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Delivery of IgA to the mucosal surface occurs via transcytosis of polymeric IgA (plgA) across the epithelium, a process mediated
by the plgR. Several factors increase plgR expression in human epithelial cells, including IL-4 and IFN= Using an RNase
protection assay, we found that IL-4 and IFN-y increase steady state levels of plgR mRNA in both human intestinal (HT29) and
airway (Calu-3) epithelial cells. Time course studies in HT29 clone 19A cells showed that with each cytokine alone and with both
together: 1) there was a significant lag before mRNA levels increased; 2) maximal levels were not reached until 48—72 h after the
addition of cytokines; 3) mRNA levels remained elevated in the continued presence of cytokines; and 4) addition of actinomycin
D or removal of cytokines led to decreases in mRNA levels with a half-life 0of-20-28 h. Cytokine-dependent increases in steady
state levels of plgR mMRNA were inhibited by cycloheximide and by protein tyrosine kinase inhibitors but not by inhibitors of
protein kinase C or cAMP-dependent protein kinase A. Both IFN+y and IL-4 increased expression of the inducible transcription
factor IFN regulatory factor-1 (IRF-1), but levels of IRF-1 only weakly correlated with levels of plgR mRNA, suggesting that
additional transcription factors are required. These studies provide additional insights into the mechanisms by which cytokines
regulate expression of the plgR, a central player in mucosal immunity. The Journal of Immunology,1999, 162: 5112-5118.

creted by plasma cells present in the lamina propria of thesite and the physiological state (healthy vs diseased) of the muco-

intestine, airway, and genitourinary tract (1). Following se- sal tissue (15).
cretion, the polymeric form of IgA (plgA)is transported by its We and others demonstrate that IL-4 and IfFNRdividually
receptor (plgR) across the epithelium to the mucosal surfaceincrease cell-associated SC and intact receptor. Furthermore,
Transcytosis of the receptor is regulated both by phosphorylatioh=N-vy increases receptor expression by increasing steady state lev-
(2, 3) and by plgA binding (4, 5). Subsequent to transcytosis, proels of plgR mRNA (16). This IFN-dependent increase in expres-
teolytic cleavage of the receptor at the mucosal surface releases$on is accompanied by activation of the transcription factor IFN
plgA that is covalently linked by disulfide bonds to a portion of the regulatory factor-1 (IRF-1) (17). Moreover, in high-affinity plgA
receptor called secretory component (SC). The covalent complekinding studies, IL-4 and IFN+are synergistic (14). This synergy
of plgA and SC is commonly referred to as secretory IgA. Inis due in large part to a synergistic increase in cell-associated
addition to its role in transport, SC increases plgA’s half-life by plgR (13).
protecting it from proteolysis (6, 7). Because the plgR plays a central role in mucosal immunity, our

Studies indicate that the pIgR can transport both dimeric andaboratory is interested in how IL-4 and IFNregulate pIgR ex-
tetrameric IgA, as well as immune complexes that contain plgApression. To address this question, we designed studies to charac-
(8). Thus, the receptor may play a dual role: providing mucosaterize the effect of these cytokines on plgR mRNA expression in
plgA as a defense against lumenal pathogens, as well as clearifgman epithelial cells.
plgA-containing immune complexes from the submucosal space.
Several immunomodulatory factors increase release of SC (i.eMaterials and Methods

expression of the plgR) by the human intestinal epithelial cell lineMaterials
HT29. These factors include TGF{9), TNF« (10, 11), IFNy  pyman recombinant IL-4 and IFN-were obtained from R&D Systems
(12-14), and IL-4 (13, 14). Which of these factors is present at gMinneapolis, MN). Actinomycin D-mannitol was purchased from Sigma
(St. Louis, MO). The kinase inhibitors genistein, KT5720, staurosporine,
and bisindolylmaleimide were obtained from Calbiochem (La Jolla, CA),
) ) ) ) and the inhibitor tyrphostin 23 was purchased from Biomol Research Lab-
Infectious Diseases Research Laboratory, Veterans Affairs Medical Center, and D&ratories (Plymouth Meeting, PA). Abs against IRF-1 and c-Jun were ob-

partment of Internal Medicine, University of lowa, lowa City, IA 52242 tained from Santa Cruz Biotechnology (Santa Cruz, CA) and Upstate Bio-
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I mmunoglobulin A, the primary Ig in mucosal fluids, is se- given site likely depends upon both the population of cells at that

