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Interleukinn 10 Inhibits the Release of CC Chemokines during Human 
Endotoxemia a 

Dariuszz P. Olszyna, Dasja Pajkrt, Fanny N. Lauw, Department of Experimental Internal Medicine, Academic Medical 

Sanderr J. H. van Deventer, and Tom van der Poll Center, University of Amsterdam, Amsterdam, the Netherlands 

Sixteenn healthy subjects were intravenously injected with l ipopolysaccharide (LPS), once 
wit hh p lacebo and once with recombinant human interleukin ( IL)-10 (25 jig/kg), to determine 
thee effect of IL-10 on LPS-induced product ion of macrophage inf lammatory protein 
( M I P ) - l a,, MIP-10, and monocyte chemoatt ractant protein ( M C P ) - 1. LPS induced transient 
increasess in serum M I P - l a, MIP-1/3, and M C P - 1. Pretreatment with IL-10 inhibited LPS-
inducedd release of M I P - l a, MIP-1/3, a nd MCP-1. In whole b lood in vitro, the IL-10- induced 
inhibi t ionn of M I P - l a and MIP-1/3 release was equally potent in the presence or absence of 
ann an t i - t umor necrosis factor (TNF) antibody. A l though isolated peripheral b lood mono-
nuclearr cells produced more MIP- l a a nd MIP-l/S than neutrophi ls, the latter cells were more 
sensitivee to the inhibi t ing effect of IL-10. IL-10 at tenuates LPS-induced product ion of CC 
chemokiness in h u m an endotoxemia, whereby in vitro experiments suggest that, in the case of 
M I P - l aa and MIP-1/3 release, this effect is independent from an inhibitory effect on T N F 
product ion. . 

Chemokiness are a family of small chemotact ic proteins that 

playy an impor tant role in inf lammatory responses, as mediators 

off  leukocyte trafficking and activation [1, 2]. Chemokines have 

beenn divided into several families on the basis of theirstructure. 

Macrophagee inf lammatory protein ( M l P ) - l a, MIP-1/3, and 

monocytee chemoat t rac tant protein ( M C P ) -l belong to the CC 

chemokinee family and act primari ly on monocytes and macro-

phages. . 

Endotox inn is the l ipopolysaccharide (LPS) part of the outer 

membranee of gram-negat ive bacteria and is considered to be 

responsiblee for the induct ion of inflammation during gram-

negativee infection. Administ rat ion of LPS to healthy humans 

inducess a systemic inf lammatory response witlvmany charac-

teristicss of sepsis, such as cytokine product ion, leukocyte ac-

t ivation,, and activation of coagulat ion and fibrinolysis [3]. Fur-

thermore,, iv injection of LPS has been found to elicit transient 

risesrises in the plasma concentrat ions of M I P - l a, MIP-1/3, and 
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MCP-11 [4, 5]. In accordance, the circulating levels of these CC 

chemokiness were also elevated in patients with sepsis [4, 6, 7], 

Interleukinn (IL)-10 is a major anti- inf lammatory cytokine 

thatt potently inhibits product ion of proinflammatory mediators 

suchh as tumor necrosis factor-a (TNF) and IL- 1 [8, 9]. The 

anti- inf lammatoryy properties of IL-10 are enhanced by stim-

ulationn of the product ion of IL- 1 receptor antagonist [10] and 

sheddingg of T N F receptors [11]. Elevated IL-10 levels have been 

reportedd in patients with sepsis[12, 13] and experimental human 

endotoxemiaa [13]. In LPS-challenge models, IL-10 appears to 

havee a protective function. Indeed, recombinant IL-10 reduced 

T N FF release in response to LPS and protected against LPS-

inducedd mortality in mice [14]. Neutral izat ion of endogenously 

producedd IL-10 in endotoxemic mice resulted in an increased 

product ionn of several proinf lammatory cytokines, including 

T N F,, and enhanced mortal i ty [15]. Similarly, IL-10 gene-

deficientt mice demonstrated higher mortal i ty rates after LPS 

injectionn [16]. 

Knowledgee of the effect of IL-10 on CC chemokine pro-

ductionn is limited to in vitro studies. In these studies, IL-10 was 

foundd to inhibit the product ion of M I P - l a and MIP-1/3 by 

murinee macrophages [17, 18], as well as LPS-induced produc-

tionn of MlP-lof by human blood monocytes [19] and poly-

morphonuclearr cells [20]. Both st imulatory and inhibitory ef-

fectss of IL-10 on MCP-1 synthesis in vitro have been described 

[21-23].. In the present study, we sought to determine the in vivo 

effectt of IL-10 on the product ion of M I P - l a, MIP-1/3, and 

MCP-11 in the well-established model of human endotoxemia. 

Ma te r ia lss and M e t h o ds 

InIn vivo study. The in vivo study was done simultaneously with 
investigationss determining the effects of IL-10 on cytokines, gran-
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ulocytes.. and the hemostatic mechanism, the results of which have 
beenn published elsewhere [24, 25]. Sixteen healthy male subjects 
(meann age  SE: 23  1 years) were enrolled in this double-blind, 
crossover,, randomized study. Results of medical history, physical 
andd routine laboratory examination, chest radiogram, and electro-
cardiogramm were normal. The subjects did not smoke, did not use 
anyy medication, and did not have any febrile illness in the month 
precedingg the start of the study. Each participant was studied on 
22 occasions, separated by a washout period of 6 weeks. On one 
occasion,, each subject was challenged with LPS in combination 
withh placebo, on the other occasion, with LPS in combination with 
recombinantt human (rh) IL-10. The volunteers were randomized 
intoo 2 groups of 8 subjects. Group 1 received either placebo or 
rhIL-100 treatment 2 min before LPS challenge; group 2 received 
eitherr placebo or rhlL-10 treatment 1 h after LPS administration. 
Thee study was done in a special research unit under the continuous 
supervisionn of at least 2 physicians with emergency and resusci-
tationn equipment available. Blood pressure and heart rate were 
assessedd every 30 min with a Dinamap blood pressure monitor 
{Criticon,, Tampa, FL) during the first 8 h after LPS challenge. 

