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SUMMARY

In this report we describe, on a quantitative basis, the secretion of complement
components by hepatocytes. Primary cultures were established after isolation of the cells
from guinea-pig liver and the synthesis ofC3, C5, C4 and C2 was measured. The cells were
isolated by collagenase perfusion of the liver followed by differential centrifugation. The
contamination ofthe hepatocyte suspension with non-parenchymal cells was less than 1%.
At 24 h after plating the cells the kinetics of complement production were measured. C3
and C5 content in the culture medium harvested at different time intervals was determined
by a sensitive ELISA. Secretion of C2 and C4 was measured haemolytically using C2 or
C4 deficient guinea-pig serum. Under the conditions used hepatocytes secreted C3 at a
rate of about 100 ng/ 106 cells/h with a plateau of secretion after 24 h of culture
corresponding to about 350,000 molecules/cell/h. C5 secretion was detectable after 3-6 h
ofculture. The C5 secretion rate was about 15 ng/ 106 cells/24 h. The functional activity of
C4 and C2 in the supernatants amounted to about 80 SFU/cell/h if the culture medium
was changed every 3 h but dropped significantly if the medium was changed every 12 h.
The decrease of the haemolytic activity became stronger if the medium was changed every
24 h. Cycloheximide reversibly inhibited the complement production. Our results show
that guinea-pig hepatocytes synthesize considerably more C3 and C5 compared to
peritoneal macrophages supporting the hypothesis that hepatocytes provide the major
source of plasma complement.
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INTRODUCTION

It is known that the liver is responsible for 19% of total body protein synthesis in the rat; in man the
export proteins account for about 50% of the 48 g proteins synthesized by the liver per day; albumin
accounts for halfof this protein synthesis (Kirsch, 1982). Some plasma proteins are only synthesized
by the liver e.g. albumin or fibrinogen. Other plasma proteins are provided by the liver to a major
portion (Davidson, 1982). This is especially true for complement as revealed by studies performed in
liver transplanted patients (Alper, Johnson & Moore, 1969; Torisu et al., 1972), by studies
performed in vitro with human liver (Colten, 1972) and by studies with hepatoma cells of rat
(Strunk, Tashjan & Colten, 1975) and human origin (Morris, Colten & Bing, 1982a; Morris et al.,
1982b). Besides the liver several cell populations were shown to produce complement components.
Monocytes and macrophages synthesize Cl, C2, C3, C4, C5, factor B, factor D, factors I and H
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(Einstein et al., 1977; Cole et al., 1980; Whaley, 1980; Fey & Colten, 1981; Zimmer et al., 1982;
Newell & Atkinson, 1983), fibroblasts synthesize Cl and C3 (Al-Adani & O'D McGee, 1976; Skok
et al., 1981; Stecher, Morse & Thorbecke, 1967), whereas epithelial cells produce Cl (Morris et al.,
1978). The quantitative contribution of the extrahepatic synthesis is not clear. It is conceivable that
this secretion is mainly important locally, i.e. in the microenvironment of the cells. This would mean
that its contribution to the plasma complement compartment might be very small. Some authors
consider the liver as the main source of at least some complement components (Alper & Rosen,
1976). Saunders & Edidin (1974) detected C4 in hepatocytes by means of the immunofluorescence
technique. Biochemical studies concerning the structure of C4 have been performed using C4 as
produced by primary culture of mice hepatocytes (Karp, Shreffier & Atkinson, 1982). So far, no
studies have been performed to quantify the capacity for complement production by purified liver
cells. This paper describes in quantitative terms the complement synthesis by guinea-pig
hepatocytes.

