

a concentration of 2r106 monocytes/ml in CTCM.

Monocyte monolayers

The monocyte suspension (2r106/ml) was dispensed as 100 ml/

well in Linbro Titertek (Flow Laboratories, Inc., Mclean, VA)

96-well ¯at-bottomed plates. After incubation for 2 hr at 37u in

5% CO2, non-adherent cells were removed by aspiration and

each well was rinsed twice with CTCM. After adherence, the

monocytes were treated at 37u in 5% CO2 for 24 hr with the

following stimuli: (i) IFN-c 1000 U/ml (Genzyme, Corp.,

Boston, MA); (ii) indomethacin 20 mg/ml (Sigma Chemical

Company); (iii) IFN-c 1000 U/ml plus indomethacin 20 mg/ml;

(iv) tumour necrosis factor-a (TNF-a) 250, 500, or 1000 U/ml

(Genzyme, Corp.); and (v) IFN-c 1000 U/ml plus TNF-a 250-

U/ml. These stimuli were used to induce monocyte activation

for the study of fungicidal activity.

Fungi

Paracoccidiodes brasiliensis strains 18 (Pb18) and 265 (Pb265)

were maintained in the form of yeast cells at 36u in Fava

Netto's culture medium for 6 days.13 Yeast viability was

determined by phase-contrast microscopy and bright yeast cells

were counted as viable, while dark ones were considered

inviable. Fungal suspensions containing more than 90% viable

cells were used for the experiments.

Challenge of monocyte cultures with P. brasiliensis for

evaluation of fungicidal activity

After removal of the supernatants from the monocyte cultures

preactivated with the stimuli, the fungicidal activity of

monocytes was tested by challenge with 100 ml yeast-form

Pb18 or Pb265 suspension (4r104 viable units/ml in CTCM).

After co-culture for 18 hr (experimental cultures), cells were

harvested with distilled water to lyse monocytes. Each culture

and well washing was contained in a ®nal volume of 2 ml. To

evaluate fungicidal activity, the number of colony-forming

units (CFU) of P. brasiliensis was determined by plating 100 ml

of the 2 ml volume on agar plates containing brain-heart

infusion (BHI) agar supplemented with 4% horse serum and

5% of P. brasiliensis culture ®ltrate, the latter being the source

of growth-promoting factor.14 A control culture containing

only 100 ml of yeast-form P. brasiliensis (4r104 viable units/ml

in CTCM) was submitted to the same procedures and used

for the experimental cultures. Inoculated plates were incubated

at 36u in sealed plastic bags to prevent drying. After 10 days,

the number of CFU per plate was counted. The percentage

of fungicidal activity was determined by the formula:

[1x(mean CFU of experimental culture / mean CFU of

control culture)]r100.

TNF-a assay

Monocytes cultured as described above were pretreated for

24 hr with the following stimuli: (i) IFN-c 1000 U/ml,

(ii) indomethacin 20 mg/ml, or (iii) IFN-c 1000 U/ml plus indo-

methacin 20 mg/ml and after challenge with Pb18 or Pb265 for

4 hr. Supernatants were obtained to determine TNF-a
production using a sandwich-type enzyme-linked immunosor-

bent assay (ELISA). Linbro Titertek (Flow Laboratories, Inc.,

Mclean, VA) 96-well plates were coated for 18 hr at 4u with

100 ml of monoclonal antibody anti-human TNF-a (Genzyme

Corp.) at a concentration of 1 mg/ml in 0.2 M carbonate buffer,

pH 9.6. In this and all other steps, the wells were washed six

times with 200 ml PBS plus 0.5% Tween-20 (T-PBS). After

blocking for 2 hr with 5% casein in PBS at room temperature,

standard and samples diluted 1 : 2 were added in duplicate and

incubated for 18 hr at 4u. Recombinant human TNF-a
(Genzyme Corp.) was used as standard. After washing, the

wells were sequentially exposed to a volume of 100 ml of rabbit

anti-human TNF-a polyclonal antibody (Genzyme Corp.) at

1/1000 dilution. The plates were incubated for 2 hr at room

temperature. After washing, 100 ml of peroxidase-conjugated

goat anti-rabbit immunoglobulin G (IgG; Sigma Chemical

Co.) at 1/8000 dilution was added. The plates were incubated at

room temperature and the wells were then washed with T-PBS,

and 100 ml of an enzymatic substrate containing 0.4 mg/ml o-

phenylenediamine and 2 ml/ml hydrogen peroxide in 0.1 M

citrate±phosphate buffer, pH 5.2, was added. After 15 min

incubation of the plates at room temperature in the dark, the

reaction was stopped by the addition of 50 ml 2 M sulphuric

acid, and absorbance values were measured at 492 nm using

an ELISA reader (Multiscan Spectrophotometer, EFLAB,

Helsinki, Finland). Equivalent concentrations of recombinant

human TNF-a were determined for experimental samples by

interpolation of the recombinant human TNF-a standard

curve run on each assay plate in a serial dilution. The results

were expressed as pg/ml. The lower limit of TNF-a detection

for individual assay was 10 pg/ml.