The costs of publication of this article were defrayed in part by the payment of pag
charges. This article must therefore be hereby maddkrtisemenin accordance
with 18 U.S.C. Section 1734 solely to indicate this fact. HT29 clone 19A (18, 19), HT29 HTB38 (ATCC HTB38), and Calu-3
*This study was supported by the Office of Research and Development, Medicf ATCC 55-HTB) cells are human epithelial cell lines isolated from ade-
Research Service, Department of Veterans Affairs. nocarcinomas of the colon and lung, respectively. All cell lines were cul-

2 Address correspondence and reprint requests to Dr. Gerene M. Denning, Infectiodsired in DMEM:Ham’'s F12 (1:1) supplemented with 10% FBS, 2 mM
Diseases Research Laboratory, Building 3, Room 139, Veterans Affairs Medical Centeglutamine, and 500 U/ml each of penicillin and streptomycin. Cells were
Highway 6 West, lowa City, 1A 52246. E-mail address: gdenning@blue.weeg.uiowa.edsubcultured at a 1:10 (HT29) or a 1:4 (Calu-3) dilution. Fresh medium was

3 Abbreviations used in this paper: plgA, polymeric IgA; IRF-1, IFN regulatory fac- added every 2-3 days and experiments were done when cultures were
tor-1; SC, secretory component; PKA, cAMP-dependent protein kinase A; PKC, pro-/0—90% confluent. Cytokine-dependent expression of the plgR was re-
tein kinase C; PTK, protein tyrosine kinase; RPA, RNase protection assay. duced>50% if cytokines were added in fresh serum-containing medium or

Cell culture

Copyright © 1999 by The American Association of Immunologists 0022-1767/99/$02.00



The Journal of Immunology 5113

if supplemental serum was added. The basis for this inhibition is currently
unknown. Thus, cytokines were routinely added directly to the serum- 3600+
containing growth medium 1-2 days after it was placed on the cultures.

RNase protection assay (RPA) 2700

An insert for generating probe was made using an RT-PCR procedure
available in the SuperScript Il kit (Life Technologies, Gaithersburg, MD).
The procedure was performed according to the manufacturer’s instructions,
using the following primers: 5CCC AGG ACC CTG GCT GAC CTC
CAG G-3 and B-GGC TAC GTC TCC AGC AAA TAT GCA G-3. The
insert was gel purified and subcloned into the pCRII plasmid (Invitrogen,
Carlsbad, CA).

To make biotinylated RNA probe, the plasmid was linearized by treat-
ing with BarHI. Transcription was then performed according to the man- 0 r r . .
ufacturer's instructions using the Ambion (Austin, TX) BIOTINscript kit. 0 20 40 60 80 100
Briefly, the linearized plasmid was combined with buffer, ribonuclease [RNA] (1g)
inhibitor, T7 polymerase, and a nucleotide mixture containing biotin-14- g
CTP. Samples were then incubated at 37°C for 2 h, and subsequentiyGURE 1. Band intensities for plgR MRNA as a function of total

treated with DNase |. The probe was gel purified by running the final :
mixture on a 5% polyacrylamide/8 M urea gel (1000 V, 1 h). Biotinylated RNA. HT29 cells (clone 194 and HTB?’S). were treateq for 48 h Wlt.h both
m.w. markers and probe for 28S rRNA were similarly made using tem_IL-4 (10 ng/ml) and IFNy (200 U/ml) to stimulate maximal expression of
plates purchased from Ambion. plgR mMRNA. RNA was isolated, and total amounts of RNA (20+&f)

Total cellular RNA was prepared by scraping the cells into TRIREAGENT Were used in a nonradioactive RPA, as describellaterials and Meth-
(Molecular Research Center, Cincinnati, OH) and incubating for 5 min at roorrpds Band intensities in arbitrary units were determined using the Alpha-
temperature. The samples were extracted with chloroform, and the upper aquienager 2000 Digital Imaging System. Data were combined from three
ous phase was transferred to a fresh tube. The RNA was precipitated by addingdependent experiments for each cell type and values represent the
isopropanol and centrifuging at 20,080g for 30 min at 4°C. The pelletwas mean+ SEM.
washed once with 75% ethanol and dissolved in diethylpyrocarbonate-treated
water.

