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Abstract. We report here on the development of a simple, sensitive, convenient, and
quantitative enzyme-linked immunosorbent assay for human factor B, a protein of the
alternative complement pathway, by the sandwich method using goat anti-human factor
B antibody. The assay described herein is reproducible and highly specific for human
factor B. The assay was used to determine biosynthesis (cell lysates or extracts) and
secretion (supernatants) of human factor B using human monocyte cell line U937. Phorbol
myristate acetate strongly enhanced (10- to 20-fold) biosynthesis of factor B by U937.
The combination of a sensitive enzyme-linked immunosorbent assay and phorbol myris-

tate acetate enabled us to use a microculture system.
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liver cells. Extrahepatic cells also are known to

synthesize C components (1-3). Investigation
of extrahepatic C biosynthesis may be crucial to under-
stand the role of C in local sites during injury or
infection. Among the major candidates for C synthesis
by extrahepatic cells include monocytes/macrophages,
fibroblasts, endothelial cells, and astrocytes. The most
common cells or cell lines used are of the monocyte/
macrophage or hepatocyte series. Almost all compo-
nents of C (classical and alternative pathways) including
component(s) of the membrane attack complex (C5-
C9) have been shown to be synthesized in vitro (3). The
human monocyte cell line U937 has been most com-
monly used.

The methods used in general for the biosynthesis
of C components include both functional (hemolytic)
and immunochemical assays. Autoradiography of im-
munoprecipitated C proteins of cell lysates or super-
natants which have been previously subjected to so-
dium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) is also widely used. Others have
included radioimmunoassay and enzyme-linked im-
munosorbent assay (ELISA) to determine production
of C components in vitro.

Complement (C) proteins are mainly produced by
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Factor B, a component of the alternative pathway
of the C system, is responsible, with C3 and factor D,
for the initiation and the positive feedback amplifica-
tion of the alternative C pathway (4). It has been shown
that factor B biosynthesis is enhanced by lipopolysac-
charide, interferons (a-interferon and ~-interferon),
and interleukin 1 using standard autoradiograph analy-
sis (5, 6), a method which is tedious, time consuming,
and not very sensitive.

To monitor the production of C in vitro by cells,
the ideal system should be simple, sensitive, specific,
quantitative, reproducible, capable of detecting active
and inactive C proteins, and be able to distinguish de
novo synthesis from preformed proteins. In this study,
we have developed a sensitive ELISA for measurement
of human factor B in order to quantify its biosynthesis
by U937 cells. Further by ELISA, we have studied the
effect of (phorbol 12-myristate 13-acetate) (PMA) on
the production of factor B by U937 cells.

Materials and Methods

Cell Line. The human monocyte-like, histiocytic
lymphoma cell line, U937, was obtained from the
American Type Culture Collection (Rockville, MD)
and maintained in vitro as suspension cultures in RPMI
1640 medium supplemented with 10% heat-inactivated
(56°C, 1 hr) fetal bovine serum, 2 mAM L-glutamine.
100 units of penicillin/ml and 100 ug of streptomycin/
ml (GIBCO, Grand Island, NY) at 37°C in a humidified
atomosphere of 10% CO,-90% air.

Reagents for ELISA. Goat anti-human factor B
serum and its chromatographically purified IgG anti-



body (Atlantic Antibodies, Scarborough, ME), bovine
serum albumin, Cohn fraction V (Calbiochem-Behring
Corp., La Jolla, CA), and p-nitrophenyl phosphate di-
sodium (Sigma, St. Louis, MO) as phosphatase sub-
strate were used.

Conjugation of alkaline phosphatase (ALP; Sigma)
to goat anti-human factor B serum was done by using
glutaraldehyde (Sigma) according to the method of
Voller et al. (7).

The assay buffers were 0.05 M phosphate buffer
(pH 7.4) containing 0.15 M NaCl (PBS) and 0.05%
Tween 20 (Sigma) in PBS. The coating buffer was 0.05
M carbonate-bicarbonate buffer (pH 9.7). The substrate
buffer was 10% diethanolamine buffer (pH 9.8).

