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Mode of secretion of poly I:poly C-induced IFN was
xamined using epithelial cell lines in a bicameral
ulture system. Although the cell lines formed a tight
ell sheet and produced IFN-b following poly I:poly C
reatment in spite of its application to the upper or
ower compartment, IFN secretion differed between
he apical and basolateral cell membranes. When poly
:poly C was applied to the upper compartment, IFN
as secreted predominantly from the apical mem-
rane. Inversely, poly I:poly C applied to the lower
ompartment caused preferential IFN secretion from
he basolateral membrane. These results suggest that
n epithelial cells poly I:poly C stimulation induces
ntracellular membrane traffic toward the stimulation
ide. © 1999 Academic Press

Polarized epithelial cells play fundamental roles in
he specialized vectoral transport and secretion of pro-
eins in tissues and organs (1–6). Although many stud-
es of polarized epithelial cells have been performed
sing established cell lines including human colorectal
arcinoma Caco-2 (7–10) and Madin-Darby bovine kid-
ey (MDBK) (11) cells, the precise mechanism of the
ecretion polarity of proteins is not completely under-
tood.
In this context, secretion of cytokines such as inter-

eron (IFN) in polarized epithelial cells have received
ittle attention. The expression of type I IFN gene is
sually latent in many cell types and induced by var-

ous types of stimulation including viral infection and
ouble-stranded RNA treatment (12–14). Thus, how
he secretion of the induced IFN would be controlled in

1 To whom correspondence should be addressed. Fax: 81-75-753-
575. E-mail: hashidam@pharm.kyoto-u.ac.jp.
Abbreviations used: IFN, interferon; poly I:poly C, polyriboinosinic

cid:polyribocytidylic acid; MDBK, Madin-Darby bovine kidney.
5

nderstand the physiological roles of IFN in host de-
ense mechanisms of animal bodies.

In this study, we investigated the mode of secretion
f IFN induced by polyriboinosinic acid:polyribocyti-
ylic acid (poly I:poly C) in mouse squamous carcinoma
am-T (15, 16), Caco-2, and MDBK cells, using the
fficient IFN induction method with cationic liposomes
17). Our results show that in all the epithelial cell
ines examined poly I:poly C-induced IFN is preferen-
ially secreted from the stimulated membrane domain,
roviding a novel insight into the regulation of protein
ecretion.

ATERIALS AND METHODS

Cell lines. Pam-T and MDBK were grown in RPMI 1640 medium
Nissui Pharmaceutical Co., Tokyo, Japan) supplemented with 10%
etal bovine serum (FBS), 100 U/ml penicillin and 100 mg/ml of
treptomycin. Caco-2 cells (ATCC HTB 37) were cultured in Dulbec-
o’s modified Eagle’s medium (DMEM) supplemented with 10% FBS,
% nonessential amino acids, 100 U/ml penicillin and 100 mg/ml
treptomycin and used within 37 passages. The medium was
hanged every 2 to 3 days. Mouse L and human FL cells, used for
ioassay of mouse and human IFNs, respectively, were maintained
n minimum essential medium (MEM) supplemented with 6 % FBS,
00 U/ml penicillin, and 100 mg/ml streptomycin.

IFNs and antibodies. Highly purified human fibroblast IFN-b
as kindly donated by Toray Co. Ltd. (Tokyo, Japan). Highly purified
ouse IFN-b was prepared from NDV-induced L cell IFNs (18).
ntibodies used in this work were as follows: sheep anti serum
gainst human IFN-a (19), rabbit anti serum against human IFN-b
20), rat monoclonal antibodies specific for mouse IFN-a (4E-A1)
nd -b (7F-D3) (21).

IFN induction by poly I:poly C. To examine the optimal condi-
ions for IFN induction, cells (5 3 104 cells/culture) were cultured in
4-well tissue-culture plates for 1 day. After being thoroughly
ashed with serum-free medium, the cells were treated with various

oncentrations of poly I:poly C (Pharmacia Biotech, Uppsala, Swe-
en) mixed with 8 mg/ml lipofectin (Gibco BRL, Gaithersburg, MD)
or 2 h. The medium was replaced with growth medium, and the cells
ere incubated for a further 24 h. The medium was recovered and
ssayed for IFN activity as described below.
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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In the experiments investigating the mode of IFN secretion, 1 3
05 cells/well were plated on Transwell filters (Costar, Cambridge,
A; 1 cm2 culture area) and cultured; generally the cell sheet become

mpermeable for trypan blue and IFN-b as early as 3 days after cell
ulture and the impermeable state lasted at least up to day 14 (not
hown). On day 5, the cell monolayers were thoroughly washed with
erum-free medium, and then treated with poly I:poly C (1 mg/ml)–
ipofectin (8 mg/ml) complexes from the upper or lower compartments
or 2 h. The medium in both compartments was replaced with growth

edium followed by addition of human IFN-b (for Pam-T) or mouse
FN-b (for Caco-2 and MDBK) (finally about 200 IU/ml) to the upper
r lower compartments as a permeability marker. After an addi-
ional 24 h of incubation, the medium in both compartments was
ecovered separately and assayed for IFN activity.

