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8 Abstract

9 Soluble h-1,3-glucan has been demonstrated to protect against infection and shock in rats and mice, and clinical studies

10 suggest that administration of soluble glucans to trauma/surgical patients decreases septic complications and improves survival.

11 However, little is known about the precise mechanisms by which glucans influence the state of activation of blood cells, which

12 are responsible for the fulminant cytokine production and the activation of the coagulation system observed in serious gram-

13 negative infection. We studied therefore the effect of an underivatized, soluble yeast h-1,3-glucan and lipopolysaccharide

14 (LPS), either alone or in combination, on tumor necrosis factor-a (TNFa), interleukin-6 (IL-6), IL-8 and IL-10 secretion and

15 monocyte tissue factor (TF) expression in human whole blood. As expected, LPS induced the secretion of substantial amounts

16 of all measured parameters, whereas only minor amounts of TNFa, IL-6, and IL-10 were induced by h-glucan itself. However,

17 h-glucan itself induced the production of significant amounts of IL-8 and TF. Soluble h-1,3-glucan had a strong synergistic

18 effect on the LPS-induced secretion of IL-8, IL-10, and on monocyte TF activity, but not on TNFa and IL-6 production. On the

19 other hand, soluble h-glucan strongly primed LPS stimulation of all parameters, including TNFa and IL-6. h-Glucan also

20 induced detectable neutrophil degranulation within 15 min, whereas a response to LPS was first detected after 90 min. In

21 conclusion, soluble h-1,3-glucan upregulated leukocyte activity, both on its own and in concert with LPS.

2223 D 2002 Published by Elsevier Science B.V.
24

25 Keywords: h-1,3-Glucan; Lipopolysaccharide; Sepsis; Cytokines; Tissue factor; Blood cells

26 27281. Introduction

29Glucans are a heterogeneous group of glucose

30polymers found in the cell walls of plants, bacteria

31and fungi. The basic structure of branched glucan

32consists of a linear backbone of h-1,3-linked glucose

33with h-1,6-linked side branches of h-1,3-glucan. h-
341,3-Glucan is the component responsible for the

35majority of biological activities of zymosan [1], a

36commonly used leukocyte stimulant derived from the

37cell wall of Bakers yeast (Saccharomyces cerevisiae).
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38 Glucans are natural biological response modifiers and

39 their effects are many, including anti-tumor response,

40 upregulation of NK cell toxicity and cytokine syn-

41 thesis, antibacterial and antiviral activity, and stimula-

42 tion of hematopoiesis and wound healing [2,3]. These

43 effects are thought to be receptor mediated and several

44 different receptors for h-1,3-glucan have been postu-

45 lated: A phagocytic, non-CR3 receptor on monocytes/

46 macrophages specific for h-1,3-glucans [4,5], a gly-

47 cosphingolipid h-1,3-glucan receptor on human neu-

48 trophils [6], and recently, dectin-1 on macrophages

49 was identified as a potential h-glucan receptor [7].

50 Furthermore, the toll-like receptors (TLRs) 2 and 6

51 have been reported to coordinate macrophage activa-

52 tion in response to zymosan particles [8]. Finally,

53 CD11b/CD18 (CR3, Mac-1) has long been recognized

54 as a glucan receptor [9] and has been shown to bind h-
55 1,3-glucan at a cation-independent lectin site located

56 C-terminal to the I-domain of CD11b [10].

57 Lipopolysaccharides (LPS) are amphipathic glyco-

58 lipids, constituting the outer leaflet of the outer mem-

59 brane of gram-negative bacteria. In plasma, LPS is

60 dissociated from LPS aggregates by the acute phase

61 lipopolysaccharide-binding protein (LBP) and trans-

62 ferred to CD14. The LPS receptor CD14 is anchored to

63 the plasma membrane by a glycosylphosphatidylino-

64 sitol (GPI) anchor and therefore unable to transduce

65 signals to the interior of the cell (for review, see Refs.

66 [11,12]). Two members of the toll-like receptor family,

67 TLR-2 [13,14] and TLR-4 [15,16] in complex with

68 MD-2 [17], have been proposed to act as CD14-

69 associated signal-transducing receptors. LPS binding

70 to its receptor(s) activates several intracellular signal-

71 ing pathways in the human monocyte, resulting in the

72 activation of a variety of transcription factors including

73 NF-nB (p50/p65) and AP-1 (c-Fos/c-Jun), cellular

74 activation and the production of proinflammatory

75 mediators and cytokines (for review, see Ref. [18]).

76 LPS is the causal agent of gram-negative infection

77 and of septic shock in particular. High levels of tumor

78 necrosis factor-a (TNFa), interleukin-6 (IL-6), IL-8

79 and IL-10 are found in the blood of septic patients [19].

80 TNFa is a central mediator of sepsis, and infusion of

81 TNFa in human volunteers has been shown to mimic

82 the effects of LPS [20]. IL-8 is a potent chemoattrac-

83 tant and stimulator of neutrophil function [21]. IL-10 is

84 regarded as an anti-inflammatory cytokine, and has

85 been claimed to induce hyporeactivity or anergy in

86circulating leukocytes [22], which is often observed

87during the course of severe gram-negative sepsis [23].

88IL-6 is thought to play a central role in the activation of

89coagulation activation leading to disseminated intra-

90vascular coagulation (DIC) [24], which is initiated by

91the exposure of tissue factor (TF) on circulating

92monocytes (for review, see Ref. [25]).

93Several studies on the interaction of LPS with

94different preparations of h-1,3-glucans have been

95published. Systemic administration of particulate glu-

96can to rats has been shown to increase their sensitivity

97to endotoxin shock [26], while soluble h-1,3-glucan
98had no such adverse effects [27]. On the contrary,

99soluble h-1,3-glucan has been demonstrated to protect

100against infection and shock in rats and mice [28,29],

101and clinical studies suggest that administration of

102soluble glucans to trauma/surgical patients stimulates

103conversion from leukocyte anergy, decreases septic

104complications and improves survival [30,31]. How-

105ever, little is known about the precise mechanisms by

106which glucans alter the septic state, or how glucans

107affect the cell biology of leukocytes, which are respon-

108sible for the fulminant production of cytokines and the

109activation of the coagulation system associated with

110serious gram-negative infection.

