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SUMMARY

Expression of DAF (CD55) is enhanced on colonic epithelial cells of patients with ulcerative colitis
(UC), and stool DAF concentrations are increased in patients with active disease. Cytokines are known
to modulate DAF expression in various human cells, and lesions of UC reveal altered profiles of
cytokine production. In this study, we evaluate the effects of various cytokines, IL-1b, IL-2, IL-4, IL-6,
IL-8, IL-10, and interferon-gamma (IFN-g), on the synthesis and kinetics of DAF protein in HT-29
human intestinal epithelial cells. Using flow cytometry and an ELISA, we found that HT-29 cells
constitutively express DAF on the cell surface and spontaneously release DAF into the culture
supernatant under standard culture conditions. When the culture supernatant was centrifuged at
100 000g, nearly a half of DAF was precipitated, indicating that one half of the released DAF was
present as a membrane-bound form and the other half as a soluble form. Analysis of the culture
supernatant of biotin surface-labelled HT-29 cells suggested that the soluble form DAF was derived by
secretion from within the cell or by cleavage from the cell surface. Among the cytokines, IL-4 markedly,
and IL-1b moderately, enhanced the expression and the release of DAF. Actinomycin D, cyclohex-
imide, and brefeldin A inhibited the increase in DAF release induced by IL-4 and IL-1b stimulation.
These results suggest that DAF is released from intestinal epithelial cells in response to cytokine
stimulation and that IL-4 and IL-1b are possible cytokines involved in DAF release into the colonic
lumen of patients with UC.
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INTRODUCTION

Ulcerative colitis (UC) is a chronic inflammatory disease affecting
the large bowel, and altered regulation of cell-mediated and
humoral factor-mediated immune responses against intestinal
constituents have been suggested to play a role in the development
of the disease [1]. Among systems which are humoral factor-
mediated, the complement system is one of the major effector
pathways. We have previously shown that the activated fragment
(C3b) of the third component of complement (C3) as well as
degraded fragments (iC3b/C3dg) of C3 are deposited in the
affected mucosa of UC, suggesting that activation and degradation
of complement occur in mucosal lesions of UC [2].

Autologous complement activation is regulated by comple-
ment regulatory proteins which act to protect host cells. One of
these, DAF (CD55), is a membrane-bound glycoprotein which
inhibits the formation and promotes the catabolism of C3 and

C5 convertases [3]. We have previously shown that expression
of DAF is enhanced on the apical surface of colonic epithelial
cells in UC mucosa in relation to the severity of mucosal
inflammation [4]. We have found also that stool DAF concen-
trations in active UC patients are increased [5]. Since cytokines
such as IL-4 are known to enhance DAF expression in various
human cells [6–9], and altered profiles of cytokine production
can be observed with UC lesions [10,11], it is likely that the
enhanced expression and release of DAF in UC mucosa is
related to the change in the cytokine profile which occurs
with this disease. In the present study, we evaluated the effects
of various cytokines on the synthesis and kinetics of DAF
protein in HT-29 human intestinal epithelial cells, and found
that IL-4 strongly enhanced both the expression and the release
of DAF from HT-29 cells.

MATERIALS AND METHODS

Cytokines and antibodies
Recombinant human IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10, and
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interferon-gamma (IFN-g) were obtained from Genzyme (Cam-
bridge, MA). Human DAF was purified from pooled human
erythrocyte stroma as described [12], and mouse MoAb (1C6,
IgG1 isotype) and rabbit polyclonal antibody to DAF were
prepared as described [12,13]. Horseradish peroxidase (HRP)-
labelled goat F(ab0)2 anti-rabbit IgG was obtained from Tago
Inc. (Burlingame, CA). FITC-conjugated F(ab0)2 fragments of
rabbit anti-mouse IgG were purchased from Dako (Glostrup,
Denmark).