Thee rhIL-10 (Schering-Plough Research Institute, Kenilworth, 
NJ)) was supplied as a sterile powder. After reconstitution with 
sterilee water, rhIL-10 was administered by direct iv injection at a 
dosee of 25 /*g/kg contralateral to the site of blood sample with-
drawal.. The reconstituted placebo powder, containing excipients, 
wass identical in appearance and was administered in an identical 
manner.. The LPS preparation used in this study, endotoxin ref-
erencee standard lot G, Escherichia coti (United States Pharmaco-
peiaa Convention Inc., Rockville, MD), was administered over 1 
minn in an antecubital vein, contralateral to the administration site 
off  rhIL-10, at a dose of 4 ng/kg. 

Bloodd was drawn from antecubital veins by separate venipunc-
turess directly before LPS administration and 0.5, 1. 1.5, 2. 3, 4, 5, 
6,, 8, and 12 h thereafter. Blood for chemokine measurements was 
collectedd in nonadditive Vacutainer tubes (Becton Dickinson. 
Mountainn View, CA); after clotting, the samples were centrifuged 
att 2000 g for 20 min at room temperature, and the resulting serum 
wass stored at — 70°C until assays were done. 

InIn vitro experiments. Whole blood stimulation was done as 
describedd elsewhere [26]. For each experiment whole blood was 
collectedd aseptically from 6 healthy subjects by means of a sterile 
collectingg system consisting of a butterfly needle connected to a 
syringee (Becton Dickinson, Rutherford, NJ). Anticoagulation was 
obtainedd by use of sterile endotoxin-free heparin (Leo Pharma-
ceuticall  Products, Weesp, the Netherlands; final concentration 10 
U/mL).. Whole blood, isolated peripheral blood mononuclear cells 
(PBMC)) or polymorphonuclear cells (PMN) (see below) were in-
cubatedd for 24 h in 37°C in sterile polypropylene tubes (Becton 
Dickinson)) diluted I : 2 in endotoxin-free RPMI 1640 (Bio Wit-
taker.. Verviers, Belgium! in the presence or absence of the following 
reagents:: LPS from E. coli serotype 0111: B4 (Sigma, St. Louis, 
MO;; final concentration 10 ng/mL), lipoteichoic acid from Staph-
ylococcusylococcus aureus (LTA, Sigma. 1 jtg/mL). staphylococcal entero-
toxinn B (SEB. Sigma. Ug/mL), heat-killed S. aureus (HKSA. 107 
cfu/mL).. rhIL-10 (Schering-Plough Research Institute; final con-
centrationn 0.01, 0.1. 1, 10, 100, or 1000 ng/mL). rhTNF (10 ng/ 
mL),, monoclonal mouse derived anti-human TNF-a antibody 
(MAKK 195F; final concentration 25 /ig/mL) [27], or mouse IgG 

(Sigma;; final concentration 25 pg/mL). The amount of MAK 195F 
addedd represents an excess neutralizing activity relative to the 
amountt of TNF produced in LPS-stimulated whole blood [27, and 
dataa not shown]. Knoll AG (Ludwigshafen, Germany) generously 
providedd rhTNF and MAK 195F. After the incubation, polypro-
pylenee tubes were centrifuged at 3000 rpm (rotor diameter, 154 
mm)) at 4°C for 12 min. Supernatants were collected and stored at 
-20°CC until assays were done. 

Inn separate experiments, PBMC and PMNs were isolated from 
peripherall  blood. For this purpose, heparinized blood was layered 
onn an equal volume of Polymorphprep (Nycomed Pharma AS; 
Oslo,, Norway) and centrifuged at 500 g for 30 min at 20°C. The 
collectedd PBMC and PMN fractions were diluted 1 : 2 in 0.5 N 
RPMII  1640 to restore normal osmolality and spun at 400g for 10 
minn at 20"C Remaining erythrocytes were lysed by use of ice-cold 
isotonicc NH4C1 solution (155 mM NH4C1, 10 mM KHCO„ and 
0.11 mM EDTA, pH 7.4) for 10 min. The cell fractions were spun 
againn at 400 g for 10 min at 4°C, and the pellet was «suspended 
inn IN RPMI containing 5% normal human serum (Bio Wittaker, 
Walkersville,, MD) to the original volume. Purity of the cell frac-
tionss was checked by means of a 0.1% eosin stain and was found 
too be more than 99%. After the incubation, supernatants were 
collected. . 