111The aim of the present investigation was therefore

112to study the effect of a soluble branched h-1,3-glucan
113alone, or in combination with LPS, on cytokine

114production and coagulation activation. All experi-

115ments were carried out using human whole blood,

116which has been shown to be an excellent ex vivo

117system for studies of LPS-induced blood cell activa-

118tion and cytokine production associated with sepsis

119[32,33].

1202. Methods

121

1222.1. Reagents

123Fragmin was from Pharmacia & Upjohn, Stock-

124holm, Sweden; LPS (strain 026:B6) from Difco,

125Detroit, MI, USA; Lymphoprep from Nycomed Amer-

126sham, Oslo, Norway. An endotoxin-free ( < 0.05 EU/

127ml) underivatized aqueous soluble yeast h-glucan with
128an average numerical molecular weight of approxi-

129mately 20 kDa was used in the assays (Biotec Phar-

130macon ASA, Tromsø, Norway). Analysis showed that
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131 the yeast h-glucan had a branched structure with h-
132 1,3-linked side chains anchored through a h-1,6 link-

133 age to the main h-1,3-glucan chain for approximately

134 every 10th–15th glucosyl unit of the main chain [34].

135

136 2.2. Whole blood assay system

137 Whole blood samples anticoagulated with Fragmin

138 (15 IE/ml) were incubated with LPS and h-glucan in a

139 shaker incubator at 37 jC and 180 rpm for different

140 time intervals. The reaction was stopped by adding 100

141 Al 2% Na2EDTA/ml whole blood. Mononuclear cells

142 were isolated by density centrifugation on Lympho-

143 prep (Nycomed, Oslo, Norway) followed by a washing

144 step. The cell pellet was resuspended in 0.15 M NaCl,

145 frozen at � 20 jC and stored until testing (described in

146 detail previously [35]). Plasma samples were isolated

147 by centrifugation at 1450� g for 10 min and stored at

148 � 70 jC until testing.

149

150 2.3. Quantitation of TF activity

151 TF activity was measured in a two-stage amidolytic

152 assay based on the ability of TF to accelerate the

153 activation of factor X by factor VIIa, as previously

154 described [36].

155

156 2.4. Quantitation of cytokines and cell activation

157 markers

158 IL-6, IL-8, IL-10 and TNFa in plasma samples

159 were analyzed using PeliKine Compact ELISA kits

160 from the Central Laboratory of the Netherlands Red

161 Cross, Amsterdam, The Netherlands. PMN elastase in

162 complex with a1 proteinase inhibitor was determined

163 using an immunoassay kit from Merck, Darmstadt,

164 Germany. Platelet factor 4 (PF4) in plasma samples

165 was quantified using ELISA kit from Diagnostica

166 Stago, Asnieres-sur-Seine, France.

167

168 2.5. Statistics

169 All statistical analyses were performed by Statistica

170 3.0b (Statsoft, Tulsa, OK, USA). Data were analyzed

171 by two- or three-way analysis of variance (ANOVA)

172 followed by Scheffe F-test or Student’s paired t-test, as

173 appropriate. P-values < 0.05 were considered signifi-

174 cant. All results are reported as means with S.E.M.

1753. Results

176

1773.1. Effect of increasing LPS and b-glucan concen-

178trations on cytokine secretion and TF activity in whole

179blood

180Whole blood was incubated with increasing con-

181centrations of LPS (0.5, 5, and 50 ng/ml) and h-glucan
182(2 and 20 Ag/ml) for 2 h (Fig. 1a–c, e) or 24 h (Fig. 1d)

183alone or in combination. Subsequently, cytokine levels

184in plasma were determined and TF activity in isolated

185monocytes was measured. As seen in Fig. 1, soluble h-
186glucan induced the release of small, but statistically

187significant amounts of TNFa, IL-6 and IL-8 and with

188respect to the highest dose, also induced TF activity

189(Fig. 1a–c, e). Nevertheless, the highest dose of h-
190glucan (20 Ag/ml) was still less potent as inducer of all

191parameters measured even compared to the lowest

192dose of LPS (0.5 ng/ml). The cytokine levels and TF

193activity increased dose dependently from 0.5 to 5 ng/

194ml LPS, and with respect to IL-10 also from 5 to 50 ng/

195ml LPS (Fig. 1d). The latter in contrast to TNFa and

196IL-6 secretion where no further increase from 5 to 50

197ng/ml LPS were observed (Fig. 1a and b) and with

198respect to IL-8 secretion and TF activity, a decrease

199was seen (Fig. 1c and e). When h-glucan and LPS

200were added together, a strong synergistic effect was

201observed with respect to TNFa, IL-8, IL-10 secretion

202and TF activity, but there was seemingly no synergy in

203IL-6 secretion (Fig. 1b).

204

2053.2. Time course of b-glucan and LPS-induced cyto-

206kine production and TF activity in whole blood

207To study the effect of h-glucan on the kinetics of

208cytokine induction and TF expression, 20 Ag/ml glu-

209can or saline (as control) was added to whole blood

210samples. TF activity and cytokine secretion were

211determined after 2, 4, 8, and 24 h of incubation (Fig.

2122). h-Glucan significantly increased TF activity and

213secretion of all cytokines during the 24-h period (for p-

214values, see legend to Fig. 2), but the kinetics of the

215individual parameters measured were quite divergent.

216Glucan-induced TNFa secretion was highest at 2 and 4

217h of incubation, declined after 8 h, and was completely

218abolished after 24 h (Fig. 2a). Glucan-induced IL-6

219secretion increased from 2 to 4 h of incubation and

220then maintained a steady level throughout the incuba-
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221 tion period (Fig. 2b). IL-8 and IL-10 levels continu-

222 ously increased up to 24 h, but glucan-induced IL-10

223 secretion was very low in general (Fig. 2c and d).