Cell culture
A human colonic adenocarcinoma cell line, HT-29, was obtained
from Dainippon Pharmaceutical Co. (Osaka, Japan) and main-
tained in McCoy’s 5A medium modified withL-glutamine (Dai-
nippon Pharmaceutical Co.) containing 10% fetal calf serum
(FCS), 100 U/ml penicillin and 100mg/ml streptomycin (GIBCO

BRL, Gaithersburg, MD) at 378C in an atmosphere containing 5%
CO2. Experiments were performed using HT-29 monolayers from
three to six passages. Cell viability was assessed by trypan blue
exclusion.

Stimulation of cells
HT-29 cells were seeded into tissue culture dishes (Becton
Dickinson, Oxnard, CA) at a concentration of 1·0×105 cells/cm2

and cultured for 48 h with McCoy’s 5A medium containing FCS and
then overnight with FCS-free medium. After washing, cells were
incubated with FCS-free medium containing various cytokines at
concentrations of 1–100 ng/ml or 1–100 U/ml for 4–24 h. Medium
in the absence of cytokines served as the control.

After the culture supernatant was collected, cells were
detached with PBS containing 50 mM EDTA. DAF is known to
be attached to the cell membrane through a glycosylphosphati-
dylinositol (GPI) anchor [14]. Therefore, to determine the
amount of cell surface DAF, cells were incubated with PBS
containing phosphatidylinositol-specific phospholipase C
(PIPLC) isolated fromBacillus cereus(Sigma Chemical Co.,
St Louis, MO) for 30 min at 378C. After the PBS/PIPLC solution
was collected, cells were added to PBS containing 1% Nonidet P-
40 (Sigma), 10 mM EDTA, and 1 mM PMSF (Sigma), placed on
ice for 30 min and sonicated.

To study the form of DAF in the culture supernatant, large
fragments of detached cells were removed by centrifugation at
15 000g for 15 min, and its supernatant was further centrifuged at
100 000g for 60 min at 48C.

Determination of DAF protein
The amount of DAF in each sample was determined with an ELISA

using 1C6 mouse monoclonal and rabbit polyclonal antibodies as
previously described [13]. Briefly, samples were added to the wells of
microtitre plates coated with 1C6 mouse MoAb and incubated. After
washing, rabbit polyclonal anti-DAF antibody was added to the
wells. After further incubation and washing, bound rabbit antibody
was detected with HRP-labelled goat F(ab0)2 anti-rabbit IgG and 2,20-
amino-bis-3-ethylbenzo-thiazoline-6-sulphonic acid (Sigma) as sub-
strate. Optical densities (OD) at 415 nm were measured on an
automated ELISA plate reader. A calibration curve was obtained
from several dilutions of known quantities of purified DAF, and the
concentrations of DAF were calculated. The ELISA assay was
sensitive to 0·2 ng/ml and accurate to 6 ng/ml [13].

Flow cytometry
HT-29 cells were detached with PBS containing 50 mM EDTA.
After washing with PBS containing 1% bovine serum albumin
(BSA; Sigma), the cells were incubated with 1C6 anti-DAF anti-
body on ice for 30 min, then labelled with FITC-conjugated anti-
mouse IgG for 30 min. Cells treated with PIPLC (100 mU/ml) were
also examined as described above. Mouse MoAb of the IgG1
subclass specific for an irrelevant antigen was used as a negative
control. After washing, 1·0×104 cells were analysed using a
FACScan (Becton Dickinson).