The RPA was performed according to the manufacturer’s directions
using the Ambion HybSpeed RPA kit. Briefly, 20—g@ of cellular RNA
was combined with~2 ng each of pIgR and 28S rRNA biotinylated probe; For studies with cycloheximide, the inhibitor (2 mg/ml) was added 1 h
the 28S rRNA probe was dilutegt1:30 with nonbiotinylated probe. For before the addition of cytokines, and was removedrésté of cytokine
controls, 50ug of yeast RNA was combined with probe and processed withtreatment to avoid cytotoxic effects (16). For studies with protein kinase
and without addition of RNase. Ammonium acetate and ethanol werdnhibitors, the indicated concentration of inhibitor was addedifa (24 h
added to precipitate the RNA. Samples were centrifuged in a microfuge afor tyrphostin 23) before addition of cytokines, and inhibitor was present
15,000x g for 15 min and resuspended in HybSpeed Hybridization buffer throughout the subsequent incubations.

(Ambion). Hybridization with the probe was accomplished by heating the ] o

samples at 95°C for 3 min then at 68°C for 10 min. Following hybridiza- Western blot analysis of transcription factors

tion, tected RNA digested by adding HybSpeed Digestion buff - . " .

;r)]g ;r’:gsoee':ﬁl mixtu\?l:?)rol\g/%icei byyﬂ?e kli?gané/ ingggatinég:f é%qcliofkt the indicated time after the addition of cytokines, cells were washed

30 min. For RPAS using-40 ug of total RNA' twice the recommended with PBS, scraped into PBS, transferred to a microfuge tube, and pelleted

concentration of RNase A/T1 was used. The protected RNA was ther?Y cel_ntrlfugmg at 2k500< gfor 3 min. ThelceIIIT \?/ere resuspended Ihn PBS,
e ; t was taken to measure total cellular protein using the micro

precipitated and separated on a 5% polyacrylamide/8 M urea gel (1200 \an aliquot . ) o

1.5 h), along with biotinylated m.w. standards. Samples and controls wer@'cl"whonl'n'Cb a;'d assayé(rjmgro B(h:A' P'er?ea RocI:Ekfor(:, IL), and S'?S .

electroblotted onto BrightStar-Plus (Ambion) nylon membrane (200 mA,d€' Sampie bulier was adade t%t e remainder. Equal amounts of protein

1 h) and UV-cross-linked to the membrane. Biotinylated RNA species werd 220 #g) were separated on 7.5% SDS polyacrylamide gels, transferred to

detected according to the manufacturer’s directions, using streptavidin—ap'troce.lIUIose' and sgbjeqted_ to Western blot a”"?"ys's using the indicated

kaline phosphatase and the Ambion CDP-Star assay kit. The apparent m.f2- Briefly, nonspecific binding was blocked by incubating the blots for

of the species were as follows: uncut pIgR, 309; cut pIgR, 194; uncut 28 h at room temperature with nonfat dry milk (NFDM, 5% nonfat dry milk

'RNA. 176 cut 28S rRNA. 111. in PBS with 0.05% Tween 20). After each step the blots were washed four

Band intensities for the plgR MRNA were determined from the auto-° five times wgh woash buffer (10 mrl:/l -EI'S'HCI (pH 7.3), 15_O”mM N?)CI’ d
radiographs using the Alphalmager 2000 Digital Imaging System (Alphal MM EDTA, 0.05% Tween 20). The blots were sequentially incubate
Innotech, San Leandro, CA). A calibration film was used to identify band ©V€Might at 4°C with polyclonal antitranscription factor Ab gg/ml in
intensities that were within the linear range of the x-ray film. Control ex- NFDM%SH? fa 1;‘ atroom Iile%p'\i_rit\ure Wr']th Hilj_—conjugste_dhdonlll(_ey
periments indicated that the band intensities for plgR mRNA were roughlyam"r.a it 9G (: .O'OO.O in NFDM; Amersham, Arlington Heights, )-
linear within the range of total RNA (20—8@g) used in our studies (Fig. Ab blnc_ilng was visualized using the Pierce SuperSignal reagent and
1). The need to use high amounts of total RNA to detect plgR mRNA2utoradiography.
resulted in internal controls (28S rRNA) that were beyond the linear range.

