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IL-10 up-regulates nitric oxide (NO) synthesis by lipopolysaccharide (LPS)-activated
macrophages: improved control of Trypanosoma cruzi infection
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SUMMARY

We examined the effects of IL-10 on tumour necrosis factor-alpha (&N&d NO production by LPS-
activated macrophages and on the ability of these cells to coityphnosoma cruznfection. We first
observed that the addition of rIL-10 to macrophages of the J774 cell line decreased their synthesis of
TNF-a butincreased their release of NO in a dose-dependent manner. In parallel, treatment of J774 cells
with rIL-10 resulted in a better control @f. cruziinfection involving up-regulation of NO synthesis, as

it was not observed in presence of N-nitr@rginine methyl ester {(NAME), a competitive inhibitor of

NO synthase. The enhancing effect of rIL-10 on NO production was not observed on peritoneal
macrophages from wild-type C57BI/6 mice, but well on macrophages from IL-10 knock-out mice. The
control of NO production by endogenous IL-10 was confirmed by the demonstration that neutralization
of IL-10 secreted by LPS-activated macrophages from wild-type mice inhibited their production of NO
and, in parallel, their ability to contrdl. cruziinfection. Taken together, these data demonstrate that
both exogenous and endogenous IL-10 up-regulate the production of NO by LPS-activated macro-
phages and improve thereby their ability to cl@arcruziinfection.
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INTRODUCTION MATERIALS AND METHODS
When suitably activated, murine macrophages release NO b)éeagents

catabolizing L-arginine via an inducible nitric oxide synthase IFN-y was kindly provided by Dr A. Billiau and Dr H. Herremans

,(iNOS; [1]). NO, has a mfijor roI.e in macrophagg defences agains(tCatholic University of Louvain, Belgium). LPSE6écherichia
intracellular microorganisms, including parasites suchTag coli, serotype 0111:B4), and N-nitisarginine methyl esterd{

panosoma c_ruz(reviewed in [2]). Among the_ aggnts stimulating NAME) were purchased from Sigma Chemical Co. (St Louis,
NO synthesis by macrophages, the combination of interferony;q) Recombinant murine IL-10 (rIL-10) was obtained as culture
gamma (IFN7) and tumour Necrosis factor-alpha (TNf-is supernatants from Sf9 insect cells stably transfected with the
espeually active as well as bacterial LPS [3,4]. L . corresponding complementary DNA, as previously described

IL-10 is known as a potent macrophage-deactivating cytoking 5 sing the baculoviral expression vector pBlue Bac2 (Invi-
[5.6]. In this context, IL-10 has been shown to inhibit IFN- trogen, San Diego, CA). It was semipurified by ionic separation

dependent NO production by macrophages and thereby they, omatography. The IL-10 concentration of the preparation was
ability to control parasitic infections [2]. However, the effect of determined by ELISA (Genzyme Co., Cambridge, MA). A

IL-10 on LPS-induced NO production has not been clearly deﬁne(heutralizing anti-IL-10 MoAb (JES5-2A5, a rat IgGl) was
so far [5,7—11]. The present study was therefore undertaken t8htained in ascites form [13]. As isotype-matched control, we
determine the effects of exogenous or endogenous IL-10 on NQseq ascites of LO-DNP-2 hybridoma cells (kindly provided by
production in this setting. The demonstration that IL-10 Up-p i Bazin, Catholic University of Louvain, Belgium), secreting
regulates NO production by LPS-activated macrophages led u§ 5y immunoglobulin G1 MoAb with anti-dinitrophenyl specifi-
to analyse the influence of IL-10 on the ability of these cells 10y, | ps |evels of all the reagents and media were tested using
control T. cruziinfectionin vitro. the colourimetric Limulus Amoebocyte Lysate assay (detection

Correspondence: F. Jacobs, Clinique des Maladies InfectieudgisaHo limit 1 pg/ml; Coatest Endotoxin Chromogenix, “Mdal,
Erasme, 808 route de Lennik, B-1070 Brussels, Belgium. Sweden) and were 15 pg/ml.
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Murine macrophage cell line Finland). Sodium nitrite (NaNg) diluted in culture medium was
The murine macrophage cell line J774 was kindly provided byused as a standard. The detection limit of the assay wasa1-0
Professor G. Milon (Institut Pasteur, Paris, France). Cells were
grown in RPMI 1640 supplemented with heat-inactivated fetal
bovine serum (FBS; 10%);glutamine 2 nm, non-essential amino
acids, N-2-hydroxyethylpiperazine42 ethanesulphonic acid rIL-10 up-regulates NO synthesis by LPS-activated J774