Immunoprecipitation and Western blot analysis
Biotinylation of the cell surface with sulfosuccinimidobiotin
(Pierce, Rockford, IL) was performed as previously described
[15]. After washing, the cell monolayer was incubated in culture
medium for 24 h. The supernatant was then collected, concen-
trated and dialysed against PBS. After washing, cells were either
solubilized with PBS containing 1% Nonidet P-40, 10 mM EDTA,
and 1 mM PMSF or incubated with PBS containing PIPLC, and
PBS/PIPLC solution was collected. These specimens were pre-
absorbed with Sepharose CL-4B (Pharmacia Fine Chemicals,
Piscataway, NJ). Cyanogen bromide-activated Sepharose beads
were coupled with 1C6 anti-DAF antibody, and the 1C6-labelled
beads were mixed and incubated with the specimens overnight at
48C with continuous rotation. After washing, immunoconjugates
were eluted with Laemmli sample buffer [16], subjected to
7·5% SDS–PAGE under non-reducing conditions, and trans-
ferred to a nitrocellulose membrane (BioRad, Hercules, CA)
using Trans-Blot (BioRad). The membrane was then incubated
with blocking reagent (Amersham Life Sciences, Aylesbury,
UK), and biotin-labelled bands were detected using HRP-labelled
streptavidin and a chemiluminescence-based detection kit
(Hyperfilm-ECL and ECL detection reagent; Amersham) accord-
ing to the manufacturer’s protocols.
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Fig. 1. Cell surface expression of DAF on HT-29 cells and the effect of phosphatidylinositol-specific phospholipase C (PIPLC) treatment.
Cells were detached, incubated with 1C6 anti-DAF antibody (a) or an irrelevant MoAb (c), then with an FITC-conjugated anti-mouse IgG, and
analysed by flow cytometry. Cells treated with PIPLC (100 mU/ml) were also examined as described above (b). This experiment was repeated
twice with similar results.



Absorption with streptavidin beads
Biotinylated HT-29 cells were cultured for 24 h in medium with or
without addition of cycloheximide (100mM). The culture medium
was centrifuged at 100 000g for 60 min, and its supernatant was
collected. One hundred millilitres of streptavidin-agarose beads
(50% slurry in PBS) (Pierce) were added to 1 ml of each sample
and incubated with continuous rotation at 48C for 24 h. As control,
biotinylated cells were treated with PBS containing PIPLC; PBS/
PIPLC solution was collected and reacted with the agarose beads.
After the beads were removed by brief centrifugation, the amount
of DAF in each sample was measured by ELISA.

Statistical analysis
For statistical analysis, Student’st-test was used.

RESULTS

Properties of DAF on HT-29 cells
Flow cytometric analysis indicated that HT-29 cells constitutively
expressed DAF on the cell surface (Fig. 1a). PIPLC treatment of
the cells raised the concentration of DAF in the PIPLC solution and
lowered the amount in the cell lysate. The effects of treatment
plateaued at a PIPLC concentration of 100 mU/ml (Fig. 2). Treat-
ment at this concentration abrogated about 70% of the surface
labelling of HT-29 cells with anti-DAF antibody (Fig. 1b). The
amount of the PIPLC-sensitive cell surface DAF obtained without
stimulation was estimated to be 9·21×10–16g/cell (7·92×103

molecules/cell).

HT-29 cells spontaneously release DAF into the culture super-
natant
As shown in Fig. 3a, HT-29 cells released DAF into the culture
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Fig. 2. Release of DAF from the surface of HT-29 cells by phosphatidy-
linositol-specific phospholipase C (PIPLC) treatment. HT-29 cells
(1·0×106 cells) were detached and treated with PIPLC. The amounts of
DAF released into the PIPLC solution (A) and in the lysate of remaining
cells (×100) (B) were determined by ELISA. This experiment was repeated
twice with similar results.

