
Amzerlcani Journal ofPatholg,, VWol. 144, No. 1, Januilary 1994
Copyri<ghbt ©) Aowreticani Societvjtbr Investigative Piathology
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Complement activation in the lung is important in
a variety ofphysiological and pathological con-
ditions. The third component ofcomplement, C3,
is the pivotal constituent of the complement cas-
cade. C3 is produced in the lung by several ceUl
types including pulmonary epithelial cells. Be-
cause pulmonary epithelial ceUs and T lympho-
cytes may interact within the lung to regulate local
immune responses, we examined the effect ofa T
lymphocyte-derived cytokine, interleukin-4 (IL-4)
on C3production byA549 humanpulmonary epi-
thelial ceUs. Treatment ofA549 ceUs with IL-4 in-
creased C3 production in a time- and dose-
dependent fashion. Concentrations of IL-4 ' 0.1
ng/ml signiflcantly increased C3 production.
Maximal increase in C3 synthesis occurred after
stimulation ofA549 ceUls with IL-4 (10 ng/ml)for
3 days. Preincubation ofIL-4 with a neutralizing
anti-human IL-4 antibody inhibited IL-4's effect on
C3production. The relative abundance ofC3 mes-
senger RNA levels in A549 ceUs increasedfoUow-
ing IL-4 treatment, indicating that IL-4's effects on
C3 production were pretranslationaL Intercelu-
lar communication between T lymphocytes and
pulmonary epithelial ceUs via cytokines such as
IL-4 may be important in the local regulation ofC3
gene expression during the inflammatory re-
sponse. (AmJ Pathol 1994, 144:171-176)

The third component of complement, C3, is a central
mediator of the inflammatory response. C3 occupies
a pivotal position in the complement cascade being
situated at the junction of the classical and alternative
pathways of complement activation. Upon activation
by either pathway, C3 is cleaved to C3a and C3b. C3a

is an anaphylatoxin, and C3b binds to the bacterial
surface and initiates phagocytosis mediated by
complement receptors on neutrophils and macro-
phages. Cleavage of C3 also results in the formation
of the C5 convertase, promoting the assembly of the
membrane attack complex, C5b-9, and the liberation
of the neutrophil chemotaxin, C5a.

The hepatocyte is the primary source of C3 that
circulates through the bloodstream. However, local
production of C3 in the lung may be important in host
defense and in pulmonary inflammation. The types of
pulmonary cells that have been identified as capable
of synthesizing C3 include alveolar macrophages,
pulmonary fibroblasts, and type 11 pulmonary epithe-
lial cells.1`3 Recent studies have suggested that the
type 11 pulmonary epithelial cell is the principal pul-
monary source of C3.2,3
The biological messengers that regulate the syn-

thesis of C3 by pulmonary epithelial cells are not fully
known. Activated T cells in the lung secrete lympho-
kines that could act in a paracrine fashion to regulate
pulmonary epithelial cell activity. We examined the
effect of one such T cell-derived cytokine, interleu-
kin-4 (IL-4), on C3 production by the human pulmo-
nary epithelial cell line, A549. We report that IL-4
increases C3 synthesis by A549 cells. We demon-
strate that the effect of IL-4 on C3 production can be
neutralized by preincubation with an anti-human IL-4
antibody, and we provide evidence that IL-4's effects
on C3 production are pretranslational.

Materials and Methods
A549 cells were obtained from American Type Cul-
ture Collection (Rockville, MD). Recombinant hu-
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man IL-4 was purchased from Genzyme Biochemi-
cals Ltd. (Cambridge, MA). The IL-4 had an
approximate specific activity of 1 x 108 units/mg
and was diluted in culture media containing 10% fe-
tal calf serum according to the manufacturer's in-
structions. Goat antibody (immunoglobulin G) to hu-
man C3 was obtained from Atlantic Antibodies
(Scarborough, ME), peroxidase-conjugated goat
antibody (immunoglobulin G) to human C3 was ob-
tained from Cappel Laboratories (Malvern, PA), and
neutralizing antibodies (immunoglobulin G) to hu-
man IL-4 and human IL-18 were obtained from R &
D Systems (Minneapolis, MN). Purified human C3
was kindly provided by Dr. Margaret K. Hostetter
(Minneapolis, MN).

Cell Culture
A549 cells were maintained in Ham's F12 medium
supplemented with 10% fetal calf serum, 1% vita-
mins, 4 mmol/L L-glutamine, 1 % nonessential amino
acids, and 50 pg/ml gentamicin. The cells were
grown in 150-cm2 tissue culture flasks, incubated at
37 C with 5% C02 in air, and supplemented with
fresh medium every 2 to 3 days.