224 Glucan-stimulated TF activity in monocytes increased

225 from 2 to 4 h, and then steadily decreased (Fig. 2e).

226Concurrently, whole blood samples were stimulated

227with LPS (5 ng/ml) and 20 Ag/ml h-glucan or with

228LPS (5 ng/ml) and NaCl (as control). As shown in Fig.

2293, glucan had a significant and enhancing effect on

230LPS-induced TF activity and TNFa, IL-8, and IL-10

Fig. 1. The effect of h-glucan and LPS on cellular activation parameters in whole blood. Whole blood was incubated with LPS (0.5, 5, and 50

ng/ml) and h-glucan (2 and 20 Ag/ml) for 2 (a, b, c, e) or 24 (d) h at 37 jC. TF activity in isolated mononuclear cells and cytokine levels in

plasma samples were quantified as described in Methods. Results are expressed as mean with S.E.M., values were considered significantly

different in the case of p< 0.05 by the Student’s t-test, * = p< 0.05; * * = p< 0.01. (a) The effect of h-glucan and LPS on TNFa production (pg/

ml), n= 4–5. (b) The effect of h-glucan and LPS on IL-6 levels (pg/ml), n= 5. (c) The effect of h-glucan and LPS on IL-8 production (pg/ml),

n= 5–7. (d) The effect of h-glucan and LPS on IL-10 secretion (pg/ml), n= 5. (e) The effect of h-glucan and LPS on TF activity (mU/106 cells)

in mononuclear cells, n= 6–8.

C.S. Engstad et al. / International Immunopharmacology 340 (2002) xxx–xxx4
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231 secretion, but not on IL-6 secretion (for p-values, see

232 legend to Fig. 3). Again, the kinetics of the individual

233 parameters differed a lot. The time courses of LPS-

234 induced TNFa secretion and LPS +h-glucan-induced
235 TNFa secretion paralleled each other. As seen in Fig.

2363a, TNFa levels increased up to 8 h and declined

237afterwards, which was quite different from the time

238course of TNFa secretion induced by glucan alone

239(Fig. 2a). LPS alone and LPS +h-glucan-induced IL-6

240production became progressively larger up to 8 h and

Fig. 2. Time course of h-1,3-induced TF and cytokine production in whole blood. Whole blood was incubated with 20 Ag/ml h-glucan or NaCl

(control) for 2, 4, 8, and 24 h in a shaker incubator at 37 jC. TF activity in isolated mononuclear cells and cytokine levels in plasma samples

were quantified as described in Methods. Results are expressed as mean with S.E.M., values were considered significantly different in the case

of p< 0.05 by three-way ANOVA. (a) Time course of TNFa secretion (pg/ml) in h-glucan-stimulated whole blood, n= 5 and p= 0.03. (b) Time

course of IL-6 production (pg/ml) in h-glucan-stimulated whole blood, n= 5 and p= 0.02. (c) Time course of IL-8 secretion (ng/ml) in h-glucan-
stimulated whole blood, n= 4–5 and p= 0.0008. (d) Time course of IL-10 production (pg/ml) in h-glucan-stimulated whole blood, n= 5 and

p= 0.03. (e) Time course of TF activity in monocytes (mU/106 cells) from h-glucan-stimulated whole blood, n= 3–6 and p= 0.004.
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241 was then maintained at the same level (Fig. 3b). IL-8

242 and IL-10 levels increased in a time-dependent manner

243 throughout the whole incubation period both when

244 LPS was given alone or in combination with h-glucan
245 (Fig. 3c and d). The enhancing effect of glucan on

246LPS-stimulated TF activity peaked at 4 ho (Fig. 3d),

247was slightly diminished at 8 h and was completely

248abolished at 24 h.

249Table 1 summarizes the results of Figs. 2 and 3.

250Columns A–D show peak cytokine levels and TF

Fig. 3. Time course of LPS and LPS +h-glucan-induced TF and cytokine production in whole blood. Whole blood was incubated with LPS (5

ng/ml) or with LPS and 20 Ag/ml h-glucan for 2, 4, 8, and 24 h in a shaker incubator at 37 jC. TF activity in isolated mononuclear cells and

cytokine levels in plasma samples were quantified as described in Methods. Results are expressed as mean with S.E.M., values were considered

significantly different in the case of p< 0.05 by three-way ANOVA. (a) Time course of TNFa secretion (ng/ml) in h-glucan and LPS-stimulated

whole blood, n= 5 and p= 0.007. (b) Time course of IL-6 production (ng/ml) in h-glucan and LPS-stimulated whole blood, n= 5. (c) Time

course of IL-8 secretion (ng/ml) in h-glucan and LPS-stimulated whole blood, n= 4–5 and p= 0.0002. (d) Time course of IL-10 production (pg/

ml) in h-glucan and LPS-stimulated whole blood, n= 5 and p= 0.0005. (e) Time course of TF activity in monocytes (mU/106 cells) from h-
glucan and LPS-stimulated whole blood, n= 3–6 and p= 0.002.

C.S. Engstad et al. / International Immunopharmacology 340 (2002) xxx–xxx6
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251 activity in control samples and in samples stimulated

252 with h-glucan, LPS or with h-glucan and LPS in

253 combination. In column E, the potency of LPS and

254 h-glucan as inducers of cytokine secretion and TF

255 activity in monocytes are compared. Twenty micro-

256 grams per milliliter h-glucan per se had a strong

257 inducing effect only on TF activity and IL-8 secretion

258 when compared to the effect of 5 ng/ml LPS, since

259 glucan-induced TF activity and IL-8 secretion were

260 48.6% and 60.8% of LPS-induced TF and IL-8,

261 respectively. However, compared to LPS, glucan itself

262 had almost no effect on TNFa, IL-6, and IL-10 (2.6%,

263 1.2%, and 1.1% of LPS-induced cytokine secretion).

264 In column F, the additive effect of LPS and h-glucan-
265 induced cytokine secretion and TF activity was calcu-

266 lated, which was used to determine the degree of

267 synergism between LPS and h-glucan (Column G).