Assays.Assays. All assays were done in duplicate by enzyme-linked 
immunosorbentt assay (ELISA). For determination of MIP-la and 
MIP-1/33 levels, purified monoclonal mouse anti-human MIP-la 
andd anti-human MIP-1/3 were used as coating antibodies (4 ng/ 
mL;; R&D Systems, Abingdon, United Kingdom), biotinylated af-
finityfinity  purified goat anti-human MlP-la and MIP-1/3 as detecting 
antibodiess (20 ng/mL; R&D Systems), and rhMIP-la and rhMIP-
1/33 as standards (R&D Systems). MCP-1 was measured with use 
off  purified monoclonal mouse anti-human MCP-1 (2 ng/mL; 
PharMingen,, San Diego, CA) as coating antibody, biotinylated 
rabbitt anti-human MCP-1 (1 uglmL; PharMingen) as detecting 
antibody,, and rhMCP-1 (PharMingen) as standard. TNF levels 
weree determined by use of monoclonal mouse anti-human TNF 
(22 ug/mL; Medgenix, Fleurus, Belgium) as coating antibody, bio-
tinylatedd mouse anti-human TNF (0.5 /ig/mL; Medgenix) and 
rhTNFF (Medgenix) as standard. Detection limits of the assays were 
15.66 pg/mL (MlP-la), 15.6 pg/mL (MIP-1/3), 8.2 pg/mL (MCP-1) 
andd 6.9 pg/mL (TNF). 

StatisticalStatistical analysis. All data are given as mean  SEM. Com-
parisonss between treatment groups were done by repeated-mea-
suress ANOVA after log transformation of chemokine concentra-
tions.. Data obtained in in vitro experiments were compared by 
Wilcoxonn test. The a level for all tests was set at .05. 

Results s 

EffectEffect of IL-10 on chemokine production in whole blood in 
vitro.vitro. To determine the effect of IL-10 on LPS-induced pro-
ductionn of MIP-la, MIP-1/3, and MCP-1, we incubated human 
wholee blood for 24 h with LPS (10 ng/mL) in the presence or 
absencee of increasing concentrations of rhIL-10. In whole blood 
incubatedd without LPS, MIP-la and MIP-1/3 levels were un-
detectablee and MCP-1 was 1.70 8 ng/mL. IL-10 alone 
(withoutt LPS) induced production of MCP-1 in whole blood 
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(3.777  0.46 ng/mL; P< .05 vs. controls), whereas MIP-lo; and 
MIP-1/33 remained undetectable. LPS stimulated the production 
off  all 3 chemokines (MIP-lo:, 42.54  8.46 ng/mL; MIP-1/3, 
178.677  23.71 ng/mL; MCP-1, 18.26  4.55 ng/mL; all P< 
.055 vs. controls). IL-10 also dose-dependently inhibited LPS-
inducedd production of MIP-la and MIP-1/3. By contrast, IL-
100 did not influence MCP-1 concentrations after stimulation 
withh LPS (figure 1). TNF was undetectable in whole blood 
incubatedd without LPS. LPS induced increased levels of TNF 
(3.055  0.36 ng/mL; i><.05 vs. control). As expected, IL-10 
reducedd LPS-induced TNF concentrations in a dose-dependent 
fashionn (figure 1). We next determined whether II.-10 also in-
hibitedd chemokine production induced by other infectious stim-
uli.. This proved to be the case; that is, IL-10 reduced the pro-
ductionn of MIP-lci and MIP-1/3 by whole blood stimulated 
withh LTA, SEB, or HKSA, although IL-10 exerted the strongest 
inhibitoryy effect on chemokine production induced by LPS (ta-
blee 1). In addition, IL-10 attenuated MlP-la and MIP-1/3 re-
leasee induced by TNF (table 1). The effect of IL-10 on MCP-
11 production stimulated by LTA, SEB, HKSA, or TNF was 
variablee and modest (table 1). 

EffectEffect of IL-10 on the LPS-induced CC chemokine production 
inin vivo. Having established that IL-10 inhibits the production 
off  certain CC chemokines in whole blood in vitro, we measured 
thee capacity of IL-10 to influence chemokine release in vivo. 
Therefore,, we measured serum concentrations of MlP-la, MIP-
1/3,, and MCP-1 in healthy humans exposed to a low dose of 
LPSS with or without a single injection of IL-10 given either 2 
minn before (pretreatment) or 1 h after (posttreatment) LPS. We 
previouslyy reported that IL-10 pretreatment, but not IL-10 
posttreatment,, significantly reduced LPS-induced TNF release 
[25].. LPS administration was associated with a rise in serum 
MIP-lc**  concentrations. Peak MlP-la levels were reached at 
1.5-22 h (group 1, 1.74  0.92 ng/mL; group 2, 0.31  0.08 ng/ 
mL;; both P<.0\). Pretreatment with rhIL-10 attenuated the 
LPS-inducedd increase in MlP-la concentrations to 0.58 + 
0.444 ng/mL (P < .05 vs. placebo), whereas posttreatment tended 

 MlP-la 
 MIP-ip 
 MCP-1 
 TNF 

0.11 1 10 100 100C 

rhIL-100 (ng/mL) 

Figuree 1. IL-10 dose-dependently inhibits lipopolysaccharide 
(LPS)-inducedd macrophage inflammatory protein (MIP)-loj, MIP-1/3, 
andd tumor necrosis factor (TNF) release without influencing MCP-1 
production.. Whole blood diluted 1 : 2 in RPMI  was incubated with 
LPSS (10 ng/mL) for 24 h at 37°C with increasing concentrations of rh 
interleukinn (IL)-10. Results are expressed relative to incubation with 
LPSS alone, as means  SEM (n = 6). 

too reduce M l P - l a release (peak levels, 0.19  0.04 ng/mL; non-

significantt vs. placebo) (figure 2). LPS injection induced an 

increasee in MIP-I/3 serum levels, peaking after 2-3 h (group 1, 
6.399  1.26 ng/mL; group 2, 5.35  0.48 ng/mL; both P< 
.001).. Both pretreatment and posttreatment with rhIL-10 sig-
nificantlyy reduced LPS-induced MIP-1/3 release, with peak 
MIP-1/33 levels of 2.38  0.64 ng/mL (P<.001) and 3.58
0.655 ng/mL (P = .001) respectively (figure 2). Intravenous in-
jectionn of LPS induced an increase in MCP-1 serum levels, 
peakingg after 2-4 h (group 1, 13.11  1.51 ng/mL; group 2. 
15.533  2.66 ng/mL; both P<.001). rhIL-10 pretreatment sig-
nificantlyy reduced LPS-induced MCP-1 release, with peak con-
centrationss of only 6.93  1.62 ng/mL (P<.00\ vs. placebo); 

Tablee 1. Effect of interleukin (IL)-I 0 on chemokine production by whole blood stimulated with various infectious stimuli or tumor 
necrosiss factor (TNF). 