For this reason, we were unable to determine absolute values expressed Results
the ratio of the band intensities for plgR and 28S rRNA. The 28S rRNA Effect of IL-4 and IFNy on steady state levels of plgR mRNA in
band intensities were used as a visual confirmation of RNA recovery anq_l

; ; ! : ; o T29 cells
gel loading. To combine data, relative ratios of band intensities for the
plgR mRNA bands within individual experiments were determined. For Previous studies by our laboratory using HT29 cells demonstrate
direct comparisons, samples were run in parallel under identical conditionghat |L-4 and IFN+ increase cell-associated pIgR and synergize at

mRNA turnover studies the level of plgR protein (13). While earlier studies show that

To determi RNA stabilty, cell first treated with and without th IFN-vy increases plgR mRNA levels (16), no similar studies have
o determine m stability, cells were first treated with and without the _ ; i
indicated cytokine(s) for 72 h. For studies on the effect of cytokine re_been reported for IL-4. To determine whether the observed in

moval, the cells were then washed, repleted with medium without cyto-C"®@S€8 in pIgR protein are due to increased levels of MRNA, we
kine(s), and incubated for increasing times before harvesting the RNAMeasured steady state plgR mRNA levels in control and cytokine-
Conversely, to study turnover of plIgR mRNA in the continued presence ofreated cells using a nonradioactive RPA. Levels of 28S rRNA

c_ytokines, actinomycin D (Leg/ml) Was_added to in_hibit further transcrip_- were used as a measure of variability in sample recovery and gel
tion, and the cells were incubated for increasing times up to 24 h. Actlno-loadin
mycin D was cytotoxic at times24 h and, henc_e, longer incubation Fimes A g . .

were not tested. At the end of the chase period, total RNA was isolated Fig. 2a shows representative results using HT29 clone 19A cells

from the cells and pIgR mRNA levels were measured using RPA. treated for 48 h with and without individual cytokines or with both

0+
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(arbitrary units)

900

plgR band intensity

Studies with protein biosynthesis and protein kinase inhibitors
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FIGURE 3. Effect of kinase inhibitors on cytokine-dependent increases
in plgR mMRNA. HT29 clone 19A cells were pretreated foh (24 h for
- pIgR tyrphostin) with and without the PKC inhibitor bisindolylmaleimide (300
nM, +BIS), the PKA inhibitor KT5720 (300 nM++KT5720), or the PTK
inhibitors genistein (300uM, +GEN) and tyrphostin 23 (30QuM,
- 28S rRNA +TYR). Cultures were then treated without (Control) and with IL-4 (10
ng/ml) and IFNy (200 U/ml) together for 24 h in the continued presence
Rof inhibitor. At the end of the treatment period, total RNA was isolated, and
plgR mRNA and 28S rRNA (internal control) were determined using RPA.
Similar results were seen in two other independent experiments.

FIGURE 2. Cytokine-dependent increases in steady state levels of plg
mMRNA in HT29 cells. HT29 clone 19Aa]j and HT29 HTB38 cellsk)

were treated for 48 h without cytokines (Control), with 10 ng/ml IL-4, 200
U/ml IFN-v, or both cytokines together (Both). Total RNA was isolated

and plgR mRNA was measured using RPA; results are representative for . .
RPAs using 8Qwg and 40ug of total RNA for clone 19A and HTB38 cells, clone 19A ,to HTB38 was 0.9% 0'12, (five 'ndependent,e)fpe”'
respectively. An internal control (28S rRNA) was used to verify sample ments). This suggests that both cell lines can express similar max-

recovery. Similar results were seen in two or more additional independenfhal Ieyels of plgR mRNA but that individgal f:ytokines_ are less
experiments. potent in clone 19A cells. The reason for this difference in potency

remains to be determined.