Statistical analysis

Data were analysed statistically using the INSTAT software

(Graph Pad, San Diego, CA).15 The results were compared by

analysis of variance (ANOVA) followed by the Tukey test, with

the level of signi®cance set at P<0.05.

RESULTS

Effect of IFN-c on the activation process of human monocytes

to kill Pb18 and Pb265

Figure 1 shows that human monocytes cultivated without a

stimulus lacked fungicidal activity against low- and high-

virulence strains of the fungus. Moreover, preactivation with

IFN-c was only active in endowing human monocytes with

fungicidal activity against Pb265, the low-virulence strain. This

cytokine activation for fungal killing was effective indepen-

dently of the dose employed. The fungicidal activity detected at
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three IFN-c concentrations was signi®cantly higher than that

observed in non-activated monocytes.

Effect of prostaglandins on the fungicidal activity of human

monocytes preincubated with IFN-c and challenged in vitro
with Pb18 and Pb265

To test if the prostaglandin secretion induced by the fungus is

involved in the modulation of fungicidal activity of human

monocytes preactivated with IFN-c and challenged with the

two P. brasilensis strains, we treated the monocytes with

indomethacin to suppress the synthesis of these mediators. As

shown in Fig. 2, cells treated with indomethacin (20 mg/ml) had

a fungicidal action on Pb265 and Pb18, indicating that secreted

prostaglandins exert a negative autocrine regulation on

fungicidal activity in untreated macrophages. In addition,

suppression of prostaglandin synthesis by indomethacin

induced a signi®cant fungicidal activity in IFN-c-activated

monocytes, even when they were challenged with the high-

virulence strain of P. brasiliensis. The results showing that in

the absence of prostaglandin even cells non-activated with

IFN-c presented a signi®cant fungicidal activity suggest that

another cytokine, liberated by monocytes when in contact with

the fungus, could be involved in the activation process for an

effective killing of P. brasiliensis. This cytokine may exert this

effect alone or in a synergistic effect with IFN-c when

prostaglandin secretion is inhibited. The involvement of

TNF-a in our system was tested by evaluation of its level in

the several co-culture supernatants, as reported in the

`Materials and methods'. The results were compared with the

respective fungicidal activity of the same co-cultures. As shown

in Fig. 3, the low fungicidal activity obtained with non-

activated and IFN-c-activated cultures challenged with Pb18

was correlated with low levels of TNF. However, surprisingly,

a signi®cant fungicidal activity was detected with indomethacin

alone or indomethacin plus IFN-c treatment and was also

related to low levels of TNF-a. Analysis of the results for Pb265

showed that, similar to Pb18, non-activated monocytes

presented low fungicidal activity despite the increase in

TNF-a levels when compared to Pb18. However, the signi®cant

fungicidal activity observed in indomethacin- or IFN-c-

pretreated monocytes was associated with similar levels of

TNF-a when compared to untreated monocytes. Higher levels

of TNF-a were only obtained when the cells were incubated

with indomethacin plus IFN-c. However, the fungicidal

activity of this culture was similar to that obtained by

pretreatment with indomethacin or IFN-c alone. Taken

together, the results show that in the absence of prostaglandins

low levels of TNF-a are suf®cient for monocyte activation with

consequent killing of the virulent strain of P. brasiliensis.

However, in the presence of prostaglandins two activation

signals are necessary for the acquisition of fungus-killing

ability, one given by IFN-c and the other given by adequate

concentrations of TNF-a. These conditions were detected in

our system when IFN-c-treated monocytes were challenged

with Pb265.

