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Involvement of the contact system of coagulation in the the human hepatoma cell line HepG2 by up to 75%. The
decrease in protein secretion correlated with an equivalentpathogenesis of various inflammatory diseases is suggested

by reduced plasma levels of factor XII (Hageman factor) and decrease of factor XII mRNA likely indicating a pretransla-
tional control of factor XII gene expression by IL-6. Downreg-prekallikrein generally considered to result from activation

of the contact system. However, in many of these diseases ulation of factor XII production by IL-6 in vitro parallelled
that of transthyretin, a known negative acute-phase protein.patients develop an acute-phase response and, therefore, an

alternative explanation for the decreased levels of factor XII Moreover, we show that, in patients developing an acute-
phase response after immunotherapy with IL-2, plasma lev-could be the downregulation of factor XII gene expression

in the liver as described for negative acute-phase proteins. els of factor XII correlate (r ! .76, P Ú .0001) with those
of transthyretin. Taken together, these results suggest thatWe report here that interleukin-6 (IL-6), the principal cyto-

kine mediating the synthesis of most acute-phase proteins factor XII behaves as a negative acute-phase protein.
q 1997 by The American Society of Hematology.in the liver, downregulates the production of factor XII by

(TTR; prealbumin), a well-known negative acute-phase pro-T tein.
HE PLASMA CONTACT system is involved in the
maintenance of homeostasis of the organism; indeed,

activated contact system proteins trigger the activation of
MATERIALS AND METHODSthe intrinsic pathways of coagulation and fibrinolysis, the

activation of the complement system, and the production of Cell culture. HepG2 cells were cultured in Dulbecco’s modified
Eagles medium supplemented with 10% (vol/vol) fetal calf serumkinins.1-5

(FCS), penicillin-streptomycin, and glutamine (all purchased fromThe activation of the contact system is initiated by factor
GIBCO BRL, Paisley, UK). For the stimulation experiments, cellsXII (FXII), a serine protease synthesized by the liver6 as a
were plated at a density of 1 1 105 cells/cm2 in 25-cm2 flasks; aftersingle-chain inactive zymogen. Upon binding to a negatively
24 hours, the medium was replaced with fresh medium with orcharged surface, FXII is converted to activated FXII (FXIIa),
without 10% (vol/vol) FCS and with or without added cytokines (0

which, in turn, activates prekallikrein to kallikrein and FXI time). After 24 hours, culture media were harvested and replaced
to activated FXI. Kallikrein activates additional FXII and with fresh medium containing the appropriate cytokines and cells
cleaves high molecular weight kininogen generating the va- cultured for an additional 24 hours. This procedure was repeated on
soactive peptide bradykinin. 3 successive days. Cells and culture fluids were harvested at 24-

hour intervals for RNA analysis by Northern blot and for proteinFXII and prekallikrein plasma levels are low in sepsis,
(FXII, TTR, and fibrinogen) quantification by enzyme-linked immu-which has been ascribed to increased consumption resulting
noassorbent assays (ELISAs), respectively. Cell supernatants werefrom activation of the contact system. However, evidence
centrifuged at 4,000g for 20 minutes at 47C to remove detached cellsfor such an activation process is often lacking. For example,
and stored at 0207C until analysis. All stimulation experiments werecirculating levels of FXIIa- and kallikrein-C1-inhibitor com-
repeated at least three times, with duplicate incubations and duplicate

plexes, which reflect activation of the contact system in vivo, determination of the secreted proteins.
are also low in most patients with sepsis.7 Cytokines. Human recombinant IL-6 (rIL-6) produced in Esche-

Mammalian liver responds to acute systemic injury by a richia coli was purified to homogeneity by gel filtration and ion
dramatic change in the synthesis of various plasma proteins. exchange high-performance liquid chromatography as described.14,15