cytokines together. Basal mRNA levels (Control) for these CeIISEifect of kinase inhibitors on cytokine-dependent increases in
were consistently below the level of detection by this assay. Botﬁ)IgR MRNA
IL-4 and IFN-y individually increased mRNA levels in these cells Previous studies by our laboratory demonstrate that cytokine-de-
and appeared to synergize when present together. Because of lirpendent increases in cell-associated plgR protein are prevented by
itations in our ability to determine absolute values for plgR inhibitors of protein tyrosine kinases (PTKs) but not by inhibitors
mRNA, we compared the responses by arbitrarily defining theof CAMP-dependent protein kinase A (PKA) or protein kinase C
plgR band intensity from IL-4-treated cells as 1.0. Combined datd PKC) (13). Because PTKs are also components of pathways that
from ten independent experiments yielded values of1@3 and  regulate gene expression posttranscriptionally (20) and because
12 + 2.7 for cells treated with IFN+ and with both cytokines studies by our laboratory demonstrate that PTK inhibitors can dif-
together, respectively. These data suggest that, in a side-by-siderentially affect mMRNA and protein levels (21), it was necessary
comparison, IFNy and IL-4 potency are similar and that the two to verify that the effect of these inhibitors on pIgR protein levels
synergize. These results are consistent with results measuring plgRflected effects on plgR mRNA levels. To test this hypothesis,
protein (13) and plgA binding (14). The observed synergy usingHT29 clone 19A cells were pretreated with inhibitor as described
maximal concentrations of cytokines suggests that IL-4 andJFN- in Materials and Methodand then with cytokines in the presence
increase plgR expression through different signaling pathways. and absence of inhibitor for an additional 24 h. At the end of the
When we tested an HT29 cell line recently obtained from Amer-treatment period, mRNA levels were determined (Fig. 3). The ty-
ican Type Culture Collection (ATCC HTB38; Manassas, VA) rosine kinase inhibitors genistein and tyrphostin prevented the cy-
(Fig. 2b), we found that this cell line appeared to express highertokine-dependent increase in pilgR mRNA. In contrast, the PKC
levels of plgR mMRNA. Basal levels of plgR mRNA were readily inhibitor bisindolylmaleimide and the PKA inhibitor KT5720 had
detectable in this cell line. Additionally, when we compared theno effect. These data support the hypothesis that activation of
plgR band intensities for samples from HT29 HTB38 cells treatedP TKs regulates cytokine-dependent pIgR expression at the steady
with IFN-y alone and with both cytokines together with those for state level of plgR mRNA.
cells treated with IL-4 alone (band intensity defined as 1.0), we_ ) ) )
found ratios of 1.8+ 0.37 and 2.1+ 0.33, respectively (ten in- Time course of cytokine-dependent increases in plgR mRNA
dependent experiments). These data suggest that IL-4 and IFN\We next examined the time dependence of plgR mRNA induction
are somewhat less than additive in this cell type. by treating cells for increasing times with IL-4, IF-or both
Finally, to verify these quantitative differences, we comparedtogether. Because of variability from experiment to experiment,
results from each cell line treated in parallel under identical convalues were normalized by arbitrarily defining the maximum pIgR
ditions. Consistent with our results using individual cell lines, band intensity within each experiment as 100%. Combined data
plgR mRNA levels in clone 19A cells treated with individual cy- from three independent experiments (mea$SEM) for each con-
tokines were lower than those in HT29 HTB38 cells usingu®0  dition are shown in Fig. 4. Overall, a similar time dependence was
of total RNA and were undetectable at RNA concentrationdQ  observed, although maximal levels were observed at earlier times
ng) where signals using HTB38 cells were still observed (data nowith IFN-y alone (48 h) than with IL-4 alone or with both cyto-
shown). In contrast, the plgR mMRNA band intensities for cellskines together (72 h). As previously reported for IFN16), there
treated with both cytokines together were similar for the two cellwas a lag following addition of IL-4 or both cytokines together
lines in this RNA concentration range (20—8@): the ratio of  before mRNA levels began to rise. In some experiments, bands
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FIGURE 5. plgR mRNA stability. HT29 clone 19A cells were treated
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FIGURE 4. Time course studies of cytokine-dependent increases in

plgR mMRNA. HT29 clone 19A cells were treated for the indicated time with IL-4 (10 ng/ml), IFN-y (200 U/ml), or both cytokines together for

with IL-4 (10 ng/mi), IFN-y (200 U/ml), or both cytokines together. At the 72 h. Cytokines were then removed, the cells were washed, and cultures

end of each time period, total RNA was isolated and plgR mRNA and 28S . . . - )
) . . were incubated in complete medium for the indicated time. At the end of

rRNA (internal control) were determined using RPA. Data are expressed as . . . .
- - ) . o .~ “each incubation period, total RNA was isolated, and plgR mRNA and 28S

percent maximum, where the highest plgR band intensity within a given

experiment was defined as 100%. Values represent the meBEM for rRNA (internal control) were determined using RPA. Data are expressed as