268 Column G shows that h-glucan and LPS had a slightly

269 synergistic effect on TNFa production and no effect of

270 IL-6 secretion. However, the effect of h-glucan on

271 LPS-induced IL-8 and IL-10 secretion and TF activity

272 was strongly synergistic (2- to 3-fold increases com-

273 pared to a strictly additive effect).

274

275 3.3. The effect of pretreatment with b-glucan on LPS-

276 induced cytokine secretion and TF activity

277 Pretreatment with soluble h-glucan has been dem-

278 onstrated to protect against LPS (endotoxin) shock in a

279 rat model [28], an effect that partly could be explained

280 by an attenuated endotoxin-induced cytokine produc-

281tion as observed in infection models with gram-neg-

282ative bacteria [37]. In this experiment, we wished to

283examine the response of blood cells to LPS when the

284blood was pretreated for various time intervals with h-
285glucan (Fig. 4). Whole blood samples were incubated

286with 20 Ag/ml h-glucan or saline (as control) for 2, 4,

287or 8 h, followed by addition of 5 ng/ml LPS and further

288incubation for 2 h. In line with what was observed in

289Figs. 1 and 3, preincubation with h-glucan for 2 h

290significantly increased LPS-induced TF activity,

291TNFa, and IL-8 secretion, but also IL-6 secretion. A

292minor stimulatory effect of h-glucan pretreatment on

293LPS-induced IL-10 secretion could also be observed,

294though not statistically significant (for p-values, see

295legend to Fig. 4). It should, however, be noted that in

296comparison to the experiments described in Figs. 1 and

2973, the incubation time with LPS in the present experi-

298ment was 2 h as compared to 24 h in the former. The

299effect of preincubation with h-glucan on LPS-induced

300TNFa secretion tended to decrease as preincubation

301time increased (Fig. 4a), whereas IL-6 production

302decreased in both treated and untreated samples with

303increasing pretreatment time (Fig. 4b). The above in

304contrast to induction of IL-8, where 8 h pretreatment

305with h-glucan resulted in the highest LPS-induced

306activity. The effect of pretreatment with h-glucan on

307TF activity differed from what was observed with the

308cytokines, where an increased LPS-induced activity

309was observed at 2 and 8 h preincubation time, whereas

310no such effect was observed at 4 h preincubation time

311(Fig. 4e).

t1.1 Table 1

Comparison of the peak values of TF activity and cytokine levelst1.2

A B C D E F Gt1.3

Saline Glucan LPS LPS+ glucan (C:D)100 Additive effect (B +C) Synergism (D:F)t1.4

TNFa 0.02F 0.005 0.29F 0.08 11.0F 2.4 16.0F 2.3 2.6% 11.29 1.4t1.5
IL-6 0.03F 0.007 0.47F 0.09 40.8F 3.1 41.0F 2.8 1.2% 41.27 1.0t1.6
IL-8 3.0F 1.7 11.8F 4.1 19.4F 1.9 99.2F 8.6 60.8% 31.2 3.2t1.7
IL-10 2.8F 0.8 10.6F 4.5 957F 166 2184F 416 1.1% 967.6 2.3t1.8
TF 1.4F 0.3 7.2F 1.3 14.8F 2.9 56.5F 118 48.6% 22.0 2.6t1.9

Potency of h-1,3-glucan as an inducer compared to LPS and synergism between h-1,3-glucan and LPS.t1.10
Columns A–D: Comparison of the peak values of TF activity and cytokine levels (from Figs. 2 and 3): TNFa at 4 h (ng/ml), IL-6 at 8 h (ng/ml),

IL-8 at 24 h (ng/ml), IL-10 at 24 h (pg/ml), TF at 4 h (mU/106 cells). Whole blood was incubated with saline (control), LPS (5 ng/ml) or with 20

Ag/ml h-1,3-glucan for 2, 4, 8, and 24 h in a shaker incubator at 37 jC. TF activity in isolated mononuclear cells and cytokine levels in plasma

samples were quantified as described in Methods. Results are expressed as mean with S.E.M. Column E: Potency of glucan as an inducer

compared to LPS (%). Column F: Additive effect of glucan (B) and LPS (C). Column G: Degree of synergism between glucan and LPS

(experimental value of LPS+ glucan (D): theoretically additive effect (F)).t1.11
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312313 3.4. The effect of b-glucan on PMN and platelet acti-

314 vation in whole blood

315 The previous experiments showed that h-glucan is

316 capable of specifically activating monocytes, as TF

317can be regarded as an exclusive parameter of monocyte

318activation [38]. We wished therefore to determine if

319soluble h-glucan could also specifically activate PMN

320and blood platelets. PMN elastase (in complex with a1

321proteinase inhibitor) and platelet factor 4 (PF4) were

Fig. 4. h-Glucan primes LPS-induced cell activation in whole blood. Whole blood samples were preincubated with NaCl or h-glucan (20 Ag/ml)

at 37 jC for 2, 4 and 8 h. Then 5 ng/ml LPS was added to all samples and incubation was continued for additional 2 h. TF activity in isolated

mononuclear cells and cytokine levels in plasma samples were quantified as described in Methods. Results are expressed as mean with S.E.M.,

values were considered significantly different in the case of p< 0.05 by three-way ANOVA. (a) h-Glucan primes LPS-induced TNFa secretion

(ng/ml), n= 4 and p= 0.04. (b) h-Glucan primes LPS-induced IL-6 production (ng/ml), n= 5 and p= 0.02. (c) h-Glucan primes LPS-induced IL-

8 secretion (ng/ml), n= 5 and p= 0.01. (d) h-Glucan primes LPS-induced IL-10 secretion (pg/ml), n= 5 and p= 0.06. (e) h-Glucan primes LPS-

induced TF activity (mU/106 cells) in mononuclear cells, n= 3–6 and p= 0.04.

C.S. Engstad et al. / International Immunopharmacology 340 (2002) xxx–xxx8
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322 chosen as markers of PMN and platelet activation,

323 respectively.