25mwv, penicillin 100 U/ml, and streptomycin 1Q@/ml (Gisco macrophages

BRL, Gaithersburg, MD). Macrophages were irradiated beforeWe first investigated the effect of exogenous rIL-10 on NO
culture (30 Gy, Mark 1-68A Irradiator; J. L. Shepherd & Associ- production by macrophages of the J774 cell line. Preliminary

RESULTS

ates, San Fernando, CA) to inhibit further cell replication. data showed that rIL-10 (10 U/ml) decreased basal BN#educ-
tion by resting macrophages (0-#4€-05 versus0-25=+ 0-04 ng/
Mouse peritoneal macrophages ml; P<0-01, Student'st-test), while their production of NO

Male C57BI/6 and C57BI/6 IL-10 knock-out mice (IL-10 KO),
8-12weeks old (Jackson ImmunoResearch Labs, West Grove,

PA) were maintained in our animal facilities on standard (a)
laboratory chow. They were killed by ether inhalation. Mouse
peritoneal macrophages (MPM) were obtained as previously 100
described [14]. They were allowed to adherex@® MPM/ 4
well) in 24-well microplates (Nunc, Roskilde, Denmark) on a
coverslip (13 mm diameter, Thermanox; Miles Scientific, Napier-
ville, IL) placed in the plates for 2h at 3Z in a 5% CQ water-
saturated atmosphere. Non-adherent cells were removed by
washing with prewarmed culture medium before adding reagentsgn 60
and parasites.

80

40

TNF-a (n

Trypanosoma cruginfection and activation of macrophages
Trypanosoma cruzirypomastigotes were obtainea vitro from
infected fibroblasts as previously described [15]. They were
centrifuged (15min, 18060, 4°C), resuspended in macrophage 20
culture medium and added to adherent macrophages in a 5/1
parasite—cell ratio. Infected macrophages were incubated°@t 37

in a CQ, atmosphere. LPS (dg/ml) was added at the time df. 0 ‘ ‘ ‘ ‘ ‘ ‘
cruziinfection. 001 01 1 10 L 500

Macrophages were treated by adding either rIL-10, neutralizing (b)
anti-IL-10 MoAb (JES5-2A5) or isotype-matched control MoAb
(LO-DNP-2). These reagents were added at the time of LPS
activation andr. cruziinfection.

At 16 h post-infection (p.i.), culture supernatants were har-
vested for TNFe, IL-10 or NO measurements. The cell cultures
were washed with prewarmed medium to remove free parasites and
medium was replaced with the respective reagents. At 48 h p.i., the
macrophages were fixed with methanol, stained with Giemsa ands
examined by an optical microscope. The percentage of infected>

macrophages was recorded after examination of at least 200 ceII§
per well [14]. =

Murine IL-10, TNFec and NO assays

Murine IL-10 concentrations were determined by ELISA with a
commercial kit (Genzyme, Cambridge, MA). The limit of detec-
tion of the test was 0-015 U/ml.

TNF-o was assayed, as described elsewhere [16], by sandwich 15 ‘ ‘ ‘ ‘ ‘ ‘
ELISA using two rabbit anti-mouse TN&-polyclonal antibodies 0-01 01 1 10 100 500
kindly provided by W. A. Buurman (Department of Surgery, IL-10 (U/ml)

University of Limburg, Maastricht, The Netherlands). The detec- ) )
tion limit of the assay was 20 pg/ml. Fig. 1. Effects of rIL-10 on the production of tumour necrosis factor-alpha

NO production was evaluated by measuring nitrite, its stable(T'\_'Fﬂ) an_d NO by LPS-activated J774. macrc.’ph.ages' Jr7a Ce”S. were
. . . activated with LPS (Lg/ml) and treated with the indicated concentrations

degradation product, by the Griess reacuor_] [17]. E?Ch CU|tureof rIlL-10. TNF-« (a) and nitrite levels (b) were determined in culture