Stimulus s 

LPSS (10 ng/mL) 

LTAA (1 jig/mL) 

SEBB (1 /<g/mL) 

HKSAA (10' CFU/mL) 

T N FF (10 ng/mL) 

100 ng/mL rhIL-10 
present t 

No o 
Yes s 
No o 
Yes s 
No o 
Yes s 
No o 
Yes s 
No o 
Yes s 

MlP-la.. ng/mL 

50.788  10.46 
5.588  0.53(-87.1  2.2)' 

43.566  18.56 
17.888  5.77 (-42.4  14.5)" 
11.122  2.65 
4.199  0.53 (-58.1  3.9)" 

53.99  11.86 
25.999  2.56 ( -37.3  12.7)' 
0.133  0.03 
0.099  0.01 ( -62.6  4.3)" 

MIP-1/3, , 

143.077  20.96 
24.388  1.84 ( 
48.133  10.64 
19.688  3.39 ( 
62.877  9.87 
19,888  1.95 ( 
677 13  9 
24.377  1.45 ( 
2.122  0.12 
0.311  0.08 (-

ng/mL L 

-81.88  1.7)" 

-577  4.3)' 

-65.55  4.1)" 

-59.55  6.8)" 

-78.66  18.4)" 

MCP-1.. ng/mL 

46.888 1 8.87 
53.766  5.86(31.6  23.6) 

109.411 1 
92.244  20.82 (-16.77  17.5) 

127.599  28.65 

105.600  25.66 ( -18.6  4.1)* 
75.433  111 

156.922  58.36(88.2  44.2)" 
7.955  1.31 
6.877  0.15 (-16.6  6.6) 

NOTE.. Data are mean  SEM of 6 different donors: values in parentheses indicate % change in values from chemokine production in the absence 
off  rhIL-10 to production in its presence. Whole blood diluted 1 : 2 in RPMI was incubated for 24 h at 37°C with the stimuli indicated. LPS. lipopoly-
saccharide;; MCP, monocyte chemoattractant protein; MIP. macrophage inflammatory protein. 

P<.05P<.05 vs. incubation in the absence of rhIL-10. 
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Figuree 2. Mean  SEM macrophage inflammatory protein (MIP>-la, MIP-1/Ï, and monocyte chemoattractant protein (MCP)-1 concentrations 
afterr lipopolysaccharide (LPS) administration (4 ng/kg) to healthy humans. Placebo (O) or rh interleukin (IL)-I 0 (25 ^g/kg iv, ) was given just 
beforee LPS challenge (pretreatment) or 1 h after endotoxin administration (posttreatment). P-values indicate difference between treatment groups. 
NS,, nonsignificant. Note that the Y axes for MIP-la differ in pre- and posttreatment groups. 

rhIL-100 posttreatment did not reduce MCP-1 concentrat ions, 

whichh peaked at 16.28  3.09 ng/mL (nonsignificant vs. pla-

cebo)) (figure 2). 

RoleRole of TNF in inhibition of LPS-induced MIP-la and MÏP-

1010 production by IL-10. It has been well established that IL -

100 inhibits LPS-induced T N F production in vivo [14, 15, 25, 

28]]  and in vitro [9, 29-32] (figure 1). Considering that T N F 

cann induce the production of chemokines [33] (table 1), we tried 

too determine whether IL-10-induced inhibition of T N F pro-

ductionn is involved in the reduction of M I P - l a and MIP-1/3 

concentrationss in whole blood incubated with LPS and IL-10. 

However,, neutralization of T N F produced in the whole blood 

systemm by coincubation with an a n t i - T NF monoclonal anti-

bodyy (mAb) only modestly reduced LPS-induced M I P - l a and 

MIP-1/33 release (table 2). Fur thermore, the potency by which 

IL-100 inhibited M I P - l a and MIP-1/3 production in LPS stim-

ulatedd whole blood was similar in the presence or absence of 

a n t i - T NFF (table 2). Hence, these data suggest that, although 

endogenouss T N F positively influences M I P - l a and MIP-1/3 

releasee induced by LPS, IL-10 exerts its inhibitory effect on the 

productionn of these chemokines by a mechanism that does not 

involvee inhibition of T N F synthesis. 
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Tablee 2. Effect of interleukin (IL)-10 on LPS-induced production of macrophage inflammatory protein ( M I P Ha 
andd MIP-10 in human whole blood in the presence or absence of anti-tumor necrosis factor (TNF). 

Stimulus s 

LPSS (10 ng/mL) 

LPSS (10 ng/mL) + ant i-TNF (27 jig/mL) 

100 ng/mL rhIL 
present t 

No o 

Yes s 
No o 
Yes s 

10 0 

MIP- la.. ng/mL 

37.722  5 
1.822  0.32 (-94.7  1.2)" 

30.422  4 69 
1.655  0.15 (-93.7  1.4)" 

MIP-I0.. ng/mL 

145.333 + 22.63 

7.188  1.65 (-94.2  1.7)* 
113.577  17.18 

5.088  1.05 (-95.2  1.1)" 

NOTE.. Data are mean  SEM of 6 different donors: values in parentheses indicate % change in values from chemokine production 
inn the absence of rhIL-10 to production in its presence. Whole blood diluted 1 : 2 in RPMI was incubated for 24 h at 37°C with the 
stimulii  indicated. LPS, lipopolysaccharide. 