324 Whole blood was incubated with h-glucan, 5 ng/ml

325 LPS or saline (control) for 90 min, blood samples were

326 removed at different time intervals and plasma was

327 tested for activation markers. As shown in Fig. 5a, h-
328 glucan significantly increased PMN elastase levels

329already after 15 min of incubation as compared to

330control samples and continued to enhance PMN elas-

331tase secretion time dependently throughout the incu-

332bation period. This was in contrast to the effect of LPS,

333where increase in PMN elastase plasma levels first was

334observed after 90 min ( p-values, see legend to Fig. 5a).

335Incubation of blood samples with h-glucan and LPS in

336combination had no further effect on PMN elastase

337release (data not shown).

338Fig. 5b shows that PF4 secretion increased in a

339time-dependent way and that h-glucan had no stim-

340ulating effect on platelet a-granule release. The effect

341of LPS on PF4 release was not tested in n this experi-

342ment, as we have previously demonstrated that LPS

343has no effect on PF4 secretion from platelets in whole

344blood [35].

3454. Discussion

346Soluble h-1,3-glucan has been demonstrated to

347protect against infection and shock in rats and mice

348[28,29], and clinical studies suggest that administra-

349tion of soluble glucans to trauma/surgical patients

350stimulates conversion from leukocyte anergy, de-

351creases septic complications and improves survival

352[30,31]. However, little is known about the precise

353mechanisms by which glucans alter the septic state, or

354how glucans affect the cell biology of leukocytes,

355which are responsible for the fulminant production of

356cytokines and the activation of the coagulation system

357associated with serious gram-negative infection. The

358present study was therefore initiated to investigate the

359effect of a soluble h-glucan and LPS, alone or in

360combination, on leukocyte activation in human whole

361blood.

362In short, we found that h-glucan itself induced

363significant amounts of IL-8 and TF, but only minor

364amounts of TNFa, IL-6, and IL-10. As expected, LPS-

365induced substantial amounts of all measured parame-

366ters. h-1,3-Glucan had a strong synergistic effect on

367the LPS-induced secretion of IL-8, IL-10, and on

368monocyte TF activity, but not on TNFa and IL-6

369production. On the other hand, h-glucan strongly

370primed LPS stimulation of all parameters, including

371TNFa and IL-6. h-Glucan also induced detectable

372neutrophil degranulation within 15 min, whereas a

373response to LPS was first detected after 90 min.

Fig. 5. The effect of h-glucan on PMN and blood platelet activation

in whole blood. (a) Whole blood samples were incubated with 20

Ag/ml h-glucan, LPS (5 ng/ml) or saline (control) for 0, 15, 30, 60,

and 90 min. PMN elastase complexed with a1-proteinase inhibitor

in plasma samples was quantified as described in Methods. Results

are expressed as mean with S.E.M., values were considered

significantly different in the case of p< 0.05 by the Scheffe F-test,

n= 4–5; saline versus h-glucan p< 0.01, LPS versus h-glucan
p< 0.05. (b) Whole blood samples were incubated with 20 Ag/ml h-
glucan or saline (control) for 0, 5, 10, 15, 30, 60, and 90 min. PF4 in

plasma was measured as described in Methods, n= 5.
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374 The time course of LPS-induced TNFa, IL-6 and

375 IL-8 production in whole blood and TF activity in

376 monocytes observed in the present study has also been

377 observed in previous studies [38,39]. h-Glucan, LPS
378 and LPS +h-glucan-induced TF activity was almost

379 completely abolished after 24 h, a pattern also

380 observed with plasma TNFa levels. The decrease in

381 TF activity and TNFa secretion coincided with the

382 increase in IL-10 secretion and could thus, at least in

383 part, be explained by the action of this cytokine known

384 to have anti-inflammatory activity. IL-10 has been

385 shown to inhibit LPS-induced human monocyte tissue

386 factor expression in whole blood [40] and to decrease

387 TNFa production in human monocytes [41].

388 h-Glucan at a concentration of 2 Ag/ml was able to

389 induce the secretion of small amounts of TNFa, IL-6

390 and IL-8 in whole blood anticoagulated with low

391 molecular weight heparin, and 20 Ag/ml h-glucan
392 induced TF activity in monocytes, and production of

393 all cytokines (Figs. 1 and 2). It has been reported that

394 soluble yeast h-glucans activate NF-nB-like and NF-

395 IL-6-like transcription factor complexes in a murine

396 monocytic cell line [42] and in U937 cells [43], and

397 that glucan phosphate increases IKKh kinase activity

398 in J774a.1 cells [44]. However, 1 Ag/ml PGG-glucan

399 did not induce IL-1a, IL-1h, IL-6, IL-8, or TNFa in

400 citrated human whole blood after 3 h of incubation [6].

401 It seems thus that differences in h-glucan preparation

402 and anticoagulant used to prevent the blood samples

403 from clotting greatly influence the cytokine pattern

404 observed after incubation. Previously we have shown

405 that TF activity and TNFa production in citrated blood

406 was significantly reduced as compared to heparinized

407 blood [35].

408 Pretreatment of whole blood samples with soluble

409 h-glucan enhanced LPS-induced TF activity and

410 secretion of all cytokines measured independently of

411 the length of preincubation time. Although h-glucan
412 had no effect on LPS-induced IL-6 production when