MATERIALS AND METHODS

Animals. Normal guinea-pigs were held under standard conditions.
Isolation ofparenchymal liver cells and cell culture conditions. The animals were anaesthetized

with Nembutal (60 mg/kg body wt) injected intraperitoneally, the abdomen was opened and the
portal vein was cannulated with a 14 gauge catheter. After heparinization the liver was perfused
using the two step method as described by Berry & Friend (1969) with following modifications: the
liver was perfused in situ firstly with a calcium free buffer (Renton, Delcoria & Mannering, 1978)
and then with a buffer containing collagenase (0.05%, Boehringer Mannheim, FRG) and soybean
trypsin inhibitor (0.005%, Sigma Mfinchen, FRG). After the perfusion the liver was transferred into
a Petri dish and gently teased apart. The cell suspension was filtered through a nylon gauze and
gently agitated in a water bath at 370C for 15 min. Thereafter the cell suspension was again filtered
and the cells washed three times (50 g for 3 min each). The cell suspensions used for establishing cell
cultures showed a viability of 90-95% as determined by the trypan blue exclusion test and by the
determination of the LDH release (LDH opt. Monotest, Boehringer, Mannheim, FRG) in the
medium after treating the cells with 0.5% (final concentration) Triton X-100. The contamination
with non-parenchymal cells was always below 1%. After the third washing the cell pellet was

resuspended in the culture medium (Dulbecco modification of Eagle's medium containing 10 ml
penicillin/streptomycin/1, 20mM HEPES, 1 pg/ml insulin, 8 mM D-glucose and with or without 10%
heat-inactivated FCS). For the first day of culture litocholic acid was added to the medium (10-6M)
in order to inhibit growth of fibroblasts. The Petri dishes used for the cultures were coated with
collagen type III from calf skin (Sigma, Muinchen, FRG) suspended in 0.2% acetic acid. The
cultures were maintained at 37°C in a humidified 5% C02/95% air incubator. The presence of
non-parenchymal cells in the hepatocyte cultures was studied by means of electronmicroscopy
(Meek, 1978) kindly performed by Dr H. P. Dienes, Mainz and by the peroxidase staining (Wisse,
1974). The capacity of the hepatocyte cultures for synthesis was studied by the measurement of the
production of the tyrosine aminotransferase (Granner & Tomkins, 1970).

Culture conditions for medium collection. Three millilitres of the cell suspension (106 cells/ml)
were plated onto Petri dishes (6 cm 0). Twenty-four hours after plating, the cell cultures were

washed four times with 3 ml medium, the last 3 ml were used as control samples (corresponding to
time zero of culture).

Cultures were performed in duplicate, and after 3, 6, 9, 12, 24 h of culture, the supernatants were
harvested, centrifuged (400g, 5 min) to eliminate dead cells and immediately frozen in small aliquots
at - 70°C. In a second set of cultures held under the same conditions as described above, the
medium of each culture was harvested at 3 h and the following repeated medium changes were

performed at the same times described above. Inhibition of protein synthesis was performed adding
2-20 ug/ml cycloheximide (Sigma, Miinchen, FRG) to the culture medium.

Assayfor guinea-pig C3. The supernatants were assayed for guinea-pig C3 (GPC3) content using
an ELISA as described elsewhere (Zimmer et al., 1982). Briefly, 10 Ml IgG anti-GPC3 (800 ng
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protein) were incubated in each well of a microtitre plate (Dynatech Lab., Denkendorf, FRG); the
surface was then saturated with 1% BSA. Ten microlitres of the supernatants were incubated in the
coated wells for lh. After washing, 10 yl of the peroxidase labelled anti-C3 IgG were added and
incubated or 75 min. After washing 20 yl of 50 mM ABTS (2,2'-azinodi-ethylthiazoline-6-sulphonic
acid diamonium salt; Serva Heidelberg, FRG) in potassium phosphate (pH 6 0) containing 0.025%
H202 were added. The reaction was stopped after 2 h incubation by adding potassium phosphate
(pH 6 0) containing 0.0125% NaN3 and the absorbance at 414 nm was measured using a Titertek
Multiscan MC machine (Flow Lab., Bonn, FRG). As standard, purified GPC3 was used in
concentrations between 1 and lOOng C3/ml.