IFN assay. IFN activity of the supernatant from cell cultures
as measured as described previously (18, 22). In brief, the activ-

ty was determined by the reduction in the cytopathic effect of
ncephalomyocarditis virus (EMCV) on human FL cells for human

FIG. 2. Polarized secretion of IFN induced by poly I:poly C–lipofe
n a bicameral system. Poly I:poly C–lipofectin complexes were applie
ar) and incubated for 2 h. After a further 24 h incubation, the IFN
ndividually measured by the appropriate bioassay. The values repr

FIG. 1. IFN induction by poly I:poly C–lipofectin in Pam-T cells.
omplexes of various amounts of poly I:poly C and 8 mg/ml lipofecti
rowth medium for a further 24 h, and then the IFN activity in the
riplicate determinations. (*) undetectable.
6

FN, and of vesicular stomatitis virus (VSV) on mouse L cells and
ovine MDBK cells for mouse and bovine IFNs, respectively. IFN
ubtypes were analyzed by combinational using of IFN-
eutralizing antibodies.

ESULTS

IFN induction by poly I:poly C–lipofectin complexes.
o improve the efficiency of IFN induction by poly
:poly C, we utilized a cationic liposome, lipofectin (23),
s an additive: suitable complexes of poly I:poly C and
ipofectin were good inducers (17). In Pam-T cells, fol-
owing complexation with lipofectin (8 mg/ml), more
han 0.01 mg/ml poly I:poly C induced detectable
mounts of IFN and 1 mg/ml poly I:poly C induced the
ighest titer of IFNs, whereas poly I:poly C alone in-

complexes. Pam-T (a), Caco-2 (b), and MDBK (c) cells were cultured
the upper compartments (open bar) or lower compartments (shaded

vity in the culture fluids in the upper and lower compartments was
nt the mean 6 SE of triplicate determinations.

-T cells cultured on 24-well tissue culture plates were treated with
r 2 h. After removal of the complexes, the cells were incubated in

lture fluids was measured. The values represent the mean 6 SE of
ctin
d to
acti
ese
Pam
n fo
cu
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uced no detectable IFN even at 30 mg/ml (Fig. 1).
imilarly, Caco-2 as well as MDBK cells treated with 1
g/ml poly I:poly C and 8 mg/ml lipofectin yielded the
ighest titer of IFNs (data not shown). Thus, com-
lexes of 1 mg/ml poly I:poly C and 8 mg/ml lipofectin
ere used in the IFN-induction experiments (see
elow).
IFN production by poly I:poly C was transient; it was

etectable at about 3 h after stimulation, peaked at
0–12 h and then gradually declined almost to termi-
ate at 24 h (data not shown). The poly I:poly
-induced IFN consists mainly of type b (.95% of IFN
ctivity) with a little type a (,5%) (data not shown), as
eutralized by antibodies, except for MDBK IFN which
as not examined for type due to a lack of appropriate
ntibodies being available.

FIG. 3. Mode of IFN secretion of Pam-T cells treated with poly
:poly C–lipofectin complexes. Pam-T cells cultured in a bicameral
ystem were treated with poly I:poly C–lipofectin complexes from the
pper compartments (open bar), lower compartments (shaded bar) or
oth (hatched bar) as in Fig. 2. The cells were cultured further for
4 h, and the IFN activity in the culture fluids in the upper and lower
ompartments was individually measured as in Fig. 2. The values
epresent the mean 6 SE of triplicate determinations.

TAB

Marker IFN Permeability through the Cell Monolayer

Cell line
PolyI:polyC
applied to

Marker IFN
applied to

Pam-T Apical Apical
Apical Basal
Basal Apical
Basal Basal

Caco-2 Apical Apical
Apical Basal
Basal Apical
Basal Basal

MDBK Apical Apical
Apical Basal
Basal Apical
Basal Basal
7

icameral culture system. The secretion polarity of
FN induced by poly I:poly C was examined using
am-T, Caco-2, and MDBK cells in a bicameral culture
ystem (Fig. 2). When poly I:poly C–lipofectin com-
lexes were applied to the upper compartments, all the
ell lines secreted IFNs mainly into the upper compart-
ents and very little into the lower compartments. On

he other hand, when the complexes were applied to
he lower compartments, IFN activity was detected
redominantly in the lower compartments. This polar-
zed secretion was not affected by simultaneous appli-
ation of lipofectin alone to the compartment not
reated with inducer, indicating that the direction of
FN secretion was due to poly I:poly C-stimulation
tself and not to lipofectin treatment (data not shown).
n addition, when treated with complexes on both
ides, the Pam-T cells secreted comparable amounts of
FN into both compartments (Fig. 3).

In parallel, the impermeability of the monolayer dur-
ng the secretion polarity experiments was examined
sing heterologous b-type IFN as a permeability
arker. Since IFN-b is highly species-specific, poly

:poly C-induced IFN and marker IFN in one sample
an be separately measured by species-specific IFN
ssay systems, provided the titer of the marker IFN is
ot too high. Marker IFN applied to the upper com-
artment was detected entirely in the upper compart-
ent when poly I:poly C treatment was applied to the

ame compartment. However, it was faintly (1–4% of
nput) detectable in the lower compartment when the
reatment was applied to the lower compartment, and
ice versa (Table 1). These “leakages” are not due to
ross-reactivity of induced IFNs because they are neu-
ralized by antibodies specific for the added marker
FN, but not by those against poly I:poly C-treated
ell-derived IFN (data not shown).