C Components, Antibodies, and Antimetabo-
lites. Purified human C components, C1-C9, were
obtained from Cordis Laboratories, Miami, FL, and
were tested for functional purity in standard hemolytic
assays by Diamedix Corp., Miami, FL. Purified human
C7 and C8 were obtained from Cytotech, San Diego,
CA, and they were tested both for functional purity in
standard hemolytic assays and for biochemical purity
by PAGE. Human factor B, factor B-depleted human
serum, monoclonal antibodies to human C7, C8, factor
H, factor I, Ba fragment of factor B (Ba), and Bb
fragment of factor B (Bb) were obtained from Cytotech.
Calibrated normal human serum (NHS) was obtained
from Atlantic Antibodies. Mitomycin C, cyclohexim-
ide, and actinomycin D were obtained from Sigma and
used as inhibitors of DNA, RNA, and protein synthesis,
respectively,

ELISA for Human Factor B. Many combinations
of reagents, plates, and variables of time and concentra-
tion were tested to establish a satisfactory procedure. In
this report, only the optimized basic procedure is de-
scribed. All washes were three times with 0.05% Tween/
PBS using Ultrawash-II (Dynatech Laboratories, Inc.,
Alexandria, VA). All incubations were for 2 hr at room
temperature unless otherwise stated. The wells of 96-
well flat bottom microtiter plates (Nunc-Immuno Plate
I; Nunc, Roskilde, Denmark) were coated with 75 ul of
goat anti-human factor B IgG antibody (1/4000; 40 ug/
ml) in coating buffer and left overnight at 4°C. After
washing, 250 ul of 1% bovine serum albumin PBS was
added to each well and incubated to block the unbound
sites. After a second washing, 75 ul of standards or
samples were applied to each well in duplicate and
incubated for 2 hr. Following another washing, 100 ul
of 1/500 ALP-conjugated goat anti-human factor B
serum were added and incubated at room temperature.
The plates were again washed and 100 ul of phosphatase
substrate (1 mg/ml) in 10% diethanolamine buffer were
added. The optical density (OD) of samples was then
measured at a test wavelength of 410 nm and a reference
wavelength of 450 nm using an MR 650 Microplate
Reader (Dynatech) every 30 min for 1 hr. The data

presented in Results show the mean amounts of factor
B synthesized in cell lysates or secreted in the culture
supernatants by 106 cells in the original cultures.

Artificial colorimetric change at the edge or corner
of the plates (edge effects) was sometimes observed.
Therefore, we avoided use of outer wells for test sam-
ples.

Biosynthesis of Human Factor B. U937 cells were
washed three times and resuspended in serum-free
RPMI 1640 medium supplemented with 2 mM
L-glutamine, 100 units of penicillin/ml, and 100 ug of
streptomycin/ml. The cells were dispensed at a final
concentration of 1 X 10° cells/ml into 60- X 15-mm
plastic dishes (Corning Glass Works, Corning, NY) in
a final volume of 10-15 ml in a macroculture system,
or into 96-well flat-bottom culture plates (Linbro,
McLean, VA) in a final volume of 200 ul in a micro-
culture system. The cultures were stimulated with 10
ng of PMA/ml (Sigma) for 4 days unless otherwise
mentioned at 37°C in a 10% CO,-90% air atmosphere.
In some experiments, 4 a-phorbol 12,13-didecanoate
(4a-PDD; Sigma) was used as a biologically inactive
chemical phorbol ester analogue of PMA (8, 9). PMA
and 40-PDD were dissolved at 100 pg/ml in 95%
ethanol and stored in aliquots at —80°C.

Preparation of Cell Lysates and Culture Super-
natants. Following incubation, cell cultures were cen-
trifuged and cell supernatants were sterilized by filtra-
tion using a 0.2-um Millipore filter (Millipore Corp.,
Bedford, MA). In some experiments, supernatants were
then concentrated using an Immersible CX-10 ultrafil-
ter (Millipore) with a molecular weight cutoff of 10,000
or a Minicon B-15 concentrator (Amicon, Lexington,
MA) with a molecular weight cutoff of 15,000. The
concentrated samples were then filtered. The cell pellets
were lysed by addition of 0.5 ml of lysing buffer con-
sisting of 0.5% Nonidet P40, 10 mM Tris-HCl, 0.5 M
NaCl (pH 7.3), and 2 mM phenylmethylsulfonyl fluo-
ride, and left overnight at 4°C. Cell extracts or lysates
were centrifuged, then sterile filtered. Samples were
stored at 4°C and used within | month.

Immunoprecipitation, SDS-PAGE, and Autoradi-
ography of Factor B. Immunoprecipitation of **S-
labeled human factor B in U937 cell lysates or super-
natants by goat anti-human factor B IgG antibody,
SDS-PAGE, and autoradiography was carried out ac-
cording to the method reported previously (6). Meth-
ylated '“C-labeled molecular weight marker proteins
were obtained from NEN Research Products (Du Pont,
Wilmington, DE).