Supernatant (Sp1) was added to Sgl of the. Gr!ess S.0|Ut'0n (10/? supernatants collected after 16 h. Data are expressed astrednof three

sulfanilamide, 0-1% naphthylethylene diamine dihydrochloride,ingependent experiments performed in triplicate <0-05; **P< 0-001

2% H;PQy). The absorbance was measured at 540 nm in a microcompared with LPS-activated J774 cells in the absence of rlL-10 (Student’s

plate ELISA reader (Titertek Multiscan MCC/340, MKII EFLAB, t-test).
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Fig. 2. Kinetics of nitrite production by LPS-activated J774 macrophages.

J774 cells were activated with LPS@/ml) in the absence or presence of Fig. 3. Effects of rIL-10 on LPS-activated J774 macrophages infected with

riL-10 (10 U/ml) and nitrite levels were determined in supernatants col-Trypanosoma cruziTrypanosoma cruziafected cells were activated with

lected at the indicated time points. Data are shown as mes. of three | ps (1,g/ml) and incubated with the indicated concentrations of riL-10.

independent experiments performed in triplicate=0-01, 0-02 and 0-04  Njtrite levels were determined in culture supernatants collected after 16 h

after 16, 24 and 48 h, respectively, for macrophages treated with LPS angnd the percentages of infected macrophages were determined after 48 h.

IL-10 compared with macrophages treated with LPS alone (Student'ata are expressed as means.d. of three independent experiments

t-test). performed in triplicate. P<0-05; **P<0-001 compared with cells not
treated with rIL-10, for nitrite concentrations; % 0-01 for percentages of
infected macrophages (Studenttest).

remained below detection levels in the absence as well as in the

presence of rIL-10. J774 macrophages were then activated with . . .

LPS (1ug/ml) in the presence of graded concentrations of riL-10a3 associated with a dose-depehdent decreage n the. percent.ages

#d b g f infected macrophages, a maximal effect being achieved with

(0—500 U/ml) and culture supernatants were collected after 16 h fo n | of P hg ' . 9

determination of NO and TNE- levels. As expected, TNE- 00 U/m 0 rIL-lO.T_ ese experiments were repeated on macro-

production induced by LPS was inhibited by riL-10 (Fig. 1a). In phages stimulated with a lower dose of LPS (10 ng/ml) and similar

contrast, riL-10 enhanced NO production in a dose-dependen‘?ﬁe_(r:ts O\j r:L'%O merf cl)bsefr\;\leg (d\?t? ?Octj Sht?vﬁn?n the enhanced
manner (Fig. 1b). The activating effect of rIL-10 on NO production 0 evaluate the role ot IN© overproductio € enhance
was already observed with 0-1 U/ml rIL-10 and was maximal atcontrol of T. cruzi infection induced by rIL-10, J774 infected

10 U/ml rIL-10 (80% increase compared with LPS-activated J77 macrophages were cultured with LPSug) and riL-10 (10 U/ml)

. s n the presence or absence 6NAME (5mwm), a competitive
h the ab friL-10). A: trol fied th - . . .
macrophages In né absence ot r ). As control, we verifie aI{ hibitor of NO synthase. The major decrease in NO production

control supernatant of untransfected Sf9 insect cells had no effedt . . - :
in this system (data not shown). Moreover, we found that addition'tgduceol byL'NAN:FT \;vas assomatei with a foulr-fold ncrease mh
of 1pg/ml of neutralizing anti-IL-10 MoAb completely inhibited € percentage of infected macrophages (Table 1), indicating that
rIL-10-induced NO up-regulation, whereas an isotype-matchec}he improved control oﬂ'._ cruzi by rIL-10-treated macrophages
irrelevant MoAb had no effect. involved NO overproduction.

The enhanced NO production induced by rIL-10 was observed
early after LPS activation (Fig. 2). Indeed, the overproduction oftaple 1. NO production and control oTrypanosoma cruzinfection by
NO by macrophages treated with LPS and rIL-10 compared with LPS-activated J774 cells
macrophages cultured with LPS alone was more pronounced after
16 h of culture (77% increase) than after 48 h (36% increase).