413 added simultaneously with LPS, preincubation with

414 glucan resulted in increased LPS-induced IL-6 pro-

415 duction. These results are in line with two other in vitro

416 studies. Peritoneal macrophages from mice treated

417 with soluble h-glucan showed increased LPS-stimu-

418 lated NO production and increased PMA-stimulated

419 superoxide production [45], and leukocytes isolated

420 from PGG-glucan-stimulated whole blood displayed

421 enhanced oxidative burst and microbicidal activity

422when stimulated with fNLP [6]. A paper by Soltys

423and Quinn [46] shows a differentiated picture of the

424effect of glucan pretreatment on in vitro cytokine

425production: When leukocytes were isolated from solu-

426ble h-1,6-branched h-glucan-treated mice and subse-

427quently stimulated with LPS, monocytes expressed

428increased IL-2, decreased TNFa, and no change in

429IL-6 levels, while lymphocytes expressed increased

430IL-6, decreased TNFa, and no change in IL-2 and

431IFNg levels. Most in vivo studies, however, strongly

432suggest that pretreatment with soluble glucans reduces

433cytokine production to subsequent challenge with

434LPS. Curdlan sulfate and lentinan have been shown

435to reduce LPS-induced TNFa and IL-1h in BCG-

436primed mice [47]. The same effect was observed in a

437model of murine E. coli sepsis where TNFa and IL-1

438levels in soluble aminated glucan-treated mice were

439significantly lower than in untreated control animals

440[48]. Likewise, pretreatment with h-glucan decreased

441InBa phosphorylation, NF-nB and NF-IL-6 activation,

442and cytokine mRNA levels in the lung and liver

443tissue of mice with surgery-induced polymicrobial

444sepsis [44,49]. In contrast to the above cited studies,

445glucan phosphate has been reported to potentiate LPS-

446induced interferon-g (IFN-g) release in mice by

447increasing production of the IFN-g inducing cytokines

448IL-12 and IL-18 [50]. There seems thus to be a very

449complex picture with respect to how these two com-

450pounds interact both in in vitro and in vivo model

451systems, probably depending on the glucan prepara-

452tion and the experimental model system used.

453In the present study, we observed that h-glucan
454strongly and synergistically increased LPS-induced TF

455activity and plasma levels of IL-8 and IL-10, but had

456only a small synergistic effect of LPS-induced TNFa

457production and no effect at all on IL-6 production

458(Table 1, column G). Furthermore, h-glucan per se was
459able to induce the production of substantial amounts of

460TF and IL-8, but not of the other cytokines (Table 1,

461column E). These results might be explained by the

462ability of glucan to bind and crosslink CD11b/CD18

463[9,10]. It has been reported that crosslinking of

464CD11b/CD18 in PMN induces secretion of IL-8 and

465IL-1h, but not TNFa and IL-6 [51]. Moreover, aggre-

466gation of CD11b/CD18 on the surface of monocytes

467has been shown to induce procoagulant activity [52].

468Signaling pathways activated by clustering and cross-

469linking of CD11b/CD18 might thus act synergistically
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470 with LPS-induced pathways and lead to upregulation

471 of IL-8 and TF synthesis.

472 PMN elastase is an important marker of PMN

473 activation [53] and is released upon activation and

474 degranulation. As demonstrated in this paper, h-glucan
475 and LPS behaved differently with respect to the

476 kinetics of PMN activation: h-glucan increased PMN

477 elastase levels already after 15 min of incubation,

478 whereas an effect of LPS first was observed after 90

479 min. The two compounds did not have any effect on

480 platelet activation. These results show that h-glucan is

481 capable of specifically activating monocytes and neu-

482 trophils, but not blood platelets. The results indicate

483 furthermore that h-glucan, in contrast to LPS, can

484 induce PMN degranulation independently of transcrip-

485 tion, probably by aggregating CD11b/CD18.

486 The present study shows that soluble yeast h-
487 glucan is recognized by and interacts with cells of

488 the innate immune system in humans, and that soluble

489 glucan not only modulates, but (in most cases) upre-

490 gulates leukocyte function, both on its own and in

491 response to LPS. The favorable effect of soluble h-1,3-
492 glucans on patients with septic complications reported

493 in some studies [30,31] might thus at least in part, be

494 explained by a stimulating effect of soluble glucan on

495 leukocyte anergy, which is often observed in serious

496 gram-negative infections (for review, see Ref. [23]).

497 However, this study also shows that LPS and h-glucan
498 exert different effects on human leukocytes, both with

499 respect to the type of responses and also with respect to

500 the kinetics of the induced responses. We have also

501 shown that soluble h-glucan, as does LPS, interacts

502 with the extrinsic pathway of coagulation by inducing

503 TF activity on monocytes. The mechanisms behind

504 this interaction and the cellular receptors involved in

505 this interaction were not addressed in the present study,

506 and need further investigations.

507 References

508 [1] Riggi SJ, Di Luzio NR. Identification of a reticuloendothe-

509 lial stimulating agent in zymosan. Am J Physiol 1961;200:

510 297–305.

511 [2] Goldman RC. Biological response modification by h-D-glu-
512 cans. Annu Rep Med Chem 1995;30:129–38.

513 [3] Ross GD, Vetvicka V, Yan J, Xia Y, Vetvickova J. Therapeutic

514 intervention with complement and h-glucan in cancer. Immu-

515 nopharmacology 1999;42:6–74.

516[4] Czop JK, Austen KF. A h-glucan inhibitable receptor on hu-

517man monocytes: its identity with the phagocytic receptor for

518particulate activators of the alternative complement pathway. J

519Immunol 1985;134:2588–93.

520[5] Czop JK, Kay J. Isolation and characterization of h-glucan
521receptors on humanmononuclear phagocytes. J ExpMed 1991;

522173:1511–20.

523[6] Wakshull E, Brunke-Reese D, Lindermuth J, Fisette L, Na-

524thans RS, et al. PGG-Glucan, a soluble h-(1,3)-glucan, enhan-
525ces the oxidative burst response, microbicidal activity, and

526activates an NF-nB-like factor in human PMN: evidence for

527a glycosphingolipid h-(1,3)-glucan receptor. Immunopharma-

528cology 1999;41:89–107.

529[7] Brown GD, Gordon S. A new receptor for h-glucans. Nature
5302001;413:36–7.

531[8] Ozinsky A, Underhill DM, Fontenot JD, Hajjar AM, Smith

532KD, et al. The repertoire for pattern recognition of pathogens

533by the innate immune system is defined by cooperation be-

534tween toll-like receptors. Proc Natl Acad Sci U S A 2000;97:

53513766–71.

536[9] Ross GD, Cain JA, Myones BL, Newman SL, Lachmann PJ.