Fig. 3. (a) Time-dependent increase in the amount of DAF released into the HT-29 culture supernatant. A supernatant of HT-29 monolayers
cultured under standard culture conditions was collected at each time point, and the amount of DAF was determined by ELISA. Values shown
are means6 s.e.m. of five experiments. (b) Immunoprecipitation of DAF protein in the culture supernatant of biotin surface-labelled HT-29
cells. The supernatant and cell lysate were immunoprecipitated with Sepharose beads coupled with 1C6 anti-DAF antibody. The Sepharose-
bound biotinylated DAF was subjected to electrophoresis and blotted onto a nitrocellulose membrane. The membrane was then treated with
horseradish peroxidase (HRP)-labelled streptavidin. Lane 1, membrane-associated DAF; lane 2, DAF spontaneously released into the culture
supernatant; lane 3, DAF released with phosphatidylinositol-specific phospholipase C (PIPLC) treatment.



supernatant spontaneously and in a time-dependent manner under
standard cell culture conditions. The mean amount of DAF
released from HT-29 cells in 24 h was calculated to be 2·86×10–

15g/cell (2·46×104 molecules/cell). When cell surface proteins
were labelled with biotin, biotinylated DAF was detected in the
culture supernatant. The apparent molecular weight of the biotin-
labelled DAF in the culture supernatant was almost the same as that
of the membrane-bound form but slightly larger (about 3 kD) than
that of PIPLC-released DAF (Fig. 3b).

When the culture supernatant was centrifuged at 100 000g,
nearly a half of DAF was precipitated (Fig. 4), indicating that
DAF in this fraction was present as a membrane-bound form and
that the remainder in the supernatant was present as a soluble
form. We then absorbed biotinylated proteins in the soluble form
fraction with streptavidin-agarose beads. Sixteen percent of DAF
was removed from this fraction with the streptavidin-beads
(Table 1). Treatment of cells with cycloheximide did not
change this ratio significantly. Because 73% of DAF was
removed from the PIPLC-released material, in which DAF was
supposed to be derived from the cell surface, the percentage of

DAF derived from the cell surface in the soluble form fraction
was estimated to be about 21%.

IL-4 and IL-1b enhance release and expression of DAF on HT-29
cells
The effects of IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10 and IFN-g on
spontaneous DAF release from the cell surface of HT-29 cells were
studied at various time points during incubation. Two of these, IL-
1b and IL-4, induced an increase in the amount of DAF released
into the culture supernatant (Table 2). After 24 h, IL-4 at a
concentration of 100 ng/ml increased the level of DAF release
2·0-fold, and IL-1b at 10 ng/ml increased it 1·6-fold, and both
increases were statistically significant (P<0·05).

To examine the effects of these cytokines in detail, various
concentrations were incubated with HT-29 cells for 24 h, and
release and expression of DAF protein were determined (Fig.
5a). With IL-4 stimulation, an increase in DAF release was
observed at 1 ng/ml and reached a maximum at 10 ng/ml. With
IL-1b stimulation, a maximum increase was already observed at
1 ng/ml, but the effect was more pronounced with IL-4 than with
IL-1b at concentrations of 100 ng/ml. The IL-4-dependent increase
in DAF release was accompanied by an increase in PIPLC-
sensitive cell surface DAF as well as by an increase in DAF in
the remaining cell lysate (Fig. 5b,c). IL-1b-induced increases in
these fractions were not so apparent as the IL-4-induced increase.
In the culture supernatant, these cytokines increased DAF in both
the precipitate and the supernatant fractions after 100 000g cen-
trifugation (Fig. 4). When we examined effects of IL-4 (100 ng/ml)
and IL-1b (100 ng/ml) stimulation by flow cytometry, increase of
the fluorescence intensity was not apparent (data not shown),
probably because this method was not sensitive enough to detect
the increase of cell surface DAF.