A T. cruzi-infected macrophages © Nitrite

Culture conditionst Nitritem/10° cells)t Infected cells (%)%

rlL-10 enhancedT. cruzi control by LPS-activated J774 macro-
phages through an increase of NO production AL-10
To evaluate the relevance of rIL-10-induced NO overproduction inr"__10+ L-NAME
terms of macrophage defences, we investigated the ability of LPS-
activated macrophages to contifolcruziinfection in the presence ] ] ]
or absence of rIL-10. Irradiated J774 macrophages were treated | -PS-activated J774 cells were treated with riL-10 (10 U/ml) in the
with LPS (1ug/ml) and graded concentrations of rIL-10 (0—500 U/ presence or fabsence of N-nitraarginine methy| ester (NAME) (5 mw);

. . . . . nitrite levels in supernatants were measured after 16 h and the percentages
ml) andnlncubated witf. cruzitrypomastigotes at a 5/1 parasite— of infected cells were determined after 48 h.
cell ratio. Culture supernatants were collected after 16h for 4p5is are expressed as meas.d. of three independent experiments
determination of NO levels and macrophages were stained aft§ferformed in triplicate.
48 h to detect the presence of intracellular parasites. As shown in *p<0.01 compared with LPS-activated macrophagesP <®-01
Fig. 3, the increased production of NO in the presence of rIL-10compared with LPS/IL-10-treated J774 cells (Studentst).

Medium 8-6+1-7% 54+ 8.6t
18-3+ 3-4* 15-8+11-2*
4.2+ 0-8** 66:5+ 4.9 **
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300 — " cells determined after 48 h (36289-8% versus21-1+6-3% in
absence of rIL-10). The difference between the responses of J774
cells and peritoneal macrophages to riL-10 led us to compare their
production of cytokines upon LPS activation. After 16 h of LPS
stimulation (1ug/ml), J774 cells did not produce detectable levels

200 — of IL-10 but produced high levels of TN&-(90-1+ 8-9 ng/ml),

whereas significant levels of IL-10 (3250-2U/ml) and low

levels of TNFe (5-2% 0-8 ng/ml) were detected in supernatants

250 —

Nitrite (% of increase)

150 of peritoneal macrophages. This led us to consider that endogenous
IL-10 might control NO production in peritoneal macrophages.
100 |- Indeed, we found that rIL-10 induced a major increase in peritoneal
cells from IL-10-deficient mice, whereas it had no significant effect
50 [ on peritoneal cells from wild-type mice of the same background
(C57BI/6) (Fig. 4).
0 ﬁ Finally, we further analysed the regulatory role of endogenous

IL-10 on NO production by neutralizing endogenous IL-10 pro-
Fig. 4. rIL-10 up-regulates NO production by peritoneal macrophages ofduc_e,d by normal p'er'ltoneall macrophages. As shown in Fig. 5,
IL-10-deficient but not wild-type mice. J774 cells and peritoneal macro-2ddition of a neutralizing anti-IL-10 MoAb (JESS-2A5; Ag/mi)
phages from either IL-10-deficient mice (IL-10 KO) or wild-type control t0 Peritoneal macrophages incubated with LPS:d/ml) and
C57BI/6 mice (WT) were treated as described in the legend of Fig. 3 ininfected withT. cruzi significantly reduced their NO production
absence or presence of rlL-10 (10 U/ml); nitrite levels were measured irand their ability to control. cruziinfection, whereas an irrelevant
culture supernatants after 16 h. Results are expressed as percentagesisgitype-matched MoAb had no effect on either parameter.
increase compared with macrophages not treated with rlL-10 (thead.
of three independent experiments performed in triplicate).P’20-001
compared with macrophages from wild-type mice (Studertest). DISCUSSION
Although the deactivating effects of IL-10 on monocytes/macro-
phages and its ability to inhibit Thl-type responses are well
LPS-induced NO production by MPM was partially due to endo-established, there is growing evidence that IL-10 cannot be
genous IL-10 simply considered as an anti-inflammatory and immunosuppres-
In the next series of experiments, we analysed the effect of riL-1Give cytokine. As a matter of fact, IL-10 was found to enhance
on MPM activated with LPS (&g/ml) and simultaneously infected cytolytic activities of CD8 cells and natural killer (NK) cells and
with T. cruzitrypomastigotes. On these cells, rIL-10 (10 U/ml) did to favour antibody-dependent cellular cytotoxicity [18—22].
not significantly influence either NO production measured in It appears that the effects of IL-10 on NO production are highly
culture supernatants after 16h (1%2-2um versus 13-2+ dependent on the experimental system considered, as both suppres-
2-9um in absence of rIL-10) or the percentagesotruziinfected  sion and up-regulation of NO production by IL-10 were reported in