537Specificity of membrane complement receptor type three

538(CR3) for h-glucans. Complement 1987;4:61–74.

539[10] Thornton BP, Vetvicka V, Pitman M, Goldman RC, Ross GD.

540Analysis of the sugar specificity and molecular location of the

541h-glucan-binding lectin site of the complement receptor type 3

542(CD11b/CD18). J Immunol 1996;156:1235–46.

543[11] Tobias PS, Tapping RI, Gegner JA. Endotoxin interactions with

544lipopolysaccharide-responsive cells. Clin Infect Dis 1999;28:

545476–81.

546[12] Wiese A, Brandenburg K, Ulmer AJ, Seydel U, Mueller-Loen-

547nies S. The dual role of lipopolysaccharide as effector and

548target molecule. Biol Chem 1999;380:767–84.

549[13] Kirschning CJ, Wesche H, Merrill Aires T, Rothe M. Human

550toll-like receptor 2 confers responsiveness to bacterial lipopo-

551lysaccharide. J Exp Med 1998;11:209–2097.

552[14] Yang RB, Mark MR, Gurney AL, Godowski PJ. Signaling

553events induced by lipopolysaccharide-activated toll-like recep-

554tor 2. J Immunol 1999;163:639–43.

555[15] Lien E, Means TM, Heine H, Yoshimura A, Kusumoto S, et al.

556Toll-like receptor 4 imparts ligand-specific recognition of bac-

557terial lipopolysaccharide. J Clin Invest 2000;105:497–504.

558[16] Poltorak A, Ricciardi-Castagnoli P, Citterio S, Beutler B.

559Physical contact between lipopolysaccharide and toll-like re-

560ceptor 4 revealed by genetic complementation. Proc Natl Acad

561Sci U S A 2000;97:2163–7.

562[17] Yang H, Young DW, Gusovsky F, Chow JC. Cellular events

563mediated by lipopolysaccharide-stimulated toll-like receptor 4.

564J Biol Chem 2000;275:2086–20866.

565[18] Guha M, Mackman N. LPS induction of gene expression in

566human monocytes. Cell Signal 2000;13:85–94.

567[19] Thijs LG, Hack CE. Time course of cytokine levels in sepsis.

568Intensive Care Med 1005;21:S258–63.

569[20] van der Poll T, van Deventer SJH, Hack CE, Wolbink GJ,

570Aarden LA, et al. Effects on leukocytes after injection of tumor

571necrosis factor into healthy humans. Blood 1992;79:693–8.

572[21] Peveri P, Walz P, Dewald B, Baggiolini M. A novel neutrophil-

C.S. Engstad et al. / International Immunopharmacology 340 (2002) xxx–xxx 11



UNCORRECTED P
ROOF

ARTICLE IN PRESS

573 activating factor produced by human mononuclear phagocytes.

574 J Exp Med 1988;79:1547–59.

575 [22] Brandtzæg P, Osnes L, Øvstebø R, Joo GB, Westvik AB,

576 Kierulf P. Net inflammatory capacity of human septic shock

577 plasma evaluated by a monocyte-based target cell assay: iden-

578 tification of interleukin-10 as a major functional deactivator of

579 human monocytes. J Exp Med 1996;184:51–60.

580 [23] Cavaillon JM, Adib-Conquy M, Cloez-Tayarani I, Fitting C.

581 Immunodepression in sepsis and SIRS assessed by ex vivo

582 cytokine production is not a generalized phenomenon: a re-

583 view. J Endotoxin Res 2001;7:85–93.

584 [24] van der Poll T, Levi M, Hack EC, ten Cate H, van Deventer

585 SJH, et al. Elimination of interleukin 6 attenuates coagulation

586 activation in experimental endotoxemia in chimpanzees. J Exp

587 Med 1994;179:1253–9.

588 [25] Østerud B, Bjørklid E. The tissue factor pathway in dissemi-

589 nated intravascular coagulation. Semin Thromb Haemost 2001;

590 27:605–17.

591 [26] Cook JA, Dougherty WJ, Holt TM. Enhanced sensitivity to

592 endotoxin induced by the RE stimulant, glucan. Circ Shock

593 1980;7:225–38.

594 [27] Bowers GJ, Patchen ML, MacVittie TJ, Hirsch EF, Fink MP. A

595 comparative evaluation of particulate and soluble glucan in an

596 endotoxin model. Int J Immunopharmacol 1986;8:313–21.

597 [28] Vereschagin EI, van Lambalgen AA, Dushkin MI, Schwartz

598 YS, Polyakov L, et al. Soluble glucan protects against endotox-

599 in shock in the rat: the role of the scavenger receptor. Shock

600 1998;9:193–8.

601 [29] Hetland G, Ohno N, Aaberge IS, Løvik M. Protective effect of

602 h-glucan against systemic Streptococcus pneumoniae infection

603 in mice. FEMS Immunol Med Microbiol 2000;27:111–6.

604 [30] Williams DL, Mueller A, Browder W. Preclinical and clinical

605 evaluation of carbohydrate immunopharmaceuticals in the pre-

606 vention of sepsis and sepsis sequelae. J Endotoxin Res 1995;2:

607 203–8.

608 [31] Williams DL, Mueller A, Browder W. Glucan-based macro-

609 phage stimulators. A review of their anti-infective potential.

610 Clin Immunother 1996;5:392–9.

611 [32] de Groote D, Zangerle PF, Gevaert Y, Fassotte MF, Beguin Y,

612 et al. Direct stimulation of cytokines (IL1-h, TNF-a, IL-6,
613 IFN-g and GM-CSF) in whole blood: I. Comparison with

614 isolated PBMC stimulation. Cytokine 1992;4:239–48.

615 [33] Wang JE, Solberg R, Okkenhaug C, Jørgensen PF, Krohn CD,

616 Aasen AO. Cytokine modulation in experimental endotoxe-

617 mia: characterization of an ex vivo whole blood model. Eur

618 Surg Res 2000;32:65–73.

619 [34] Engstad RE. Yeast h-glucan as an immunostimulant in Atlantic

620 salmon (Salmo salar L.): biological effects, recognition and

621 structural aspects. Dr. scient. thesis, University of Tromsø,

622 1994.