For quantitation of C3 production, A549 cells
were seeded at a concentration of 5 x 105 cells/
flask in 4 ml media in 25-cm2 tissue culture flasks.
Cells were allowed to adhere overnight. The media
was changed and IL-4 was added on what was
considered day 0. A 0.5-mI aliquot of cell superna-
tant was removed daily and replaced with 0.5 ml of
fresh media. Supernatant samples were stored at
-20 C for later C3 quantitation.

For analysis of C3 production in the presence of
IL-4 and neutralizing antibodies, A549 cells were
seeded at a concentration of 5 x 104 cells/well in
24-well tissue culture plates. Cells were allowed to
adhere overnight and then the media was changed.
IL-4 was preincubated with either anti-IL-4 or anti-
IL-1,B for 2 hours at 37 C. IL-4 with or without neu-
tralizing antibody was added on day 0. Superna-
tants were harvested on day 3 and stored at -20 C
for later C3 quantitation. For analysis of C3 messen-
ger (m)RNA expression, cells were seeded at a
concentration of 3 to 5 x 106 cells/flask in 20 ml
media in 75-cm2 tissue culture flasks. IL-4 was
added to the cell cultures as described.

Measurement of C3 concentrations by
Enzyme-Linked Immunosorbent Assay
(ELISA)
C3 concentration in A549 supernatants was mea-
sured by sandwich Enzyme-Linked Immunosorbent
Assay.4 Purified human C3 was used for calibration

of the standard curve. Wells of a 96-well microtiter
plate were coated with 0.1 ml of a 1:400 dilution of
goat antibody to human C3 in carbonate/
bicarbonate buffer (pH 9.6), incubated overnight at
4 C, and washed three times with 0.05% Tween 20
in phosphate-buffered saline. A549 supernatants
were added to duplicate wells in a volume of 0.1 ml
and incubated for 1 hour at 37 C. After three
washes, 0.1 ml of a 1:800 dilution of peroxidase-
conjugated goat antibody to human C3 was added
to each well and incubated for 1 hour at 37 C. The
developing reagent consisted of 0.4 mg/ml of
o-phenylenediamine in 0.2 mol/L Na2HPO4 (pH 5.0
with 0.1 mol/L citric acid), containing 0.4 pl 35%
H202 per ml. Color was developed for approxi-
mately 10 minutes, and absorbance measured at
492 nm.

Northern Blot Analysis

Polyadenylated mRNA was prepared from A549
cells by a modification of the method of Badley et
al.5 A549 cell monolayers were washed free of me-
dia with cold phosphate-buffered saline, detached
with 0.05% trypsin/0.5 mmol/L ethylenediaminetet-
raacetic acid, and lysed by a lysis buffer composed
of 400 pg/mI proteinase K, 2% sodium dodecyl sul-
phate (SDS), 1.5 mmol/L MgCI2, 0.2 mol/L NaCI,
and 0.2 mol/L Tris HCI, pH 7.5. The suspension was
homogenized with a Dounce homogenizer and in-
cubated with gentle shaking at 45 C for 2 hours.
The concentration of NaCI of the lysate was ad-
justed to 0.5 mol/L with 5 mol/L NaCI stock solution.
The lysate was mixed and added to 100 mg of hy-
drated oligo (dT) cellulose (Boehringer Mannheim
Biochemicals, Indianapolis, IN), which was equili-
brated with a binding buffer composed of 0.5 mol/L
NaCI and 0.01 mol/L Tris HCI, pH 7.5. The mixture
was gently agitated for 20 minutes at room tem-
perature, then centrifuged at 1,000 rpm for 4 min-
utes, and the pellet was washed several times with
binding buffer until the supernatant was clear. The
oligo (dT) cellulose was transferred to siliconized
disposable columns and washed further until the
optical density of the eluate was less than 0.05 at
260 nm. The polyadenylated mRNA was eluted from
the column with RNAse-free H20. The mRNA was
precipitated with 2 vol 95% ethanol in the presence
of 0.1 vol 3 mol/L sodium acetate at -80 C for 1
hour. Following a wash in 0.5 ml 70% ethanol and
drying of the sample, the mRNA was solubilized in
RNAse-free H20 and quantitated spectrophoto-
metrically. Aliquots of mRNA (3 to 5 pg) were dena-
tured in 50% formamide, 17% formaldehyde, 7%
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glycerol, 20 mmol/L morpholine-propanesulfonic
acid, pH 7.0, 5 mmol/L sodium acetate, 1 mmol/L
ethylenediaminetetraacetic acid at 65 C for 15 min-
utes then cooled on ice for 3 minutes. mRNA was
fractionated by electrophoresis in a 1% agarose
gel containing 6% formaldehyde, 20 mmol/L
morpholine-propanesulfonic acid, 5 mmol/L sodium
acetate, and 1 mmol/L ethylenediaminetetraacetic
acid for 16 hours at 55V. Following electrophoresis,
the gels were washed in RNAse-free H20, then 1x
standard saline citrate (SSC) (1 x SSC is 0.015
mol/L sodium citrate and 0.15 mol/L NaCI) for 15
minutes and transferred overnight to nylon mem-
branes (Schleicher and Schuell Inc., Keene, NH) in
1Ox SSC. The filters were baked at 80 C for 2
hours, then prehybridized at 42 C for 4 hours in
20% formamide, 5x SSC, 0.1% sodium dodecyl
sulphate, 5x Denhardt's solution, 100 pg/ml dena-
tured salmon sperm DNA. Filters were hybridized
16 hours with the 2.4- and 1.8-kb fragments of the
human C3 complementary DNA probe, pHLC3.11
(American Type Culture Collection).6 These C3
complementary DNA insert fragments encompass
the coding sequence for approximately 90% of C3
measured from the COOH end and include the
COOH region of the , chain and all of the coding
sequences for the a chain.6 Probes were radiola-
beled with [32P]CTP to a specific activity of 1 to 5 x
105 cpm/ng DNA by random sequence oligonucleo-
tide priming (Boehringer Mannheim Biochemicals).
Blots were sequentially washed in 2x SSC, 0.1%
SDS at room temperature then 0.1 x SSC, 0.1% SDS
at 60 C, and autoradiographed to Kodak XAR film at
-70 C. Blots were reprobed with [32P]CTP labeled
human tubulin complementary DNA (American Type
Culture Collection).
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Figure 1. Kinetics of C3 production by A549 cells in the presence or
absence ofIL-4 (10 ng/ml). Supernatants were harvested on days 1 to
3, and C3 concentrations were measured by ELISA. Values represent
mean + SEM (*P < 0.05 IL-4 versus control, n = 10).