Significantt difference (/><05) from incubation without IL-IO 

EJJectEJJect of IL-IO on LPS-induced MIP-la and MIP-W pro-
ductionduction by isolated PBMC and PMNs in vitro. To determine 
thee cellular target of IL-10 in whole blood, we compared the 
effectt of IL-10 on LPS-induced MIP-la and MIP-1/3 produc-
tionn by isolated PBMC and PMNs. In these experiments PBMC 
andd PMNs were resuspended in medium to the original blood 
volumee from which they were collected. Using this method, we 
foundd that PBMC counts in these cultures were 1.73 (
0.30)) x 10*/mL and PMN counts were 2.73 (  0.74) x 107mL. 
PBMCC turned out to be the main producers of MIP-la and 
MIP-1/33 per millilite r blood, releasing 20- and 5-fold more of 
thesee chemokines, respectively, than did PMNs. For MIP-la, 
thee concentration in supernatants of stimulated PBMCs was 
25.399  6.54 ng/mL and of PMNs, 1.40  0.78 ng/mL; for 
MIP-1/3,, the concentration of PMBCs was 15.87  2.05 ng/mL 
andd of PMNs, 3.29  0.96 ng/mL. IL-10 at 10 ng/mL (a con-
centrationn that strongly inhibited chemokine production in 
wholee blood) attenuated LPS-induced MIP-la and MIP-1/3 re-
leasee by PMNs (both P< .05), but not by PBMC. In cultures 
off  isolated PBMC, an IL-10 concentration of 100 ng/mL was 
requiredd to significantly reduce MIP-la and MIP-/3 release 
(bothh P<.05) (figure 3). 

Discussion n 

Endotoxemiaa and gram-negative sepsis are associated with 
elevatedd levels of the CC chemokines MIP-la, MIP-1/3 and 
MCP-11 in the circulation. Previous work has established that 
IL-100 serves a potent anti-inflammatory role during endotox-
emia,, primarily through inhibition of the production of proin-
flammatoryflammatory cytokines, such as TNF. The present study is the 
firstfirst to demonstrate the in vivo capability of IL-10 to inhibit 
thee release of MIP-la, MIP-1/3, and MCP-1. Administration 
off  rhIL-10 directly before LPS injection into healthy humans 
stronglyy attenuated the secretion of all 3 chemokines; rhIL-10 
administrationn postponed for 1 h relative to LPS injection re-
ducedd only MIP-1/3 release. This IL-10 effect could be repro-
ducedd in part in whole blood in vitro, that is, IL-10 reduced 
LPS-stimulatedd production of MIP-la and MIP-1/3, but not of 
MCP-1,, by a mechanism that was independent of IL-10-in-
ducedd TNF inhibition. In separate experiments, PBMC turned 
outt to be the main producers of MIP-la and MIP-1/3 in whole 

blood,, but PMNs were most sensitive to the inhibiting effect 
off  IL-10. 

MIP-laa levels were higher in group 1 than in group 2 (see 
figuree 2). This difference is likely a reflection of interindividual 
variation,, because all subjects were studied according to an 
identicall  protocol, and all MIP-la measurements were con-
ductedd in one run. The differential MIP-la responses could not 
havee influenced our analysis, because the study was done in a 
crossoverr design in which each subject served as his own 
control. . 

Thee effects of IL-10 on CC chemokine production have been 
investigatedd only in in vitro experiments. IL-10 was reported 
too reduce the production of MIP-la by murine bone mar-
row^derivedd macrophages infected with Listeria monocytogenes 
[17],, and to attenuate MIP-la and MIP-1/3 release by primary 
mousee macrophages stimulated with the extracellular matrix 
componentt hyaluronan [18]. By using LPS as a stimulus, we 
foundd that IL-10 inhibited MIP-la production by human 
monocytess [19] and mouse macrophages [34], although it did 
nott influence MIP-1/3 production [34]. In cultures of LPS stim-
ulatedd PMNs, however, IL-10 was found to inhibit both MIP-
l aa and MIP-1/3 release [20]. In the present study, we primarily 
usedd whole blood as in vitro system, thereby eliminating pos-
siblee artifacts associated with isolation of cells, such as adher-
ence-inducedd expression of TNF [35, 36], and allowing inves-
tigationss of IL-10 effects in a physiological environment [26, 
36].. In this system, IL-10 caused a dose-dependent inhibition 
off  LPS-induced MIP-la and MIP-1/3 production, which was 
similarr to the inhibition of LPS-induced TNF production by 
IL-10.. IL-10 also attenuated MIP-la and MIP-1/3 production 
inn whole blood incubated with stimuli derived from S. aureus, 
thatt is, LTA (a cell wall component), SEB (a superantigen), 
andd heat-killed whole bacteria, although IL-10 had the strong-
estt inhibitory effect on MIP-la and MIP-1/3 release induced 
byy LPS. 