623 [35] Engstad CS, Gutteberg TJ, Østerud B. Modulation of blood

624 cell activation by four commonly used anticoagulants. Thromb

625 Haemost 1997;77:690–6.

626 [36] Engstad CS, Lia K, Rekdal Ø, Olsen JO, Østerud B. A novel

627 biological effect of platelet factor 4 (PF4): enhancement of

628 LPS-induced tissue factor activity in monocytes. J Leukoc

629 Biol 1995;58:575–81.

630[37] Busund LTR, Seljelid R. Treatment of E. coli infections with

631novel immunomodulators—derivatives of h-1,3-D-polyglu-
632cose derivatives. Zent bl Bakteriol 1994;27:293–301.

633[38] Østerud B, Rao LVM, Olsen JO. Induction of tissue factor

634expression in whole blood: lack of evidence for the presence

635of tissue factor expression in granulocytes. Thromb Haemost

6362000;83:861–7.

637[39] DeForge LE, Kenney JS, Jones ML, Warren JS, Remick DG.

638Biphasic production of IL-8 in lipopolysaccharide (LPS)-stimu-

639lated human whole blood. J Immunol 1992;148:2133–41.

640[40] Lindmark E, Tenno T, Chen J, Siegbahn A. IL-10 inhibits

641LPS-induced human monocyte tissue factor expression in

642whole blood. Br J Haematol 1998;102:597–604.

643[41] Shin DI, Banning U, Kim YM, Verheyen J, Hannen M, et al.

644Interleukin 10 inhibits TNF-alpha production in human mono-

645cytes independently of interleukin 12 and interleukin 1 beta.

646Immunol Invest 1999;28:165–75.

647[42] Adams DS, Pero SC, Petro JB, Nathans R, Mackin WM,

648Wakshull E. PGG-glucan activates NF-nB-like and NF-IL-6-

649like transcription factor complexes in a murine monocytic cell

650line. J Leukoc Biol 1997;62:865–73.

651[43] Battle J, Ha T, Li C, Della Beffa V, Rice P, et al. Ligand

652Binding to the (1-3)-h-D-glucan receptor stimulates NF-nB
653activation, but not apoptosis in U937 cells. Biochem Biophys

654Res Commun 1998;249:499–504.

655[44] Williams DL, Ha T, Li C, Laffan J, Kalbfleisch J, Browder W.

656Inhibition of LPS-induced NFnB activation by a glucan ligand

657involves downregulation of IKKh kinase activity and altered

658phosphorylation and degradation of InBa. Shock 2000;13:

659446–52.

660[45] Cleary JA, Kelly GE, Husband AJ. The effect of molecular

661weight and h-1,6-linkages on priming of macrophage function

662in mice by (1,3)-h-D-glucan. Immunol Cell Biol 1999;77:

663395–403.

664[46] Soltys J, Quinn MT. Modulation of endotoxin- and enterotox-

665in-induced cytokine release by in vivo treatment with h-(1,6)-
666branched h-(1,3)-glucan. Infect Immun 1999;6781:244–52.

667[47] Masihi KN, Madaj K, Hintelmann H, Gast G, Kaneko Y.

668Down-regulation of tumor necrosis factor-a, moderate reduc-

669tion of interleukin-1h, but not interleukin-6 or interleukin-10,

670by glucan sulfate immunomodulators curdlan sulfate and len-

671tinan. Int J Immunopharmacol 1997;19:463–8.

672[48] Rasmussen LT, Fandrem J, Seljelid R. Dynamics of blood

673components and peritoneal fluid during treatment of murine

674E. coli sepsis with h-1,3-D-polyglucose derivatives: II. Inter-

675leukin 1, tumour necrosis factor, prostaglandin E2, and leuko-

676triene B4. Scand J Immunol 1990;32:333–40.

677[49] Williams DL, Ha T, Li C, Kalbfleisch JH, Laffan JJ, Ferguson

678DA. Inhibiting early activation of tissue nuclear factor-nB and

679nuclear factor interleukin 6 with (1-3)-h-D-glucan increases

680long-term survival in polymicrobial sepsis. Surgery 1999;

681126:54–65.

682[50] Sherwood ER, Varma TK, Fram RY, Lin CY, Koutrouvelis AP,

683Toliver-Kinsky TE. Glucan phosphate potentiates endotoxin-

684induced interferon-g expression in immunocompetent mice,

685but attenuates induction of endotoxin tolerance. Clin Sci

6862001;101:541–50.

C.S. Engstad et al. / International Immunopharmacology 340 (2002) xxx–xxx12



UNCORRECTED P
ROOF

ARTICLE IN PRESS

687 [51] Walzog B, Weinmann P, Jeblonski F, Scharffetter-Kochanek

688 K, Bommert K, Gaehtgens P. A role for h2 integrins (CD11/

689 CD18) in the regulation of cytokine expression of polymor-

690 phonuclear neutrophils during the inflammatory response.

691 FASEB J 1999;80:1855–65.

692[52] McGilvray ID, Lu Z, Wei AC, Rotstein OD. MAP-kinase

693dependent induction of monocytic procoagulant activity by

694h2-integrins. J Surg Res 1998;80:272–9.

695[53] Goris RJA. Pathophysiology of shock in trauma. Eur J Surg

6962000;166:100–11.

697

C.S. Engstad et al. / International Immunopharmacology 340 (2002) xxx–xxx 13


	Introduction
	Methods
	Reagents
	Whole blood assay system
	Quantitation of TF activity
	Quantitation of cytokines and cell activation markers
	Statistics

	Results
	Effect of increasing LPS and beta-glucan concentrations on cytokine secretion and TF activity in whole blood
	Time course of beta-glucan and LPS-induced cytokine production and TF activity in whole blood
	The effect of pretreatment with beta-glucan on LPS-induced cytokine secretion and TF activity
	The effect of beta-glucan on PMN and platelet activation in whole blood

	Discussion
	References