This phenomenon is known as hepatic acute-phase re-
sponse.8,9 The rate and amplitude of changes in plasma levels
of the acute-phase proteins reflect the induction of their syn- From the Central Laboratory of The Netherlands Red Cross Blood
thesis by various cytokines, such as interleukin-1b (IL-1b), Transfusion Service and Laboratory for Experimental and Clinical
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lates that of the so-called negative acute-phase proteins.10-13
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The specific activity of rIL-6 was 109 U per milligram as measured
in the B9 bioassay.16 Endotoxin content was less than 3.5 pg/mg as
measured in the Limulus assay. A second preparation of rIL-6 was
kindly provided by G. Ciliberto (IRBM, Pomezia, Rome, Italy). rIL-
1b was kindly provided by Dr P.T. Lomedico (Hoffmann-La Roche,
Nutley, NJ) and had a specific activity of 51 106 U/mg, as measured
in D10 bioassay, and an endotoxin content of 6 pg/mg.16 rTNFa,
produced in E coli, was generously provided by W. Haas (Hoffmann-
La Roche, Basel, Switzerland). The specific activity was 5.9 1 107

U/mg as measured in the WEHI 164 bioassay.17

Immunoassays. Proteins secreted in the culture media were
quantified by sandwich-type ELISA. The ELISAs used to quantify
fibrinogen and TTR were performed using a first polyclonal antibody
for coating and a second polyclonal antibody labeled with biotin.
The rabbit polyclonal antibodies used were separated from antiserum
(Rabbit-antihuman fibrinogen and rabbit-anti-TTR; both from the

Fig 1. Effect of rIL-1b, rIL-6, and rTNFa on FXII synthesis by HepG2Department of Immune Reagents, Central Laboratory of The Nether-
cells. HepG2 cells were grown to 80% confluence in 24-well plateslands Red Cross Transfusion Service, Amsterdam, The Netherlands)
and incubated under serum-free conditions with 50 ng/mL of rIL-1b,

by affinity chromatography on protein-G-Sepharose (Pharmacia Fine rIL-6, rTNFa, and a combination of rIL-1b and rIL-6 for 72 hours.
Chemicals, Uppsala, Sweden) according to the manufacturer’s in- Culture medium was refreshed every 24 hours. FXII concentration in
structions. FXII was measured using two monoclonal antibodies, culture media obtained after the third 24-hour period was measured
both directed against the catalytic region of FXII, as previously by ELISA as described in the Materials and Methods. Results repre-

sent the mean Ô SD of three independent experiments. *P Ú .05 asdescribed.18 The amount of proteins present in the culture media
compared with unstimulated cells.was calculated by reference to a standard curve of pooled normal

human plasma. By comparing dose-response curves of the latter with
those of purified FXII, the pooled plasma was estimated to contain
35.3 { 2.9 mg of FXII per milliliter. The interassay coefficient of

samples. A difference was considered significant, using a two-tailedvariation of all assays was less than 10%.
P, at P õ .05.Results were corrected for cell number by assessing the total

amount of RNA extracted from the flasks and were expressed as the
RESULTSamount of protein secreted into the culture medium during 24 hours

by 106 HepG2 cells. Data are presented as the mean { SD from FXII production by HepG2 cells. FXII was constitu-
four to six replicate cultures. tively synthesized and secreted by HepG2 cells in the ab-

Preparation of RNA and Northern blot analysis. Cells were sence of any stimulus. In initial experiments, we studied the
washed with ice-cold phosphate-buffered saline and lysed in guanidi- effects of rIL-1b, rIL-6, and rTNFa on the production of
nium thiocyanate solution (4 mol/L guanidinium thiocyanate, 25 FXII. Cells were cultured under serum-free conditions in the
mmol/L sodium citrate, and 0.5% sodium lauryl sarcosylate, pH 7).

presence of rIL-1b, rIL-6, rTNFa, and combinations of rIL-Total RNA was isolated by phenol-chloroform extraction.19 Twenty-
1b and rIL-6. As shown in Fig 1, the amount of FXII presentfive micrograms of total RNA, as determined spectrophotometrically,
in the culture media of HepG2 cells stimulated for 72 hourswas fractionated on 1% agarose-formaldehyde gel and transferred
with rIL-6 was three times lower than in the controls (P Åonto nylon membranes (Hybond-N; Amersham, Buckinghamshire,