Results

Standardization of ELISA for Human Factor B.
To select the proper plate and to determine the optimal
concentrations of reagents, several kinds of microtiter
plates were coated with varying dilutions of goat anti-
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201 A Table ll. Additional Evidence of Specificity of ELISA

for Factor B

OD at factor B

Coating antibody concentration (ng/ml) of

against®
o 1ot oal B 10 100 1000
. Factor B 0.077 0.617 1.589
0.2 Ba 0.026 0.221 0.721
Bb 0.003 0.154 0.547
0.1 c7 0.004  0.003  0.006
ol ) . Cc8 0.007 0.004 0.007
01 1 10 100 1000 0 50 100 Factor H 0.002 0.002 0.006
. Factor | 0.001 0.002 0.006
Concentration of factor B (ng/ml) None® 0.000 0.004 0.007

Figure 1. Standard curves obtained by ELISA using optimally diluted
goat anti-human factor B IgG and ALP-conjugated goat anti-human
factor B antibodies. OD was measured at 60 min of reaction time.
Purified human factor B was applied at the concentration of 0-2500
ng/ml (A) and 0-84 ng/mi (B).

2 Plates were coated with the antibodies listed above (1/1500) and
incubated overnight. Purified factor B was added next. After washing
the plates, ALP-conjugated goat anti-human factor B antibody (1/
500) was added.

b Plates were coated with no antibody.

Table Ill. Application of Heat-Treated Samples to

Table I. Specificity of ELISA for Factor B
ELISA for Factor B

OD at sample concentration

Group Sample (ng/ml) of OD at a sample
1 10 100 1000 Sample Treatment concentration (ng/ml) of
10 100 1000
1 Factor B 0.009 0.060 0.279 0.729
2° C1 0.001 0.001 0.001 0.003 NHS — 0.099 0507 1.003
Cc2 0.004 0.004 0.001 0.011 50°C,1hr 0.040 0.357 0.850
C3 0.001 0.002 0.000 0.002 56°C,1hr 0012 0.123 0.558
C4 0.002 0.000 0.000 0.004 Factor B — 0.091 0.475 0.891
C5 0.003 0.003 0.005 0.003 50°C,1hr 0010 0.114 0.685
C6 0.001 0.003 0.005 0.015 56°C,1hr 0007 0.080 0.515
c7 0.001 0.005 0.125 0.640
c8 0.001 0.005 0.008 0.075
Cc9 —0.001 —-0.001 0.000 0.006 .
3 C7 0.001  0.003 0.009 0.012 Table IV. Biosynthesis of Factor B Driven by PMA
c8 0.001 0.002 0.001 0.001 o
4°  Factor B-depleted —0.003 ~0.001 —0.001 0.001 . . Cone, __actor B production in
NHS Experiment Stimulator (ng/ml) Supernatants Lys%tes
6
# Functionally pure C components were used. (ng/10° cells) (pg/10° cells)
® Both functionally and biochemically pure C components were used. 1 PMA 0 <05 <10
¢ NHS depleted of factor B was obtained from Cytptech, and diluted 1 39+04 72+ 3
1/200,000, 1/20,000, 1/2,000, and 1/200, respectively. 10 106+ 05 137 + 4
100 9.0+1.0 128 £ 3
500 40+05 64 +1
human factor B antibody and ALP-conjugated goat 2 — 0.8+0.2 23+3
anti-human factor B (1/500 to 1/20,000, respectively) 4oPDD 10 1.1+01 23+ 2
PMA 10 149+08 152+ 5

were tested. The OD of standard human factor B sam-
ples of known concentration was measured every 15
min for 1 hr. The higher the concentrations of both
antibodies used, the more rapid were the reactions
observed (data not shown). We chose Nunc-Immuno
Plate I, a 1/4,000 dilution for goat anti-human factor
B coating antibody, a 1/500 dilution for ALP-conju-
gated goat anti-human factor B antibody, and 1 hr of
reaction time for optimal conditions. Standard curves,
which were obtained using the optimal concentrations
of antibodies described above, are shown in Figure 1.
The standard curve was almost linear at least between
0 and 50 ng/ml after 1 hr of reaction time. Conse-
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quently, samples were serially diluted 2- or 3-fold, and
the factor B concentration was determined in this range.

It is important to include a standard curve for each
96-well plate to avoid the influence of minute variation
of each plate due to the high sensitivity of the method
used.