TNFF is an important proinflammatory cytokine that medi-
atess activation of various mediator systems during a systemic 
inflammatoryy response syndrome such as that provoked by iv 
administrationn of LPS. Indeed, neutralization of endogenously 
producedd TNF strongly diminished LPS-induced cytokine re-
leasee in humans and nonhuman primates [37, 38]. Considering 
that,, first, TNF can induce the production of MlP-laand MIP-
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Figuree 3. Mean  SEM macrophage inflammatory protein 
(MlP)- l aa and MIP-1/3 concentrations in supernatants of PBMC and 
PMNss stimulated with lipopolysaccharide (LPS)in the presence of dif-
ferentt concentrations of rh interleukin (IL)-10. PBMC and PMNs were 
isolatedd from peripheral blood and resuspended in RPMI to the original 
(blood)) volume. Data are expressed relative to incubation with LPS 
alone.. Asterisks indicate significant difference from incubation with 
LPSS alone (P < .005). 

1/33 [39] (table 1), second, IL-10 inhibits LPS-induced TNF pro-
ductionn [9, 29, 30, 32] (figure 1), and third, IL-10 inhibits TNF-
inducedd MIP-la and MIP-1/3 production (table 1), we found 
itt of interest to determine the contribution of IL-10-induced 
inhibitionn of TNF release to the IL-10 effects on MIP-la and 
MIP-1/33 secretion in whole blood. Therefore, to eliminate the 
effectt of reduced TNF concentrations in the presence of IL-10, 
wee did experiments with a neutralizing anti-TNF mAb. 
Anti-TNFF only modestly reduced LPS-induced MIP-la and 
MIP-1/33 production in whole blood, and, in the presence of 
anti-TNF,, IL-10 reduced LPS-induced MIP-la and MIP-1/3 

productionn to a similar extent as in the absence of anti-TNF. 
Togetherr these data suggest that IL-10 influences MIP-la and 
MIP-1/33 production by a mechanism that is independent from 
itss negative effect on TNF production. In accord with a recent 
studyy in human volunteers, infusion of a recombinant TNF 
receptorr fusion protein did not influence LPS-induced release 
off  MIP-la or MIP-1/3, although the results of that study must 
bee interpreted with caution because the infusion of the TNF 
receptorr fusion was associated with several paradoxical, unex-
plainedd proinflammatory effects [4]. 

Chemokiness can be produced by a variety of immune and 
nonimmunee cells, including blood leukocytes, endothelial cells, 
andd fibroblasts [40-42]. We investigated which cell types were 
involvedd in MIP-la and MIP-1/3 production in whole blood 
andd determined the effect of IL-10 on isolated PBMC and 
PMNs.. On a per millilite r of blood basis, but also on a per cell 
basis,, PBMC were by far the main producers of both MlP-lor 
andd MIP-1/3, which is in keeping with earlier findings that 
PMNss produce fewer cytokines than PBMC on stimulation 
withh LPS [43]. Interestingly, higher IL-10 concentrations were 
requiredd to inhibit MIP-la and MIP-1/3 production by PBMC 
thann by PMNs. Previously, differential sensitivities for IL-10 
weree reported in human blood monocytes and alveolar mac-
rophagess [19]. Furthermore, our data suggest that PBMC are 
moree sensitive to IL-10 in their physiological environment (i.e., 
wholee blood) than after their isolation. 

MCP-11 is a prototypic CC chemokine with chemoattractant 
activityy for mononuclear cells. During endotoxemia, however, 
MCP-11 may have an anti-inflammatory role [44]. Indeed, pas-
sivee immunization of mice with anti-MCP-1 antiserum in-
creasedd LPS-induced mortality, whereas treatment with recom-
binantt MCP-1 protected mice from lethality. Moreover, 
anti-MCP-11 reduced LPS-induced IL-10 release when com-
paredd with animals treated with LPS and control antiserum, 
whereass recombinant MCP-1 enhanced IL-10 secretion [44]. We 
noww report that pretreatment with rhIL-10 reduced LPS-in-
ducedd MCP-1 release in humans in vivo. Together these data 
suggestt that MCP-1 stimulates the production of IL-10 in vivo, 
whichh in turn can exert a negative feedback effect on ongoing 
MCP-11 release. However, the effect of IL-10 on LPS-induced 
MCP-11 production could not be reproduced in whole blood in 
vitro.. Possibly, during human endotoxemia cell types not pre-
sentt in peripheral blood, such as endothelial cells [45] or vas-
cularr smooth muscle cells [46], contribute to MCP-1 release 
intoo the circulation. In addition, although IL-10 has been re-
portedd to inhibit production of MCP-1 by human monocytes 
stimulatedd with either LPS or IL-1/3, monocytes and alveolar 
macrophagess have been found to release MCP-1 on exposure 
too IL-10 without additional stimulus [22, 23]. In our hands, IL-
100 by itself also induced MCP-1 release in whole blood. 

Chemokiness have recently been recognized as a large family 
off  low-molecular-weight chemotactic cytokines that play an 
importantt role in the pathogenesis of several inflammatory and 
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infectiouss diseases. We have demonstrated that a major anti-
inflammatoryy cytokine IL-10 attenuates production of the CC 
chemokiness MIP-lc*, MIP-l/J, and MCP-1 during human en-
dotoxemia.. IL-10 has been shown to possess important pro-
tectivee effects in many models of systemic and local inflam-
mation.. The present data, taken together with earlier findings 
thatt IL-10 can inhibit the production of the prototypic CXC 
chemokinee IL-8 [20, 25, 30], suggest that IL-10 effects may in 
partt relate to its influence on chemokine production. 

References s 

1.. Luster AD. Chemokines—chemotactic cytokines thai mediate inflammation, 

NN Engl J Med 1998:338.436^15 

2.. Fune MB. Randolph GJ Chemokines and tissue injury Am J Pathol 

1995:146:1287-301. . 