UK). Hybridization, washing, and rehybridization were performed .022), whereas changes induced by rIL-1b and rTNFa were
according to the manufacturer’s instructions. Filters were hybridized not statistically significant. Moreover, rIL-1b did not sig-
with 32P-labeled 0.5-kb FXII cDNA probe. The FXII probe was the nificantly modify the effect of rIL-6 on FXII production.
HindIII-Pst I fragment of the pBFXII plasmid20 containing nucleo- Based on the initial results, we focused our attention on the
tides 1-543 of hFXII cDNA. Each filter was rehybridized with a 0.3- effect of IL-6 on FXII production by HepG2 cells cultured in
kb human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) the presence or absence of FCS. Dose-response experiments
cDNA probe to perform a normalization for mRNA loading. Filters

using rIL-6 concentrations ranging from 0.1 to 50 ng/mLwere washed and exposed to Kodak X-Omat film (Eastman Kodak,
indicated that rIL-6 was already effective at a concentrationRochester, NY) at 0707C with intensifying screens. The abundance
of 0.5 ng/mL (data not shown) and reached a plateau atof specific FXII transcripts in each lane was directly quantified on
concentrations less than 5 ng/mL. Therefore, all subsequentfilters by a Phosphoimager Analyser (Canberra Packard, Meriden,
experiments were performed using 5 ng of rIL-6 per milliliterCT).

Analysis of FXII and TTR levels in IL-2–treated patients. Four of culture medium. Under these conditions, rIL-6 signifi-
patients who received high doses of recombinant IL-2 as a treatment cantly downregulated the production of FXII by HepG2 cells
for metastatic melanoma or renal cell carcinoma malignant diseases cultured both in the presence and absence of FCS (Fig 2A).
were studied with regard to the changes occurring in the contact The amount of FXII in culture media after 24 hours of expo-
system proteins.21 Further details regarding the patients, the IL-2 sure to rIL-6 was 75% of that in medium from cells cultured
treatment, and the blood sampling are given elsewhere.22 FXII levels in absence of rIL-6 and decreased to 25% at 48 and 72 hours.
in plasma samples were determined by radioimmunoassay as de-

The amount of FXII in culture media from unstimulatedscribed.7,21 TTR levels were measured by ELISA, as described above.
cells cultured with or without FCS was comparable at 24Data analysis. All statistical analyses were performed by
and 48 hours, whereas it was twofold increased in HepG2Graphpad Instat (San Diego, CA). Intergroups and intragroups dif-
cells maintained without FCS for 72 hours.ferences were assessed by the Mann-Whitney U test and the Wil-

Synthesis of fibrinogen, studied as positive control ofcoxon test, respectively. The Spearman rank correlation analysis
was used to assess the correlation between protein levels in plasma acute-phase reaction, was threefold to fourfold increased in
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decrease resembled that of TTR. These results raised the
question as to whether FXII might behave as a negative
acute-phase protein during the acute-phase reaction in vivo.
We therefore evaluated a possible correlation between
plasma levels of FXII and TTR in patients treated with high
doses of rIL-2 who develop an acute-phase reaction after
high plasma levels of IL-6. Similarly to FXII,21 TTR also
significantly decreased during the treatment with rIL-2 (P
õ .0001), and this decrease correlated with that of FXII (r
Å .76, P õ .0001; Fig 4).

DISCUSSION

The results presented here show that the synthesis of FXII
in the human hepatoma cell line HepG2 is downregulated
by IL-6. The hepatoma cell line HepG2 is very similar to
hepatocytes in terms of biologic responsiveness23-25 and is
widely used as model system for studying the regulation of
acute-phase protein synthesis in human liver.26-29