Specificity of ELISA for Human Factor B. The
specificity of this ELISA method was first tested (Table
I). As shown when functionally purified components
(C1-C9) were tested, only C7 and C8 were detected at



a concentration of 100 and 1000 ng/ml, respectively,
in this system. However, when both functionally and
biochemically purified C7 and C8 were tested, no re-
action was observed. No reaction was present when
factor B-depleted serum was used (Table I). When plates
were coated with antibody to other C complements
rather than factor B, ALP-conjugated anti-factor B
antibody did not react in these plates (Table II).

Effect of Heat on Factor B Determination by
ELISA. Factor B has been reported to be very labile to
heat at 50°C (10). In the present experiments when
factor B or NHS was heated at 50°C for 56°C for | hr,
the reactivity (OD) was reduced by about 50% (Table
III).

Application of ELISA for Factor B to Detect Bio-
synthesis of Factor B In Vitro. U937 cells were cul-
tured with 1-500 ng of PMA/ml for 4 days, and the
amount of factor B in culture supernatants and cell
lysates was determined by ELISA (Table 1V, Experi-
ment 1). The optimal concentration of PMA for induc-
tion of factor B production by U937 cells was shown
to be 10-100 ng/ml. A chemical analogue of PMA, 4c-
PDD, did not enhance the biosynthesis of factor B
(Table IV, Experiment 2).

Kinetics of PMA-driven factor B production by
U937 cells was next examined in both culture super-
natants and cell lysates (Fig. 2). The production of
factor B was first detected on Day 1 in cell lysates from
U937 cells stimulated with PMA. Factor B detected in
lysates increased, peaked on Day 4, and decreased
thereafter (closed triangle). On the other hand, factor B
in the supernatants was detected on Day 3, rapidly
increased, and reached a plateau on Day 5 (closed
circle). However, a higher quantity of factor B was
detected in the supernatants when compared with the
lysates. In the case of unstimulated U937 cells, factor
B production was also observed. However the amount
of factor B detected was very low, in cell lysates after 3
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Figure 2. Kinetics of factor B biosynthesis in PMA-stimulated U937
cells. U937 cells were cultured with (@, A) or without (O, A) 10 ng of
PMA/mI for 1 to 7 days. The concentration of factor B in the cell
lysates and culture supernatants was determined by ELISA.

PMA
- 4+ Mr(x1073)
o —150

Figure 3. Autoradiography of 12% SDS-PAGE of U937 cell lysates
metabolically labeled with [**S)methionine and immunoprecipitated
with goat anti-human factor B 1gG. U937 cells were incubated with
10 ng of PMA/ml for 3 days. Molecular weight markers are indicated.
PMA-induced factor B biosynthesis is indicated by an arrow.

(open triangle) days and in culture supernatants after 5
days (open circle).

Enhancement of biosynthesis of factor B by PMA
was also shown by SDS-PAGE and autoradiography of
[**S]methionine-labeled, immunoprecipitated factor B
protein from intracellular lysates of U937 cells incu-
bated with PMA for 4 days (Fig. 3). Intracellular factor
B was synthesized as a single chain 91,500-Da polypep-
tide and had lower molecular mass than factor B present
in plasma or supernatants, as reported previously (5).

Effect of Antimetabolites on Biosynthesis of
Factor B. The effect of antimetabolites on the biosyn-
thesis of factor B induced by PMA was examined by
following three separate treatments with mitomycin C,
actinomycin D, and cycloheximide as inhibitors of
DNA, RNA, and protein synthesis, respectively (Table
V). U937 cells were pretreated with each antimetabolite
for 1 hr, washed three times, and cultured with PMA
for 4 days (pretreatment experiments). Cells were cul-
tured with PMA and each antimetabolite together for
4 days (co-culture experiments). Cells were cultured
with PMA for 4 days and each antimetabolite was
pulsed for the last 1 day (pulse experiments). Factor B
synthesis was inhibited by all three antimetabolites used
both in supernatants and lysates. However, pretreat-
ment with cycloheximide was not so effective to inhibit
biosynthesis of factor B as co-culture experiment. This
suggested that cycloheximide reversibly inhibited the
factor B biosynthesis.

Discussion

A method, which to date has not been described,
was developed for the determination, quantitation, and
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Table V. Effect of Antimetabolites on the Biosynthesis of Factor B Induced by PMA

Factor B
PMA Antimetabolite
No treatment Pretreatment? Co-culture® Pulse®
- — 0.5 (40)°
+ —_ 8.5 (596)
+ Mitomycin C (20 xg/mi) 1.4 (120) 0.1 (16) 5.1 (288)
+ Cycloheximide (10 ug/ml) 5.9 (368) <0.1 (16) 5.1 (288)
+ Actinomycin D (10 pg/ml) <0.1(32) <0.1(8) 6.4 (394)

@ Cells were pretreated with each antimetabolite for 1 hr, washed three times, and cultured with PMA (10 ng/ml) for 4 days.
b Cells were cultured with PMA and each antimetaboiite together for 4 days.