To determine whether, in the absence of prostaglandin

production, TNF-a, even at low levels, was enough for effective

monocyte killing, we carried out experiments in which the cells

were preincubated with different doses of TNF-a. This

preincubation process promotes monocyte activation by

TNF-a before the contact of these cells with the fungus,

avoiding the action of prostaglandins secreted in the super-

natants of the co-cultures. The results are shown in Fig. 4. As

expected, TNF-a at different concentrations activated human

cells for effective killing of the high-virulence strain of P.

brasiliensis. The importance of this cytokine was con®rmed

recently in our laboratory by experiments with monocytes
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Figure 2. Effect of indomethacin (Indo) on the fungicidal activity of

human monocytes non-activated or IFN-c-activated and challenged

with Pb18 or Pb265. Monocytes (Mo) were preincubated with CTCM

or with CTCM containing Indo (20 mg/ml) or Indo (20 mg/ml) plus

IFN-c (1000 U/ml) for 24 hr, after challenge with Pb18 or Pb265 for

4 hr and evaluated for fungicidal activity. Results are expressed as

meantSEM of percentage of fungicidal activity detected in monocytes

obtained from 15 subjects; **P<0.01, ***P<0.001.
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Figure 1. Effect of IFN-c on the fungicidal activity of human

monocytes challenged in vitro with high- and low-virulence strains of

P. brasiliensis. Monocytes (Mo) were preincubated with CTCM or

CTCM plus different concentrations of IFN-c (250, 500 and 1000 U/

ml) for 24 hr and after challenge with P. brasiliensis strain 18 (Pb18) or

265 (Pb265) for 4 hr. Results are expressed as mean t SEM of

percentage of fungicidal activity detected in monocytes obtained from

15 subjects; ***P<0.001.
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preincubated with IFN-c plus anti-TNF-a and challenged with

Pb265 strain. The fungicidal activity was abrogated by

neutralizing antibody to TNF-a, con®rming the role for this

cytokine in human monocyte activation for P. brasiliensis

killing (Calvi et al., unpublished data).

DISCUSSION

Several mechanisms involved in the host±parasite relationship

in paracoccidioidomycosis have not been fully elucidated. Since

the aetiological agent is the fungus P. brasiliensis, which is

considered an intracellular pathogen, the study of the

interaction of this micro-organism with phagocytic cells is of

the utmost importance in the understanding of these mechan-

isms. Paracoccidioides brasiliensis survives in both murine

macrophages4 and human monocytes/macrophages.16 Modu-

lation of the mononuclear phagocyte±P. brasiliensis interaction

with cytokines has yielded con¯icting results. IFN-c has

been shown to restrict growth and survival of P. brasiliensis in

murine macrophages.4 However, other investigators reported

that IFN-c-treated human monocytes only have a fungistatic

activity against the fungus and no demonstrated fungicidal

effect.16 The present results con®rm these observations and

others previously obtained in our laboratory in relation to the

high-virulence strain of the fungus. In contrast, the IFN-c-

activated cells demonstrated an effective fungicidal activity

against the low-virulence strain. In the present work we
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Figure 4. Fungicidal activity of monocytes (Mo) preactivated with

CTCM or with CTCM plus TNF-a 250, 500 and 1000 U/ml or TNF-a

250 U/ml plus IFN-c 1000 U/ml and after challenge with Pb18. Results

are expressed as mean tSEM of percentage of fungicidal activity

detected in monocytes obtained from 15 subjects; *P<0.001.
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results are expressed as mean t SEM of percentage of fungicidal activity and TNF-a levels detected in monocytes obtained from 15

subjects; *P<0.05, **P<0.01.
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evaluated the modulatory effect of prostaglandins on the

differences of fungicidal activity presented by human mono-

cytes in relation to P. brasiliensis strains. Non-activated or

IFN-c-activated monocytes were treated with indomethacin,

and then evaluated for their ability to kill Pb18 or Pb265. The

results demonstrated the modulatory effect of prostaglandins

even in non-activated monocytes. When these cells where not

treated with indomethacin and were challenged with Pb18, they

secreted low levels of TNF-a associated with a lack of

fungicidal activity. However, when same cells were treated

with indomethacin, low levels of TNF-a were produced, in the

co-culture supernatant but with effective fungicidal activity.

These results demonstrate that when prostaglandins are

inhibited, low concentrations of TNF-a are suf®cient for

monocyte activation and consequent killing of the fungus. The

same mechanism can be proposed on the basis of the results for

cells treated or not with indomethacin and challenged with

Pb265. TNF-a levels were higher than those obtained when the

cells were challenged with Pb18, but no signi®cant differences

in the TNF-a levels were detected between the supernatants of

untreated or indomethacin-treated monocytes. However, a

signi®cant fungicidal activity was detected in the treated

co-cultures.