lated A549 cells increased gradually with time until
day 3 in culture (57.5 ± 7.2 ng/ml). The addition of
IL-4 significantly increased C3 production on days
1, 2, and 3 versus unstimulated control A549 cells.
Cell viability decreased beyond day 3 in culture in
both control and IL-4-treated cells.
The addition of IL-4-enhanced C3 production by

A549 cells in a dose-dependent manner (Figure 2).
IL-4 at concentrations -0.1 ng/ml significantly in-
creased C3 production. Maximal increase in C3
production occurred following stimulation of A549
cells with IL-4 at a concentration of 10 ng/ml and
was 245% greater than unstimulated control cells.

To confirm that the regulation of C3 production in
A549 cells is a specific property of IL-4, antibody
blocking experiments were conducted. Preincuba-
tion of IL-4 (1 ng/ml) with anti-IL-4 antibody (10 pg/
ml) neutralized IL-4's enhancement on C3 produc-
tion (Figure 3). To determine whether the anti-IL-4's
inhibitory effects were due to nonspecific effects,
we examined the effects of control antibody of the

Statistical Analysis

The two-tailed Student's t test, analysis of normal
variance, and linear regression analysis for determi-
nation of the coefficient of correlation were used for
statistical analysis. Results are expressed as mean
+ SEM and P - 0.05 was considered statistically
significant.

Results
Effect of IL-4 on C3 Production

A549 cells were cultured in the presence of IL-4 at a
concentration of 10 ng/ml for 3 days. Supernatants
were collected daily for C3 quantitation by ELISA.
As shown in Figure 1, C3 production by unstimu-
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Figure 2. Dose-response of C3 production by IL-4-treated A549 cells.
Values represent C3 concentration in supernatants harvested on day
3 of culture and are reported as mean ± SEM (*P < 0.05 IL-4 versus
control, n = 9).
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Figure 3. Effect of neutralizing antibodies on C3 production by
A 549 cells. Values represent (3 concentration in supernatants har-
vested on day 3 of culture and are reported as mean ± SFEM (*P <
0.05 IL-4 versus IL-4 + anti-IL-4, n = 5).

same isotype. Preincubation of IL-4 (1 ng/ml) with
anti-IL-1l3 antibody (10 pg/ml) did not alter C3 pro-
duction as compared to IL-4-stimulated cells. A549
cells treated with anti-IL-4 antibody alone had simi-
lar C3 production as untreated control cells (Figure
3).