The decrease in FXII production by HepG2 cells was
significant after 24 hours of rIL-6 stimulation and reached a
nadir at 48 hours. Neither rIL1-b nor rTNFa had a significant
effect on FXII levels. In fact, IL1-b and TNFa directly
control the synthesis of only a limited subset of acute-phase
proteins,27,30-35 and their effect appears to be mediated, at
least in part, by the induction of IL-6 synthesis.10,11,36-38 In
vitro studies using hepatocyte cultures and correlations of
serum IL-6 concentrations with acute-phase protein levels
in various inflammatory states in vivo indicate that IL-6Fig 2. FXII and TTR production in control and rIL-6–treated HepG2

cells cultured in the presence or in the absence of 10% FCS. HepG2 may be the principal regulator for most acute-phase protein
cells were plated at a density of 1 Ì 105 cells/cm2 in 25-cm2 flasks. genes.11,26,33,34,38

After 24 hours, the medium was replaced with fresh medium with
Hepatocyte activation with IL-6 can result in both positiveor without 10% (vol/vol) FCS with or without rIL-6 (0 time). After

and negative regulation of acute-phase proteins. Positive24 hours of culture, media were harvested and replaced with fresh
medium (ÔrIL-6) and the cells were cultured for an additional 24 acute-phase proteins are represented by a large number of
hours. FXII (A) and TTR (B) concentrations in the culture media were proteins, including various protease inhibitors, clotting fac-
determined by ELISA. Results were corrected for cell number by as-

tors, and transport plasma proteins, whose plasma levelssessing the total amount of RNA extracted from the flasks and are
may increase from twofold to 1,000-fold. Concomitant toexpressed as the amount of protein secreted in the culture medium

in 24 hours by 106 HepG2 cells. Results (mean Ô SD) are the average the increase of positive acute-phase protein concentrations,
of three independent experiments in duplicate. * PÚ .05 as compared a decrease in plasma levels of negative acute-phase proteins,
with corresponding control. which include albumin, a2-HS-glycoprotein, TTR, trans-

ferrin, and retinol-binding protein, has been observed. De-
creased levels have generally been thought to be due to
transfer to the extravascular space or to increased metabo-the presence of rIL-6 (data not shown). As control for nega-
lism; nevertheless, recent studies indicate that IL-1, TNF,tive acute-phase protein, we evaluated the production of
and IL-6 are all capable of decreasing transcription of genesTTR, whose levels decreased by 37% after 24 hours and by
for albumin29,39-41 and that IL-6 decreases transcription of the70% after 72 hours after rIL-6 stimulation of HepG2 cells
TTR gene in HepG2 cells.29(Fig 2B). Although TTR levels were generally higher in

FXII and TTR levels were decreased in the culture mediaculture media from cells maintained without FCS, the extent
of rIL-6–stimulated HepG2 cells cultured either in the pres-of the decrease induced by rIL-6 was comparable with that
ence or in the absence of FCS, thus ruling out the possibilityobserved in cells cultured in the presence of 10% FCS (Fig
that the observed decreases were due to negative regulators2B).
present in the FCS. However, higher levels of FXII proteinFXII mRNA levels in HepG2 cells. Northern blot analy-
and specific mRNA as well as of TTR were found in thesis showed that FXII mRNA levels were decreased by 23%
medium from cells cultured without FCS especially after 72after 24 hours and by 66.5% after 48 and 72 hours of rIL-
hours. This my have been due to the presence of IL-6 in the6 stimulation (Fig 3A and B). An increase of FXII mRNA
FCS, but the finding that this FCS was negative in a bioassaywas observed at 72 hours in unstimulated HepG2 cells cul-
for IL-6, ie, the B9 assay,16 allowed us to exclude this possi-tured without FCS.
bility. Possibly, the higher levels of proteins and mRNAFXII and TTR levels in IL-2–treated patients. The ex-
found in the FCS-free cultures, compared with the FCS cul-periments described above showed that rIL-6 downregulated