Assay for GPC 5. The supernatants were tested in a C5 specific ELISA using monoclonal
antibodies against guinea-pig C5 obtained by standard techniques after immunization with purified
C5. The test was performed as follows: monoclonal antibody 224 was absorbed to a microtitre plate
and the plate washed with BSA (1%) buffer. Supernatants as source of C5 or a standard ofGP C5
prepared as described previously (Meuer et al., 1981) served as antigen. After washing with BSA
buffer, a second monoclonal antibody (217) reacting with another epitope of C5 and coupled with
fl-galactosidase (105031, 2,2 M/1 Boehringer, Mannheim, FRG) was used as indicator reagent;
4-nitrophenyl-fl-D-galactopyranoside (Boehringer, Mannheim, FRG) served as substrate of the
enzyme. The galactosidase was coupled to the monoclonal antibody using SPDP (Pharmacia,
Freiburg, FRG) according to the manufacturers instructions. The optical density was measured at
414 nm wave length after 24 h incubation at room temperature.

Assay for C2 and C4. The presence of C2 and C4 in the culture medium was determined
haemolytically. Sensitized erythrocytes (EA) were incubated with the medium samples in the
presence of serum obtained from GP genetically deficient in C2 or C4 (Bitter-Suermann et al., 1981;
Gaither, Alling & Frank, 1974). The reaction mixture was incubated for 1 h at 37°C. The

-

F~ig. 1. Electronmicroscopic picture of a GP hepatocyte monolayer 24 h after plating ( x 2,254).
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haemoglobin release was determined after adding 1 ml veronal buffer by measuring absorbance of
the supernatant at 412nm. For the extent of the lysis the number of site forming units (SFU) was
calculated according to Gaither et al. (1974).

RESULTS

Morphology of the GP hepatocyte cultures
As shown in the Fig. 1, the hepatocytes in the 24 h old monolayer cultures have kept original
polygonal form, the junctional complexes were reestablished and biliary poles can be detected by
electronmicroscopy. The peroxidase staining detected one positive cell (Kupffer cell) per about
200-300 hepatocytes. The same results were obtained by electronmicroscopy. No other cells were
detected.

Biosynthesis of C3 and C5 by GP parenchymal liver cells
The results of three separate experiments, each of them performed in duplicate, are reported in Fig.
2. The C3 amounts were determined in the culture medium which was harvested and replaced with
fresh medium at 3, 6, 9, 12 and 24 h after beginning the study. On each panel of the figure the
calculated sum of the C3 content in each sample is reported. The total C3 synthesis in these
experiments reached 2,500-3,000 ng/ 106 cells/24 h corresponding to about 100 ng/ 106 cells/h and to
350-400,000 molecules/cell/h. In Fig. 3 a comparison of the results obtained by the two different
experiment sets described in Materials and Methods is shown. As it can be seen the total amount of
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Fig. 2. C3 synthesis by GP hepatocytes. The figure represents three separate experiments each performed in
duplicate. The synthesis of C3 was measured in the harvested culture medium at different time intervals (for
more details see text). The s.d. was always less than IO%. The solid columns represent the amount of the C3 at the
different times. The open columns represent the calculated sum of the individual samples.



Hepatocyte complement production I93

3,000

@ 2,000
)0

1,000 _

3 6 9 12 24
Time (h)

Fig. 3. C3 synthesis by GP hepatocyte cultures. The figure shows the comparison of the results obtained in the
two different experiment sets (see text). The circles represent the average of three experiments each performed in
duplicate. Closed circles: harvesting ofculture supernatant after culture from 0-3 h, or 0-6 h or 0-9 h and so on.
Open circles: medium change as in Fig. 2.
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Fig. 4. Cycloheximide inhibition of the synthesis of C3. (0) First 24 h of culture with and without (control)
different concentrations of cycloheximide. (0) Second 24 h of culture without cycloheximide.

In 20

CD ~~~~~0
0

{o
100cr/

~0
3 6 9 12 24

Time (h)
Fig. 5. Synthesis ofC5 by GP hepatocyte culture. Represented are the results obtained by means ofa C5 specific
monoclonal ELISA. Circles represent the accumulated (without medium change) C5 at different time intervals.
Three different experiments each of them in duplicate were performed.
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Fig. 6. Determination of the haemolytic activity of C2 (a) and C4 (b) in the culture medium. Closed circles
represent experiments with medium change performed every 3 h. The increase at 3 h interval is given as site
forming units (SFU). The open circles represent experiments where cultures were run for 12 h or 24 h without
medium change.