Important differences with respect to the two P. brasiliensis

strains can be discussed in relation to the cells preincubated

with IFN-c alone. In the co-cultures challenged with Pb18, low

levels of TNF-a associated with the absence of fungicidal

activity were detected. In contrast, the challenge with Pb265

stimulated a release of higher levels of TNF-a and the presence

of effective fungicidal activity. Thus, the killing of the Pb265

strain by IFN-c-activated monocytes is due to its higher

capacity to induce the liberation of TNF-a by monocytes,

supporting our hypothesis that in the presence of prostaglan-

dins the cells must be activated by two signals one given by

IFN-c and other by adequate concentrations of TNF-a.

Paracoccidioides brasiliensis probably induces the release of

prostaglandins and other cytokines during its interaction with

the phagocytic cells. Currently, results in our laboratory

demonstrate that Pb18 induces high levels of anti-in¯ammatory

IL-10 cytokine during monocyte infection when compared with

Pb265. This evidence allows us to assume that strains such as

Pb265, with minor virulence and capacity to induce the release

of high levels of TNF-a, will be destroyed more effectively.

Thus the fungus-killing by phagocytic cells may be dependent

on the balance of mediators with pro- or anti-in¯ammatory

activity produced during the contact between P. brasiliensis

and monocytes.

High production of PGE2 by macrophages leading to in

vivo immune suppression has also been demonstrated in studies

of intracellular infection in mice.17 In addition, this mediator

promotes a generalized block of macrophage activation

induced by live Mycobacterium leprae,12,18,19 Leishmania

donovani20 and Mycobacterium microti.21

In the present study although Pb265 induced higher levels

of TNF-a in monocyte cultures than Pb18, similar levels of

TNF-a were detected in supernatants of monocytes treated or

not with indomethacin. Although some investigators have

reported inhibition of TNF-a secreted by stimulated human

monocytes22,23 and murine macrophages24 after the addition of

exogenous PGE2, our results suggest that this mediator may

exert its effect by a mechanism other than inhibition of TNF-a

production. Choi et al.25 demonstrated that PGE2 stimulation

of the human monocytic cell line THP-1 not only regulates

TNF-a activity at the production level, but does so through the

release of two soluble receptors as well. This arachidonic acid

metabolite exerts a regulatory effect on TNF-a biological

activity by interfering with its ability to interact with cell

membrane TNF-a receptors. Thus, we assume that prosta-

glandins may act by inhibiting the action of the secreted TNF-

a. This hypothesis could explain the need for a ®rst signal given

by IFN-c and another given by considerable concentrations of

TNF-a. High levels of TNF-a may exert a compensatory effect

on the inhibition of this cytokine function by prostaglandins.

The ®nding that in the presence of prostaglandins, monocytes

need to be incubated with IFN-c as a ®rst signal, to acquire

effective killing ability against P. brasiliensis, can have

important implications in vivo since a speci®c Th1-mediated

immune response with production of IFN-c is crucial to the

destruction of the fungus by monocytes/macrophages. How-

ever, several reports have indicated that this type of immune

response is depressed in paracoccidioidomycosis patients.26

The importance of IFN-c has been demonstrated in

murine experimental models of susceptibility and resistance

to paracoccidioidomycosis. The treatment of intratracheal

infected mice with anti-IFN-c monoclonal antibody prevented

the clearance of yeast cells from the lungs and promoted their

dissemination to the liver and the spleen.27

Taken together, the present results allow us to hypothesize

the mechanisms involved in the early events in the interaction

of P. brasiliensis with lung tissue. Contact of the fungus with

alveolar macrophages induces an activation process with

consequent release of TNF-a, the levels of which will depend

on the strain involved. However, during this activation, there is

also a release of high levels of prostaglandins.

Some studies have demonstrated that antigens with the

capacity to induce PGE2 release from macrophages may

in¯uence the development of a Th1 or Th2 dominant response.

Thus, an in¯ammatory process that leads to a local increase of

PGE2 might control an immune response toward dominant

production of Th2-associated cytokines.28

Macrophages infected with M. leprae are refractory to IFN-

c-induced activation18 and generate high levels of PGE2 ex

vivo.19 IFN-c refractory macrophages can be generated in vitro

as well by infection with a large number of viable M. leprae

bacilli, and PGE2 plays a crucial role in the induction of this

defect.12

In this context, the lack of fungicidal activity in patients and

in mice susceptible to P. brasiliensis will occur due to an

absence of IFN-c activation.

In conclusion, our studies need to be viewed within the

context of the highly complex and extensively studied

macrophage/T-cell interaction, since a wide variety of soluble

factors have been implicated in both positive and negative

regulation of the activation of these two cell types.
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