Effects of actinomycin D, cycloheximide and brefeldin A on the
IL-4- and IL-1b-stimulated increase of release and expression
of DAF on HT-29 cells
We then investigated the effects of actinomycin D, cycloheximide
and brefeldin A on the IL-4- and IL-1b-stimulated increase in
release and expression of DAF. As shown in Fig. 6, treatment of
cells with either actinomycin D 100 nM, cycloheximide 1mM, or
brefeldin A 0·5 ng/ml inhibited the increase in DAF release from
the cell surface induced by IL-4 and IL-1b stimulation. Actino-
mycin D and cycloheximide also inhibited the IL-1b-induced
increase in amounts of PIPLC-sensitive cell surface DAF and
DAF in the cell lysate. However, the IL-4-induced increase was
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Fig. 4.Recovery of DAF in the fractions separated by centrifugation of the
culture supernatant of HT-29 cells. Cells were incubated for 24 h with or
without addition of IL-1b (10 ng/ml) or IL-4 (100 ng/ml). The culture
supernatant was centrifuged at 15 000g for 15 min, and its supernatant was
further centrifuged at 100 000g for 60 min. DAF in each fraction was
measured by use of ELISA. Values are expressed as the amount of DAF in
1 ml of the culture supernatant.

Table 1. Streptavidin absorption of biotinylated DAF in the soluble form fraction of the culture supernatant and in the phosphatidy-
linositol-specific phospholipase C (PIPLC)-released material

DAF (ng/ml)

Preabsorption Post-absorption Percentage of absorbed DAF

Soluble form fraction (without cycloheximide) 0·31 0·26 16
Soluble form fraction (with cycloheximide) 0·13 0·11 15
PIPLC-released material 0·91 0·25 73

Biotinylated HT-29 was cultured for 24 h. The culture supernatant was centrifuged at 100 000g and its supernatant was collected.
Then, cell surface extract with PIPLC treatment was collected. Each sample was absorbed with streptavidin-agarose beads. Values shown
are means of two experiments.



not inhibited by cycloheximide treatment at a concentration of
10 mM. Brefeldin A inhibited the IL-4- and IL-1b-induced increase
in PIPLC-sensitive cell surface DAF, but not that of DAF in the
cell lysate.

DISCUSSION

In this study, we demonstrated that cultured human intestinal
epithelial cells, HT-29, constitutively express DAF on their cell
surface and spontaneously release DAF into the culture super-
natant, as described in various type of cells, such as HeLa cells
[17,18], human polymorphonuclear cells [19] and human umbilical
vein endothelial cells [20]. The results in this study also suggest
that various mechanisms are involved in the release of DAF from
HT-29 cells.

First, we found that nearly a half of DAF in the culture
supernatant was present as a membrane-bound form. DAF of this
form can be exported by non-specific solubilizations, such as the
release of membrane fragments after cell death, or released in the

form of intact vesicles budding from the cell surface, as some
tumour cells are capable of vesiculating under certain conditions
[21]. Biotinylated DAF in the culture supernatant with an apparent
molecular weight similar to that of cell surface DAF was likely to
represent DAF in this form.

The remaining half of DAF in the culture supernatant was
present as a soluble form. When we absorbed DAF from the
surface-biotinylated cells with streptavidin-beads, about one-
fifth of DAF in the soluble form was likely to originate from
the cell surface. This process should involve cleavage of DAF
from the plasma membrane, such as by enzymatic hydrolysis of
the GPI anchor. In the study of HeLa cells [18], a cell-associated
GPI-specific phospholipase D was shown to be responsible for
the cleavage and release of DAF from the cell surface. In this
study, PIPLC treatment released DAF which was slightly smaller
than DAF in the culture supernatant. A band of the PIPLC-
released DAF appeared to correspond to the size of anchor-minus
DAF as described in erythrocytes [22]. In HeLa cells, however,
constitutively released DAF comigrated with PIPLC-released
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Table 2. Effects of cytokines on DAF release into the culture supernatant of HT-29 cells

DAF in the culture supernatant (ng/ml)

Time (h)