C3 measured in the first experimental set is considerably lower than the sum of the C3 contents of
those cultures, the medium of which was changed in intervals. The synthesis of C3 is reduced to
about 15% after adding 5 jug/ml cycloheximide to the culture medium (Fig. 4). The inhibitory effect
is almost totally reversible. In Fig. 5 the results of the C5 determinations in the medium of
hepatocyte cultures which were interrupted at the time indicated in the figure are reported. The
determinations demonstrate that GP hepatocytes in primary culture are able to synthesize C5 in an
amount of about 15 ng/106 cells/24 h. The synthesis was also reversibly inhibited by cycloheximide
(data not shown).

Synthesis ofhaemolytically active C2 and C4
As reported in Fig. 6 hepatocytes produce about 80 SFU/cell/h of C2 and of C4 if the culture
medium is changed every 3 h. The haemolytic activity ofthe two components drops if the medium is
changed only every 12 h and this reduction becomes stronger if the medium is changed every 24 h.

DISCUSSION

The liver consists mainly of hepatocytes, tissue macrophages (Kupffer cells), endothelial cells and
fat storing cells (Wisse & Knook, 1979). The Kupffer cells which represents about 90% of the tissue
macrophages are believed to originate from the bone marrow (Van Furth, Crofton & Diesselhoff-
den Dulk, 1979) and to have many similarities with blood and peritoneal macrophages. It is known
that peritoneal and bronchoalveolar macrophages are able to produce most of the complement
components of the classical and alternative pathway. In reviewing the literature, to our knowledge
there is no information available with regard to the cell population within the liver which is
responsible for the synthesis of the bulk of the plasma complement components. In our experiments
we measured quantitatively the synthesis ofC3 and C5 and haemolytically the production ofC2 and
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C4 by GP primary hepatocyte cultures. The cell population was demonstrated to be pure and
metabolically active under the culture conditions used. Kupffer cells could be detected in the culture
only very seldom. Using the ELISA technique we found that GP hepatocyte primary cultures under
the conditions used, secreted about 350-400,000 molecules/cell/h of C3. This was reversibly
inhibited by cycloheximide. The finding that the sum of C3 found in the cultures where the medium
was changed several times during the first 24 h ofculture was higher than the C3 content found in the
cultures where the medium was changed only every 24 h, suggests that the C3 molecules are
catabolized with consequent loss of the antigenic activity. Alternatively, either a deterioration ofthe
culture conditions or the presence ofa negative feed back as found for the C4 synthesis in peritoneal
macrophages by Auerbach, Baker & Colten (1983) seem reasonable explanations. Pulse chase
experiments to clarify these questions are in progress. Using the ELISA, C5 could be already
detected after the first 3 h of culture. Compared with the previously reported data (Zimmer et al.,
1982) regarding the production of C3 and C5 by peritoneal macrophages, the hepatocytes
synthetize 15 times more C3 than the macrophages. A C5 production by the GP macrophages could
not be detected at all while hepatocytes synthetize C5 at a rate of about 15 ng/106 cells/24h. The
determination ofC2 and C4 in the culture supernatant showed a constant haemolytic activity if the
medium was changed in 3 h intervals and a rapid drop especially of the C4 level if the interval for the
medium change increased. Morris et al. (1 982a) described a similar phenomenon and hypothesized
a Cls-mediated cleavage of C2 and C4 in the culture medium of human hepatoma cells. Thus, the
secretion rate calculated should be underestimated. Resident GP peritoneal macrophages produce
40 SFU/cell/h C2 and C4 (Zimmer et al., 1982), this is two times less than that produced by cultured
hepatocytes.

Our in vitro system has the advantage of cultivating normal adult hepatocytes of GP, the
complement system of which is well known and characterized. This could be helpful in the study of
complement deficiencies in animals (Burger et al., 1983) which may have similarities with human
deficiencies (Einstein et al., 1977). The presented results show that hepatocytes probably play the
major role in the production of plasma C3, C5, C2 and C4.
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grants of SFB 107 Mainz.
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