FXII production by a human hepatoma cell line and that the tures, reflected either the presence of unidentified negative
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Fig 3. Downregulation of FXII
mRNA in HepG2 cells by rIL-6.
HepG2 cells (1 Ì 105 cells/cm2 in
25-cm2 flasks) were incubated
for the indicated times with or
without rIL-6 (5 ng/mL) in the
presence or absence of 10% (vol/
vol) FCS. RNA was extracted and
analyzed by Northern blot as in-
dicated in the Materials and
Methods. The filters were hy-
bridized with 32P-human FXII
cDNA, cleaned, and rehybridized
with 32P-human GAPDH cDNA.
(A) Time course of the FXII
mRNA decrease after rIL-6 addi-
tion in the presence or in the ab-
sence of FCS; the autoradio-
grams of a representative
Northern blot experiment are
shown. (B) Quantitative analysis
of the inhibitory effect of rIL-6 on
FXII mRNA concentration in
HepG2 cells. The intensity of the
bands corresponding to FXII
mRNA and to GAPDH mRNA,
used as an internal control, was
derived from direct radioactivity
measurement on filters by Phos-
phoimager Analyser (Canberra
Packard). Data are expressed as
the FXII/GAPDH ratio and repre-
sent the mean Ô SEM of two ex-
periments.

regulators in the FCS or a higher expression of liver-specific
genes by nonproliferating hepatoma cells.

Modulation of acute-phase gene expression by cytokines
has been shown to be mostly at pretranslational
level.9,10,31,39,42,43 The quantitative changes in secreted FXII
and steady-state mRNA levels during rIL-6 stimulation were
comparable, suggesting that rIL-6 control on FXII synthesis
was indeed at a pretranslational level. However, more experi-
ments are needed to clarify whether the inhibitory effect of
IL-6 on accumulation of FXII transcripts is mediated by a
decrease of FXII gene transcriptional rate and/or a decrease
in FXII mRNA stability. Recently, the hepatocyte nuclear
factor-3 (HNF-3) proteins have been shown to regulate the
transcription of a number of negative acute-phase genes,
such as albumin, transferrin, and TTR,44-46 and it has been
proposed that the decreased HNF-3a expression during the
acute-phase response may, indeed, mediate the reduced tran-Fig 4. Relationship of plasma levels of FXII to those of TTR in IL-

2–treated patients. Data were those obtained in 7 cycles of escalating scription of HFN-3 target genes that respond negatively to
doses of rIL-2 administered to 4 patients. In each patient, initial levels cytokine signalling.44 Using computer-assisted analysis of
of FXII and TTR were arbitrally set at 1 and protein levels at subse- the sequence of the 5*-flanking region of the human FXIIquent days were related to these. Data points represent the relative

gene,47 we have identified 4 putative binding consensus forconcentrations measured in plasma samples that were taken daily
(r ! .76, P Ú .0001). HNF-3 proteins (Fig 5), which supports the hypothesis that
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Fig 5. Schematic diagram of FXII gene promoter
and the location of four putative binding site for HNF-
3. Location of HNF-3 putative binding sites on the 5*-
flanking region of FXII gene. Abbreviations for nucle-
otides are as follows: R ! G or A; Y ! C or T. The
mismatches from the consensus sequence deduced
for HNF-3 binding sites48 are underlined.

2. Colman RW: Surface-mediated defense reactions. The plasmaIL-6 modulation of FXII gene occurs at the transcriptional
contact activation system. J Clin Invest 73:1249, 1984level. The 4 putative consensus sequences found in FXII

3. Saito H: Contact factors in health and disease. Thrombgene promoter show 2 or 3 nucleotide substitutions when
Haemost 13:36, 1987compared with the canonical consensus sequence48; never-

4. Kaplan AP, Silverberg M: The coagulation-kinin pathway oftheless, subtle nucleotide changes at the 3* and 5* ends of the
human plasma. Blood 70:1, 1987

consensus binding site sequence provide a different HNF-3 5. Kozin F, Cochrane CG: The contact activation system of
binding affinity and allow for discrimination between various plasma: Biochemistry and pathophysiology, in Gallin JI, Goldstein
HNF-3 family members. IM, Snyderman R (eds): Inflammation: Basic Principles and Clinical

The finding that in vitro IL-6 downregulates the hepato- Correlates. New York, NY, Raven, 1988, p 101
cyte synthesis of FXII to the same extent as the synthesis 6. Gordon EM, Gallagher C, Johnson RT, Blossey BK, Ilan J:

Hepatocytes express blood coagulation factor XII (Hageman factor).of TTR suggests that FXII may act as a negative acute-phase
J Lab Clin Med 115:463, 1990protein during the acute-phase reaction. This was corrobo-

7. Nuijens JH, Huijbregts CCM, Eerenberg AJM, Abbink JJ,rated in vivo in patients who develop an acute-phase re-
Strack van Schijndel RJM, Felt-Bersma RJF, Thijs LG, Hack CE:sponse during therapy with rIL-2. In these patients, plasma
Quantification of plasma factor XIIa-C1-inhibitor and kallikrein-C1-levels of FXII have been shown to decrease disproportionally
inhibitor complexes in sepsis. Blood 72:1841, 1988to albumin.21 We show here that the FXII decrease correlated

8. Koj A: Definition and classification of acute-phase proteins, in
very significantly with that of TTR. This correlation, together Gordon AH, Koj A (eds): The Acute-Phase Response to Injury and
with the lack of evidence of products of contact system Infection. Amsterdam, The Netherlands, Elsevier, 1985, p 139
activation,21 suggests that the observed low levels of FXII 9. Baumann H, Gauldie J: The acute phase response. Immunol
can be, at least in part, ascribed to the modulation of FXII Today 15:74, 1994
synthesis by IL-6. 10. Castell JV, Gómez-Lechón MJ, David M, Fabra R, Trullenque

R, Heinrich P: Acute-phase response of human hepatocytes: Regula-It has been proposed that decreased levels of negative
tion of acute-phase protein synthesis by interleukin-6. Hepatologyacute-phase proteins are necessary to allow for an increased
12:1179, 1990synthesis of positive acute-phase protein without changing

11. Heinrich PC, Castell JV, Andus T: Interleukin-6 and the acutethe overall rate of total protein synthesis in the liver. Alterna-
phase response. Biochem J 265:621, 1990tively, the downregulation of the synthesis of negative acute-

12. Kushner I, Mackiewicz A: Acute phase response, in Mackie-
phase proteins may serve biologic goals. In the case of FXII,

wicz A, Kushner I, Baumann H (eds): Acute Phase Proteins. Boca
the biologic goal of diminished synthesis during acute-phase Raton, FL, CRC, 1996, p 4
responses is difficult to comprehend, because the precise 13. Aldred AR, Schreiber G: The negative acute phase proteins,
physiologic role of FXII is not known. Considering the in- in Mackiewicz A, Kushner I, Baumann H (eds): Acute Phase Pro-
creased risk of FXII-deficient persons for thromboembolic teins. Boca Raton, FL, CRC, 1996, p 21

14. Brakenhoff JPJ, De Groot ER, Evers RF, Pannekoek H,processes,49-51 it is tempting to speculate that a diminished
Aarden LA: Molecular cloning and expression of hybridoma growthsynthesis of FXII may favor clotting possibly via reduced
factor in E. coli. J Immunol 139:4116, 1987activation of the fibrinolytic system.52-54 Indeed, the tendency

15. Helle M, Brakenhoff JPJ, De Groot ER, Aarden LA: Interleu-to favor a procoagulant state by enhanced expression of
kin-6 is involved in interleukin-1-induced activities. Eur J Immunolclotting factors and fibrinolysis inhibitor seems to be a gen-
18:957, 1988

eral feature of acute-phase responses.55-67

16. Helle M, Boeije L, Aarden LA: Functional discrimination
In conclusion, we show that the synthesis of FXII by between interleukin-6 and interleukin-1. Eur J Immunol 18:1535,

HepG2 cells is downregulated by IL-6. This finding, together 1988
with the observation that FXII levels closely correlate with 17. Espevik T, Nissen-Meyer J: A highly sensitive cell line,
those of TTR in patients undergoing an acute-phase reaction WEHI 164 clone 13, for measuring cytotoxic factor/tumor necrosis

from human monocytes. J Immunol Methods 95:99, 1986during immunotherapy with rIL-2, led us to propose that, in
18. Citarella F, Ravon DM, Pascucci B, Felici A, Fantoni A,humans, FXII is a negative acute-phase protein.

Hack CE: Structure/function analysis of human factor XII using
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