J774 WT IL-10 KO

MoAb added

AntI-IL-10 . o _ **

Isotype
control

| | | | | |
5 10 15 0 20 40 60

o

Nitrite (um) T. cruzi-infected cells (%)

Fig. 5. Effects of endogenous IL-10 neutralization in LPS-activated peritoneal macrophages infectebrypiimosoma cruziMouse
peritoneal macrophages from wild-type C57BI/6 mice were activated with LR&{l), infected withT. cruziand cultured either in medium

alone or in the presence of either neutralizing anti-IL-10 MoAb (JES5-2A%glfdl) or the same concentration of its isotype-matched
control (LO-DNP-2; 1Qug/ml). Nitrite levels were determined in culture supernatants after 16 h and the percentages of infected macrophages
were determined after 48 h. Data are shown as mear. of triplicate determinations in three different experiment®.£0-01 compared

with isotype control MoAb (Student'stest).
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previous studies. Indeed, although IL-10 down-regulates the pro-3 Hamilton TA, Adams DO. Molecular mechanisms of signal
duction of NO by IFNy-activated macrophages, it increases NO  transduction in macrophages. Immunol Today 19BT51-8.
production when macrophages are activated with 4Fahkd TNF- 4 Jor_ens _PG, Matthys KE, Bult H. Modula_\tion of nitric oxide synthase
« [23], and also when macrophages are treated by IL-10 during _ 2ctiVity in macrophages. Med Inflammation 1995/5-89.
3days and then activated by high doses of LPS [24]. In the present’ ii?grtlj;?kir?i OV?]ngOtiﬂeE’ 138;:?2 15Czi gMggrophage deactivation by
study, we found that exogenously added as well as endogenouslyé3 i P i '

; . de Waal Malefyt R, Abrams J, Bennettds al. Interleukin 10 inhibits
produced IL-10 up-regulated NO production by LPS-activated cytokine synthesis by human monocytes: an autoregulatory role of IL-

macrophages._ _In bqth settings, the ability of macrophages t0 10 produced by monocytes. J Exp Med 199241209—20.
control T. cruziinfection was enhanced as a consequence of the7 cChesrown SE, Monnier J, Visnerasal. Regulation of inductible nitric

increased NO synthesis. oxide synthase mRNA levels by LPS, IFN-TGF, and IL-10 in

Our observations that both exogenous and endogenous IL- murine macrophage cell lines and rat peritoneal macrophages. Biochem
10 are protective in amn vitro model of T. cruzi infection of Biophys Res Commun 199200126-34.
LPS-activated macrophages are in contrast with othevitro 8 Loftis LL, Meals EA, English BK. Differential effects of pentoxifylline

and interleukin-10 on production of tumor necrosis factor and induc-
tible nitric oxide synthase by murine macrophages. J Infect Dis 1997;
1751008-11.

9 Perretti M, Szabo C, Thiemermann C. Effect of interleukin-4 and
interleukin-10 on leucocyte migration and nitric oxide production in

studies showing that IL-10 impairs the macrophage defences
against intracellular microorganisms in the case of H-N-
activation. As forin vitro studies, the role of IL-10 duringn

vivo infections is not clear. Although IL-10 was shown to

promote the outgrowth ofStreptococcus pneumoniaf25], the mouse. Br J Pharmacol 1998:6.2251—7.

group B Streptococcug26], Chlamydia trachomati§27], Kleb- 10 Berg DJ, Kuhn R, Rajewsky &t al. Interleukin-10 is a central regulator
siella pneumoniae[28], Salmonella [29], Candida [30,31], of the response to LPS in murine models of endotoxic shock and the
Legionella pneumophilg32], Mycobacterium aviun{33,34], a Shwartzman reaction but not endotoxin tolerance. J Clin Invest 1995;
protective effect of IL-10 was recently described iseudomo- 96:2339-47.