3.. van Deventer SJ. Buller HR. ten Cate JW. Aarden LA , Hack CE. Sturk A. 

Experimentall  endotoxemia in humans: analysis of cytokine release and 

coagulation,, fibrinolytic, and complement pathways. Blood 1990:76: 

2520-6. . 

44 O'Grady NP. Tropea M. Preas HL. et al. Detection of macrophage inflam 

matoryy protein (M IPHa lpha and MIP-lbeta during experimental en-

dotoxemiaa and human sepsis J Infect Dis 1999:179:136-41. 

55 Sylvester I. Suffredini AF, Boujoukos AJ, et a]. Neutrophil attractam protein-

11 and monocyte chemoattractant protein-1 in human serum. J Immunol 

1993:151:3292-8. . 

6.. Bossink AW, Paemen L. Jansen PM. Hack CE, Thijs LG. Van Damme J. 

Plasmaa levels of the chemokines monocyte chemotactic proteins-1 and 

-22 are elevated in human sepsis Blood 1995;86:3841-7 

7.. Fujishima S. Sasaki J, Shinozawa Y. et al Serum MIP- l a and IL-8 in septic 

patientss Intensive Care Med 1996:22:1169-75 

8.. Moore KW. O'Garra A, de Waal Malefyt R. Vieira P. Mosmann TR. In-

terleukin-100 Annu Rev Immunol 1993:11:165-90. 

9.. Cassatella MA . Meda L, Bonora S. Ceska M, Constantin G. Interleukin 10 

(IL-10)) inhibits the release of proinflammatory cytokines from human 

polymorphonuclearr leukocytes: evidence for an autocrine role of tumor 

necrosiss factor and IL- I beta in mediating the production of IL-8 triggered 

byy lipopolysaccharide. J Exp Med 1993:178:2207-11, 

10.. Cassatella MA , Meda L. Gasperini S. Calzetti F. Bonora S. Interleukin 10 

(IL-10)) upregulates IL- I receptor antagonist production from lipopoly-

saccharide-stimulatedd human polymorphonuclear leukocytes by delaying 

mRNAA degradation. J Exp Med 1994:179:1695-9. 

11.. Leeuwenberg JF. Jeunhomme TM. Buurman WA Slow release of soluble 

T N FF receptors by monocytes in vitro. J Immunol 1994:152:4036-43. 

12.. Marchant A. Deviere J. Byl B. De Groote D, Vincent JL. Goldman M. 

Interleukin-100 production during septicaemia. Lancet 1994.343:707-8 

13.. van der Poll T, de Waal Malefyt R, Coyle SM. Lowry SF. Antiinflammatory 

cytokinee responses during clinical sepsis and experimental endotoxemia: 

sequentiall  measurements of plasma soluble interleukin (IL1-I receptor 

typee II . IL-10. and IL-13 J Infect Dis 1997:175:118-22 

14.. Gerard C. Bruyns C, Marchant A. et al. Interleukin 10 reduces the release 

off  tumor necrosis factor and prevents lethality in experimental endotox-

emia.. J Exp Med 1993:177:547-50. 

15.. Marchant A, Bruyns C, Vandenabeele P. et al. Interleukin-10 controls inter-

feron-gammaa and tumor necrosis factor production during experimental 

endotoxemia.. Eur J Immunol 1994:24:1167-71. 

16.. Berg DJ. Kuhn R. Rajewsky K. et al. Interleukin-10 is a centra! regulator 

off  the response to LPS in murine models of endotoxic shock and the 

Shwartzmann reaction but not endotoxin tolerance. J Clin Invest 1995:96: 

2339^17. . 

17.. Flesch IE, Barsig J. Kaufmann SH, Differential chemokine response of mu-

rinee macrophages stimulated with cytokines and infected with Listeria 

monocytogenes.. Int Immunol 1998:10:757-65 

188 Horton MR. Burdick MD. Stneter RM. Bao C. Noble PW Regulation of 

hyaluronan-inducedd chemokine gene expression by IL-10 and 1FN-

gammaa in mouse macrophages. J Immunol 1998:160:3023-30, 

19.. Berkman N. John M. Roesems G. Jose PJ. Barnes PJ. Chung KF. Inhibition 

off  macrophage inflammatory protein-l alpha expression by IL-10: dif-

ferentiall  sensitivities in human blood monocytes and alveolar macro-

phagess J Immunol 1995:155:4412-8. 

20.. Kasama T. Stneter RM. Lukacs NW, Burdick MD. Kunkel SL. Regulation 

off  neutrophil-derived chemokine expression by IL-10 J Immunol 1994: 

152:3559-69. . 

21.. Kucharzik T. Lugering N. Pauels HG. Domschke W. Stoll R. IL-4. IL-10 

andd IL-13 down-regulate monocyte-chemoattrarrmg protein-! (MCP-!) 

productionn in activated intestinal epithelial cells. Clin Exp Immunol 

1998:111:152-7 7 

22.. Yano S. Yanagawa H. Nishioka Y Mukaida N. Matsushima K. Sone S. T 

helperr 2 cytokines differently regulate monocyte chemoattractant protein-

II  production by human peripheral blood monocytes and alveolar mac-

rophagess J Immunol 1996:157:2660-5. 

233 Seitz M. Loetscher P, Dewaid B, Towbin H. Galiati H. Baggiolini M Inter-

leukin-100 differentially regulates cytokine inhibitor and chemokine release 

fromm blood mononuclear cells and fibroblasts Eur J Immunol 1995:25: 

1129-32. . 