Effect of IL-4 on C3 mRNA Levels

A549 cells were stimulated with IL-4 at a concentra-
tion of 1 ng/ml and polyadenylated mRNA was iso-
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lated at varying times. As demonstrated in Figure 4,
unstimulated A549 cells constitutively express low
levels of C3 mRNA as detected by Northern blot
analysis. The 5.2-kb size of the C3 transcript in un-
stimulated and IL-4-stimulated A549 cells is compa-
rable to the size of C3 mRNA that has been re-
ported in other tissues.7 8 IL-4 increased the
abundance of steady state C3 mRNA levels in A549
cells.

Discussion
The complement cascade plays a central role in
host defense and in the inflammatory response. C3
is considered the keystone of the complement cas-
cade because it links the classical and alternative
pathways of complement activation. Cleavage of C3
by either pathway causes the release of the ana-
phylatoxin C3a, leads to the deposition of C3b on
the bacterial surface, and culminates in the assem-
bly of the membrane attack complex C5b-9.

Although the liver is the primary source of circu-
lating C3, local sources of C3 are undoubtedly im-
portant at sites of inflammation that are sequestered
from the bloodstream and at portals of entry for in-
vading microorganisms. Several cell types within
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Figure 4. Effect of IL-4 on steady-state C63
mRNA levels. Polyadenylated mRNA was iso-

lated from A549 cells at the indicated times
after the addition of IL-4 (1 ng/ml). RNA was

electrophoresed through 1% agarose, 6% for-
maldehyde gel, transferred to nylon mem-

branes, hybridized with a 12P-labeled htman
C3 cDNA probe and reprobed with a -2p_
labeled human tubulin complementary DNA
probe.
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the lung are known to synthesize and secrete C3,
including alveolar macrophages and pulmonary fi-
broblasts.1' 3 Only recently have pulmonary epithe-
lial cells been shown to synthesize C3.23 Therefore,
the spectrum of activity of pulmonary epithelial cells
has been expanded to include a potential role in in-
flammation and host defense.

The biological messengers that regulate C3 pro-
duction by pulmonary epithelial cells have not been
fully elucidated. The A549 cell line has been used
as a prototype to study factors that regulate C3 syn-
thesis by pulmonary epithelial cells.3A4'9 10 Previous
investigators have shown that these cells contain
unique cytoplasmic multilamellar bodies that are
characteristic of type 11 pulmonary epithelial cells.3
Rothman and coworkers have demonstrated that
cytokines such as IL-1 and IL-2 increase C3 pro-
duction by A549 cells.6

In the present study, we identify an additional cyto-
kine that alters C3 production by A549 cells. Treat-
ment of A549 cells with IL-4 increased C3 secretion
in a time- and dose-dependent fashion (Figures 1
and 2). We report that preincubation of IL-4 with an
anti-IL-4 antibody neutralized IL-4's enhancement of
C3 synthesis (Figure 3). In addition, treatment of
A549 cells with IL-4 increased the relative abun-
dance of C3 mRNA, indicating that IL-4's effects on
C3 production were pretranslational (Figure 4).

IL-4 is primarily an activated T cell-derived cyto-
kine. IL-4 was originally identified as a factor that in-
duced proliferation and maturation of B cells.11'12
IL-4 is now known to have a number of diverse
functions on a variety of cell types, including T
cells,13 hematopoietic cells,14 endothelial cells,15
and epithelial cells.16 The functions of IL-4 can be
characterized as both pro- and anti-inflammatory,
depending upon the cell type and conditions stud-
ied. Examples of IL-4's pro-inflammatory properties
include IL-4 augmentation of T cell proliferation,13
IL-4 up-regulation of colony stimulating factor and
tissue plasminogen activator production by mono-
cytes and macrophages. 14,17 Among the anti-
inflammatory properties of IL-4 are IL-4 inhibition of
IL-1, tumor necrosis factor-a, and IL-6 synthesis
and IL-4 suppression of IL-8 mRNA expression by
lipopolysaccharide-stimulated monocytes.18'19

Little is known about the effects of IL-4 on comple-
ment gene expression. Littman and coworkers re-
ported that IL-4 increases C2 synthesis by human
monocytes and a monocytic cell line.20 Katz and
Strunk have demonstrated that IL-4 abrogates the
stimulatory effect of tumor necrosis factor on comple-
ment factor B synthesis by skin fibroblasts.21 These

investigators have also reported that IL-4 does not
alter the synthesis of C3 by skin fibroblasts.21

In summary, we have shown that recombinant hu-
man IL-4 increases C3 production by a human pul-
monary epithelial cell line, designated A549. Al-
though we provide evidence that the mechanism of
IL-4's effects on C3 production are pretranslational,
future studies will be necessary to determine the
exact molecular mechanism of IL-4's effects and to
determine whether IL-4 alters C3 gene expression
in primary cultures of type 11 cells.
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