nas aeruginosgneumonia [35]. The role of endogenous IL-10 11 Nemqto Y, Otsuka T, Niiro He‘t al. Inhibitory effects of interleukin—lQ

in the course of experimentdl. cruzi infections was investi- and viral IL-10 on the functions of monocytes/macrophages. Nihon

; [ . - Rinsho Meneki Gakkai-Kaishi 19988:152-9.
gated in IL-10 knock-out mice: IL-10-deficient mice had Iower_ 12 Geard C, Bruyns C, Marchant At al. Interleukin-10 reduces the

paraSIt.e burden thqn their Wlld_-type counterparts - but .th.elr release of tumor necrosis factor and prevents lethality in experimental
mortality rate was higher, most likely because of the toxicity . 4otoxemia. J Exp Med 199377:547—50.

associated with the overproduction of IL-12, IRNand TNFer 13 Mosmann TR, Scumacher JH, Fiorentino &fal. Isolation of mono-

[36,37]. Similar results have been observed Toxoplasma clonal antibodies specific for IL-4, IL-5, IL-6, and a new Th2 specific
[38,39] and P. chabaudi[40] infections. Moreover,in vivo cytokine (IL-10), cytokine synthesis inhibitory factor, by using a solid
injection of rIL-10 in T. cruziinfected mice resulted in higher phase radioimmunoadsorbent assay. J Immunol 198838-45.
levels of parasitaemia, but did not affect either the mortality 14 Olivares FE, Heirman C, ThielemanseKal. Granulocyte-macrophage
rate or the histopathology [40]. colony-stimulating factor: involvement in control ®fypanosoma cruzi

infection in mice. Infect Immun 199634:3429—-34.
15 El Bouhdidi A, Truyens C, Rivera M-Bt al. Trypanosoma cruzi

. . . . . . infection in mice induces a polyisotypic hypergammaglobulinaemia
infection resulted in early mortality [41,42). In this setting, riL-10 and parasite-specific response involving high IgG2a concentrations and

adm!nlstratlon might not.on!y protect agalrllst the acyte .cytoklne.- highly avid IgG1 antibodies. Parasite Immunol 1996,69—76.
mediated pathology as indicated by previous studies in experiig pentener MA, Greve JW, Maessen dGal. Role of tumor necrosis
mental endotoxaemia [12,43], but also promote parasite clearance factor in the phenomenon of the enhanced sensitivity of animals to
by enhancing NO synthesis, as suggested by ithevitro endotoxin after exposition to lead. Immunopharmacol Immunotoxicol
observations reported in the present study. 1989;11:321-4.

In conclusion, we demonstrated that both exogenous and? Green LC, Wagner DA, Glogowskiet al. Analysis of nitrate, nitrite
endogenous IL-10 up-regulate the production of NO by LPS- and £5N] nitrate in biological fluids. Anal Biochem 198226:131-8.
activated macrophages, which results in a better controT.of 18 Chen WF, Zlotnik A. IL-10: a novel cytotoxic T cell differentiation

. . ] factor. J Immunol 1991147.528—-34.
cruzi infection. These data confirm that IL-10 can up-regulate 019 Carson WE, Lindemann MJ, Baiocchi @ al The functional char-

down-.regulate NO production by macrophages according to the acterization of interleukin-10 receptor expression on human natural

experimental model. killer cells. Blood 199585:3577—85.

20 Yang G, Hellstrsn KE, Mizuno MT et al. In vitro priming of tumor-
reactive cytolytic T lymphocytes by combining IL-10 with B7-CD28
ACKNOWLEDGMENTS costimulation. J Immunol 1993:553897-903.

21 Zheng LM, Ojcius DM, Garaud Et al Interleukin-10 inhibits tumor
metastasis through an NK cell-dependent mechanism. J Exp Med 1996;
184579-84.

22 te Velde AA, de Waal Malefijt R, Huijbens R&F al. IL-10 stimulates
monocytes FgR surface expression and cytotoxic activity. J Immunol
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