. . ; - percent remaining, where the plgR band intensity0ah of chase was
combined data from three independent experiments for each condition. defined as 100%. Values represent the meaSEM for combined data

from three independent experiments for each condition.

were barely detectable at the 12 h time point. Additionally, mMRNA
levels remained elevated in the continued presence of cytokines;

times greater than 96 h were not tested. This time course mirrorajone. Our observation that the turnover rate was approximately
the one that we observed for pIgR protein levels in these cells (13}he same for individual cytokines (21-28 h) as for both together
A similar lag before plgR mRNA levels increased was observed(19 h) suggests that the mechanism of synergy observed in HT29
with HT29 HTB38 cells (data not shown). clone 19A cells does not involve major differences in mRNA sta-
bility, although we can’t rule out some contribution by this effect.
Turnover of plgR mRNA y ¢ y

Because basal levels of plgR mRNA were at or below our level ofEffect of cycloheximide on increases in plgR mRNA

detection, we were unable to determine whether cytokines alteprevious studies show that protein biosynthesis is required for
mMRNA stability relative to unstimulated cells. We could, however, |FN-dependent induction of plgR mRNA (16). To determine
determine whether there were differences in mRNA stability be-whether this is the case for IL-4, we treated cells with cyclohex-
tween IL-4- and IFNy-treated cells and whether increases in imide as described iMaterials and Methodsthen with cytokines
mMRNA stability might account for the synergy observed in clonefor 24 h. Fig. 6 shows that cycloheximide inhibits the cytokine-
19A cells. To determine the effect of cytokines on plgR mMRNA dependent increase in pIgR expression when either cytokine is
stability, clone 19A cells were treated with cytokines for 72 h to present alone and when both are present together. These data in-
achieve maximal steady state levels. Following cytokine treatmenfgicate that protein biosynthesis is required for induction of pigR
two approaches were used. To determine the effect of cytokingnRNA by both IL-4 and IFNy. Similarly, cytokine-dependent
removal, cells to be chased in the absence of cytokines werghcreases in plgR mRNA were inhibited by cycloheximide in
washed once with Hanks' balanced saline solution and repleteg|T29 HTB38 cells (data not shown). A requirement for protein
with complete medium. Conversely, to examine mRNA stability in biosynthesis is consistent with the lag that is observed in time
the continued presence of cytokines, cells were chased in the pregourse studies.
ence of 1ug/ml actinomycin D. To combine data from multiple
experiments, we defined the band intensity for the plgR mRNA at
time zero in cytokine-treated cells as 100% and expressed the data
at increasing times as % remaining. Results for combined data
from three independent experiments (measEM) for each con-
dition are shown in Fig. 5. .
These results illustrate several points. First, plgR mRNA is rel-
atively long-lived under each of these conditions. In one experi- . -28S rRNA
ment with both cytokines, we observed increased levels of pIlgR .
mMRNA relative to control 72 h after cytokine removal. In addition, CHX - +,,- +,. - +
the turnover rate was roughly similar whether cytokines were re- IL-4 IFN-Yy Both
moved or actinomycin D was added (data not shown). This sug- o ) ) )
gests that continued signaling by cytokines is required to maintaifr/GURE 6. Effect of cycloheximide on cytokine-dependent increases in

elevated levels of plgR mRNA and that removal of cytokines mayplgR MRNA. HTZ.Q clone 19A cells were pr'etreated W't.h and without 2
. S . mg/ml cycloheximide (CHX) for 1 h. The indicated cytokine(s) were then
lead to a rapid loss of new transcription. These time course dat

. . . . ) Qdded: 10 ng/ml IL-4, 200 U/ml IFN= Cycloheximide was removed after
also mirror our observations of pIgR protein levels. Finally, if gp ang cultures were treated with and without cytokines for a total of 24 h.
effects on mRNA stability contribute to synergy, then the turnoverag the end of the treatment period, total RNA was isolated, and pigR
rate of plgR mMRNA in cells treated with both cytokines together mRNA and 28S rRNA (internal control) were determined using RPA. Sim-
should be measureably less than in cells treated with each cytokinr results were seen in two other independent experiments.