° Cells were cultured with PMA for 4 days. Each antimetabolite was pulsed for the last 1 day.

9 The value shows the mean amount of factor B detected in the supernatants (ng/10° cells).

¢ Value in the parentheses shows the mean amount of factor B detected in cell ysates (pg/10° cells).

biosynthesis of factor B using U937 cells. This assay is
quick, simple to perform, easy to detect, sensitive,
reliable, specific for factor B, and utilizes commercially
available reagents. Optimal doses and conditions giving
maximum sensitivity were first determined. With ap-
propriate conditions, the smallest amount of factor B
detected was 1 ng/ml and standard curve was linear at
<50 ng/ml (Fig. 1B). It is known that U937 cells
produce additional biologic substances including pros-
taglandin E, and several C components (11, 12). Using
the reagents we established for factor B ELISA, no
cross-reactivity with any of the C components described
above, with the exception of prostaglandin E, (which
we have not tested), was seen. Evidence that our method
was specific for factor B is as follows: (i) This assay did
not detect both functionally and immunochemically
purified complement components (C1-C9) including
C7 and C8, which were detected if only functionally
purified components were used (Table I). (ii) By this
ELISA no reaction was observed with factor B-depleted
NHS (Table I). (iii) ALP-conjugated goat anti-human
factor B antibody did not react with the proteins that
were captured by antibodies to factor B-unrelated an-
tigens (Table II). Furthermore, both Ba and Bb frag-
ments of factor B were detected and the method could
be modified to detect specifically either Ba or Bb frag-
ment by coating plates with monoclonal antibody to
Ba or Bb, respectively (Table II). This assay also de-
tected both active and heat-inactive factor B (Table III).

Biosynthesis of factor B was also demonstrated in
the culture supernatants and cell lysates of PMA-stim-
ulated U937 cells. The optimal concentration of PMA
was 10-100 ng/ml, and biologically inactive phorbol
ester analogue 4«-PDD (8, 9) had no enhancing effect
(Table 1V). Kinetic studies of PMA-induced factor B
biosynthesis showed that factor B synthesis was first
detected in U937 cell lysates on Day 1 and increased
with the peak of Day 4, and that factor B secreted into
supernatants was detected on Day 3, increased rapidly,
and reached the plateau on Day 5 (Fig. 2). In unstim-
ulated U937 cells, a very small amount of factor B was
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detected in cell lysates after 3 days and in culture
supernatants after 5 days of incubation. PMA shortened
the lag phase of factor B synthesis and strongly in-
creased the amount of factor B produced and secreted
by U937 cells. These data of kinetics showed that factor
B detected in cell lysates and culture supernatants was
synthesized de novo, but not preformed. This was also
confirmed by the experiments using antimetabolites
(Table V). PMA-induced factor B biosynthesis was
inhibited by co-culture or pretreatment with mitomycin
C, cycloheximide, or actinomycin D. Pretreatment of
U937 with cycloheximide inhibited PMA-driven factor
B biosynthesis to a lesser extent than co-culture exper-
iment, suggesting that cycloheximide inhibited the syn-
thesis of factor B and its effect was reversible as has
been suggested by others (13).

Synthesis of C in vitro can also be investigated
using incorporation of radiolabeled amino acids into
specific proteins with sizes and subunit structures iden-
tical to the correspoding proteins in plasma. The deter-
mination of C synthesis using these methods can be
estimated by a variety of methods, including autoradi-
ography of immunoprecipitated proteins previously
subjected to SDS-PAGE or determining incorporation
of radioactive isotopes into synthesized specific pro-
teins. Using the former method, we have confirmed the
biosynthesis of factor B detected by ELISA (Fig. 3).

It is not clear whether PMA-enhanced factor B
production is the result of cell maturation induced by
PMA (14, 15) or specific induction of factor B synthesis.
Our studies do not address the above questions. We
can however estimate PMA-induced factor B produc-
tion in the cell culture supernatants directly, without
first concentrating the supernatants. The report of the
development of a sensitive method for factor B would
be useful to investigate the regulation, mechanism(s),
and properties of factor B biosynthesis in a microculture
system.
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