24.. Pajkrt D. van der Poll T. Levi M. et al. Interleukin-10 inhibits activation of 

coagulationn and fibrinolysis during human endotoxemia. Blood 1997:89: 

2701-5. . 

25.. Pajkrt D. Camoglio L. Tiel-van Buul MC.el al. Attenuation of proinflam-

matoryy response by recombinant human IL-10 in human endotoxemia: 

effectt of timing of recombinant human IL-10 administration. J Immunol 

1997:158:3971-7. . 

26.. van der Poll T. Coyle SM. Barbosa K. Braxton CC. Lowry SF. Epinephrine 

inhibitss tumor necrosis factor-alpha and potentiates interleukin 10 pro-

ductionn during human endotoxemia. J Clin Invest 1996:97:713-9. 

27.. Moller A. Emlmg F, Blohm D, Schlick E, Schollmeier K. Monoclonal an-

tibodiess to human tumor necrosis factor alpha: in vitro and in vivo ap-

plication.. Cytokine 1990:2:162-9 

28.. van der Poll T, Jansen PM. Montegut WJ. et al. Effects of IL-10 on systemic 

inflammatoryy responses during sublethal primate endotoxemia J Im-

munoll  1997:158:1971-5. 

29.. Bogdan C. Vodovotz Y. Nathan C. Macrophage deactivation by interleukin 

10.. J Exp Med 1991:174:1549-55. 

30.. de Waal Malefyt R. Abrams J, Bennett B. Figdor CG, de Vries JE. Interleukin 

100 (IL-10) inhibits cytokine synthesis by human monocytes: an aulore-

gulatoryy role of IL-10 produced by monocytes. J Exp Med 1991:174: 

1209-20. . 

311 Ralph P. Nakoinz I. Sampson-Johannes A. et al. IL-10. T lymphocyte in 

hibitorr of human blood cell production of 1L-1 and tumor necrosis factor. 

JJ Immunol 1992:148:808-14. 

32.. Fiorentino DF. Zlotnik A. Mosmann TR. Howard M. O'Garra A IL-10 

inhibitss cytokine production by activated macrophages. J Immunol 

1991:147:3815-22. . 

333 Baggiolini M. Dewaid B. Moser B Interleukin-8 and related chemotactic 

cytokines-CXCC and CC chemokines. Adv Immunol 1994:55 97-179 

344 Sherry B. EspinoïaM. Manogue KR. Cerami A. Induction or the chemokine 

betaa peptides. MIP-1 alpha and MIP-I beta, by lipopolysaccharide is 

differentiallyy regulated by immunomodulatory cytokines gamma-I FN. IL -

10.. IL-4. and TGF-beta. Mol Med 1998:4:648-57. 

35.. Haskilt S, Johnson C. Eierman D. Becker S. Warren K. Adherence induces 

selectivee mRNA expression of monocyte mediators and proto-oncogenes. 

JJ Immunol 1988; 140:16901̂ 

36.. DeForge LE. Kenney JS. Jones ML , Warren JS. Remick DG, Biphasic pro-

ductionn of IL-8 in lipopolysaccharide (LPS)-stimulated human whole 

blood:: separation of LPS- and cytokine-stimulated components using 



620 0 Olszynaa el al. J1DD 2000:181 (February) 

anti-tumorr necrosis factor and anti-]L-l antibodies. J Immunol 1992; 
148:2133-̂ 11. . 

37.. van der Poll T, Levi M. van Deventer SJ. et al. Differential effects of 
ami-tumorr necrosis factor monoclonal antibodies on systemic inflam-
matoryy responses in experimental endotoxemia in chimpanzees. Blood 
1994;83:446-51. . 

38.. van der Poll T. Coyle SM. Levi M. et al. Effect of a recombinant dimeric 
tumorr necrosis factor receptor on inflammatory responses to intravenous 
endotoxinn in normal humans. Blood 1997:89:3727-34. 

399 Tessier PA. Naccache PH. Clark-Lewis I. Gladue RP. Neote KS. McColl SR. 
Chemokinee networks in vivo: involvement of C-X-C and C-C chemokines 
inn neutrophil extravasation in vivo in response to TNF-alpha. J Immunol 
1997:159:3595-602. . 

40.. Sporn SA. Eierman DF. Johnson CE. et al. Monocyte adherence results in 
selectivee induction of novel genes sharing homology with mediators of 
inflammationn and tissue repair. J Immunol 1990:144:4434-41. 

41.. Stricter RM. Wiggins R. Phan SH. et al. Monocyte chemolaclic protein gene 
expressionn by cytokine-treated human fibroblasts and endothelial cells. 
Biochemm Biophys Res Commun 19*9:162:694-700. 

42.. Bedard PA. Golds EE. Cytokine-induced expression of mRNAs for che-
motacticc factors in human synovial cells and fibroblasts. J Cell Physiol 
1993:154:433-41. . 

43.. Cassatella MA. The production of cytokines by polymorphonuclear neutro-
phils.. Immunol Today 1995:16:21-6. 

44.. Zisman DA. Kunkel SL. Strieter RM. Tsai WC. Bucknell K. Wilkowski J. 
MCP-11 protects mice in lethal endotoxemia. J Clin Invest 1997; 99:2832-6. 

45.. Sica A. Wang JM, Colotta F, et al. Monocyte chemotactic and activating 
factorr gene expression induced in endothelial cells by IL-I and tumor 
necrosiss factor. J Immunol 1990:144:3034-8. 

46.. Wang JM. Sica A. Peri G, et al. Expression of monocyte chemotactic protein 
andd interleukui-8 by cytokine-activated human vascular smooth muscle 
cells.. Arterioscl Thromb 1991; 11:1166-74. 