1

on Stimulation by Poly I:Poly C-Lipofectin Complexes

% recovery of marker IFN

Apical compartment Basal compartment

84 6 0.4 Nil
0.9 6 0.1 92 6 0.0
83 6 1.7 3.9 6 1.1

Nil 100 6 3.9
97 6 12 Nil

1.5 6 0.2 106 6 17
99 6 5.8 1.6 6 2.2

Nil 93. 6 8.7
98 63.2 Nil

0.5 6 0.2 100 6 0.0
95 6 5.8 2.3 6 2.2

Nil 101 6 6.4
up
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In this study, we examined the mode of secretion of
FN induced by dsRNA, poly I:poly C, in three kinds of
pithelial cells, Pam-T, Caco-2, and MDBK in a bicam-
ral culture system separated by a polycarbonate filter.
nder the conditions used in our experiments, all cell

ypes formed a monolayer on the filter which did not
llow trypan blue (not shown) or IFN to passively
ransfer from one compartment to the other, presum-
bly due to the tight junctions. This is the first docu-
entation that mouse epithelial Pam-T forms such a

ight monolayer, suggesting that Pam-T will serve as a
seful model for studying the polarity of skin epithelial
ells in the mouse system.

Although poly I:poly C is a well-known inducer of
FNs, the effective doses of poly I:poly C are so high
hat they are relatively cytotoxic (24, 25). To overcome
his disadvantage, we have established a much more
fficient IFN induction method using cationic lipo-
omes including lipofectin (17). Complexes of 1 mg/ml
oly I:poly C and lipofectin (8 mg/ml) caused efficient
FN induction in all three types of epithelial cell exam-
ned in this work. It is considered that cationic lipo-
omes bind to anionic poly I:poly C to reduce the elec-
ronic repulsion of cell surfaces, and thereby the
omplexes are taken up into the cells more efficiently
nd then trigger IFN induction.
The poly I:poly C-induced IFN activity was predom-

nantly b-type. Natural IFN-b is commonly N-glycosylated
lycoprotein, and its secretion is led by signal peptide
26). Since it has no apparent sequences for targeting
ntracellular localization or sorting other than the sig-
al sequence for secretion, the secretion is considered
o be mediated through default bulk flow of membrane
raffics (27). Of interest, however, IFN-induction ex-
eriments with Pam-T, Caco-2, and MDBK in the
icameral culture system revealed that IFN secretion
ccurred mainly from the cell surfaces to which poly
:poly C was applied (Fig. 3), as if epithelial cells rec-
gnized the direction of stimulation and secreted IFN
redominantly from the stimulation side.
The three types of epithelial cells examined here,

iffering from each other in animal species and tissue
rigin, displayed essentially the same results, implying
hat the stimuli directed asymmetrical secretion of in-
uced IFN is a common phenomenon. Although the
nderlying mechanisms are unknown, the accompany-

ng data may provide some information about this is-
ue. To make certain of the tightness of cell sheets
uring the IFN induction experiments, we simulta-
eously examined the transfer of heterologous IFN-b
hrough the sheets. The marker IFN applied to one
ompartment was faintly detectable in the opposite
ompartment only when poly I:poly C stimulation was
arried out from the opposite compartment, but not
rom the same compartment as the marker (Table 1). It
8

mount of marker IFN was due to destruction of the
ight junctions between the cells by poly I:poly C treat-
ent. Rather, it seems that poly I:poly C treatment

roduced uptake of cytomembrane at that side by pi-
ocytosis and resulted in a ‘shortage’ of membrane
omponent, consequently increasing transcytosis of the
pposite membrane, as a counterbalance, towards the
timulation side, thereby causing predominant secre-
ion of induced IFN and transcytosis of a small fraction
f the marker IFN in the opposite compartment to-
ards the stimulated side. When marker IFN was
pplied to the same compartment as the poly I:poly C
reatment, the postulated membrane dynamics from
he opposite membrane would not be associated with
ranscytosis of the marker towards the opposite side.
lternatively, in polarized cells, the routs of signaling
f exogenous stimulation might link to the routs of
esponding processes.
Although further experiments are required to prove

hese hypotheses, our findings may open up new per-
pectives on cell polarity, which previously been
hought to be rather fixed cell properties and be depen-
ent on the nature of proteins. Anyway, this unequiva-
ent secretion of stimuli-induced IFN, depending on
hich side is treated by the stimuli, might be mean-

ngful in exerting the physiological effects properly in
he situation of host defense against microbes in ani-
al bodies. An apparently similar phenomenon of

timulation-side directed secretion of induced cyto-
ines has been reported for interleukin-8 (IL-8) in-
uced by tumor necrosis factor a and IL-1 on human
pithelial cells (28).
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