0 4 8 12 24

Medium 0 1·256 0·40 2·306 0·66 3·726 1·12 6·566 0·72
IL-1b (10 ng/ml) 0 1·886 0·52 3·206 0·87 4·516 1·52 10·496 1·25*
IL-2 (100 ng/ml) 0 ND 2·116 0·23 ND 6·296 1·92
IL-4 (100 ng/ml) 0 1·396 0·45 2·906 0·86 4·796 1·81 13·156 1·87*
IL-6 (100 ng/ml) 0 ND 2·076 0·15 ND 7·236 1·48
IL-8 (100 ng/ml) 0 ND 1·536 0·32 ND 5·086 0·92
IL-10 (100 ng/ml) 0 ND 1·376 0·22 ND 8·656 2·79
IFN-g (100 U/ml) 0 ND 1·776 0·16 ND 7·896 2·29

Cells were incubated for various periods with each cytokine. The amount of DAF in the culture supernatant
was measured by ELISA. Values are expressed as means6 s.e.m. of six experiments.

*P<0·05versusmedium (no cytokine).
ND, Not done.
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Fig. 5.Effects of cytokines on the release and expression of DAF on HT-29 cells. Cells were incubated for 24 h with various concentrations of
each cytokine. After each culture supernatant was collected, cells were detached and incubated with phosphatidylinositol-specific
phospholipase C (PIPLC). After the medium was collected, the remaining cells were solubilized. The amounts of DAF in the culture
supernatant, DAF released into the medium by PIPLC and DAF in the lysate of the remaining cells were determined by ELISA. (a) DAF
which had shed into the culture supernatant. (b) PIPLC-sensitive cell surface DAF. (c) DAF in the lysate of the remaining cells. Values are
expressed as a percentage of that of the control in which cytokines were not present. Values shown are means of four experiments.



DAF [18]. We have no ready explanation for the discrepancy of
the molecular weights of DAF cleaved by enzymatic hydrolysis.
The cleavage of DAF from the cell membrane awaits further
clarification.

The remaining four-fifths of DAF in the soluble form was
not absorbed with streptavidin-beads, suggesting that this frac-
tion of DAF was not released from the biotinylated cell surface.
Because alternatively spliced forms of human DAF mRNA
which may encode secreted forms of DAF have been reported
[23], DAF without biotin label was possibly derived by secre-
tion from within the cell.

Among the various cytokines examined in this study, we found
that IL-4 and IL-1b enhanced the release of DAF from HT-29 cells.
Actinomycin D, an inhibitor of RNA synthesis, inhibited the
increase in DAF release as well as the expression of DAF protein.
In contrast, when protein synthesis was inhibited by cyclohex-
imide, the effects of IL-4 and IL-1b on DAF release were
abrogated. However, there was no inhibition of the IL-4-enhanced
expression of DAF protein. The reason for this discrepancy is
unknown. Since IL-4 superinduces DAF mRNA in the presence of
cycloheximide in HT-29 cells [8], one possible explanation is that
cycloheximide at the concentration used in this study might not be
sufficient to inhibit the translation of markedly increased ‘super-
induced’ DAF mRNA. Brefeldin A, which blocks the intracellular
transport of proteins, abrogated the effects of IL-4 and IL-1b on
DAF release. Brefeldin A also inhibited the increase in DAF on the
cell surface, but not in the cell lysate, suggesting that transport of
the intracellular DAF protein to the cell surface is involved in this

cytokine-induced increase in DAF release. In contrast to a strong
increase of the amount of PIPLC-sensitive cell surface DAF as well
as DAF in the lysate by IL-4, effects of IL-1b on DAF expression
were modest, suggesting that IL-1b may exert its effect on DAF
release by mainly increasing secretion of the protein.

We have recently shown that DAF is released into the colonic
lumen of UC patients with active disease in relation to the severity
of mucosal inflammation [5]. The finding suggests that the mea-
surement of stool DAF is useful as a non-invasive means of
monitoring intestinal disease activity in patients with UC.
Although an increase in local IL-4 production has not been
demonstrated [11,24,25], IL-1b mRNA expression is increased in
actively inflamed UC tissues [26,27]. Our results suggest that these
cytokines may play a role in the DAF release into the colonic
lumen of UC patients.
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