. B
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8 h, and remained elevated in the continued presence of cytokine.
Times greater than 48 h were not tested. While less marked, IL-4

a
IRF-1 M “ also increased IRF-1 levels in these cells with a time course similar
e - to that of IFN-y. In parallel cultures, results with both cytokines

together mirrored those with IFN-alone (Fig. B). This observa-

gxiun tion suggests that the synergy observed betweemjieNed IL-4 in
Time(h) 0 1 4 24 48 0 1 4 24 48 these cells is not due to a marked change in the time course nor in
iL-4 IFN«y the magnitude of IRF-1 expression. If cytokines were removed
following induction of IRF-1, levels of the protein fell within 4 h
b of cytokine removal and were reduced to basal levels by 16 h (data
IRE-1 -~ s e not shown).
Time(h) 0 4 16 24 48 0 4 16 24 48 We speculated that higher levels of plgR expression by HT29

HTB38 cells might reflect higher levels of IRF-1. Unexpectedly,

IENY Both we found that when run in parallel under identical conditions,
~ N clone 19A cells expressed considerably higher levels of IRF-1
C 3,50 > &N 8 ‘;50 > NS (Fig. 7c) than did HTB38 cells. To detect IRF-1 levels in IL-4-
FV P Py treated HTB38 cells, both higher protein concentrations and longer
IRF-1 “-— '---:- = +— exposure times were required (Fige, Tower pane). This weak
correlation between IRF-1 protein levels and plgR mRNA levels

S suggests to us that while IRF-1 may contribute to pIgR expression,
IRF-1 m _“ other factors may play an equal or greater role. These data also
indicate that the lesser effect of IL-4 and IFNsn pIgR expression
HT29 HTZS-J- in HT29 clone 19A vs HTB38 cells is not a general characteristic
clone 19A HTB38 of the cytokine response in these two cell lines.

FIGURE 7. Effect of cytokines on expression of IRF-1 and c-Jan. ) ) ) o

HT29 clone 19A cells were treated with IL-4 (10 ng/ml) or IRNE200 Effect of cytokines on the inducible transcription factor c-Jun
U/ml) for the indicated timeb, HT29 clone 19A cells were treated with  \\hile data support a role for IRF-1 in regulating pIgR expression
IFN-vy or both cytokines together for the indicated tirngHHT29 clone 19A (17), it is not clear whether IRF-1 induction can fully account for

and HTB38 cells were treated in parallel without (Control) and with IL-4, the lag observed before plgR mRNA levels increase and/or for the

IFN-v, or both cytokines together for 24 h and processed in parallel under ffect of loheximide. For thi fi to direct
identical conditions. Arrow indicates a nonspecific band seen in some bu ec, or cyclo ,eXIm,I ,e' or this .reason, we F:on inue 0. Irec
not all blots.a, b, andc, (upper pan8, Cells were harvested and whole cell studies toward identifying the basis that underlies the requirement

extracts (250ug total protein) were subjected to Western blot analysis for protein biosynthesis and the lag that is observed.
using Abs against IRF-1, as describedMaterials and Methodsa, Blots Putative binding sites for the inducible transcription factor AP-1
were reprobed with Ab against c-Jun(lower pane), Whole cell extracts  are found in the 5flanking sequences of the plgR gene (22).
(350 g total protein) were subjected to Western blot analysis with anti-Whether these binding sites contribute to cytokine-dependent reg-
IRF-1 and exposed for longer times. Similar results in each case were segilation of plgR expression remains to be determined. Because one
in two other independent experiments. of the members of the AP-1 family, c-Jun, shows a delayed pattern
of induction in some cell types (23), we hypothesized that c-Jun
induction might contribute to the kinetics of the pIgR response and
Effect of cytokines on the inducible transcription factor IRF-1  to the requirement for protein biosynthesis. To test this hypothesis,
Earlier studies report a lag before IFNstimulates an increase in reprobed our IRF-1 Western blots with anti-c-Jun Abs (Fag. 7
lower pane). Detectable levels of c-Jun were observed in unstimu-

plgR mRNA and that this increase is inhibited by cycloheximide lated cells (0 h). In contrast to IRF-1, however, neither cytokine

(16). Our studies show similar characteristics in cells treated with .
IL-4 alone and in cells treated with IL-4 plus IFH-One expla- alone nor both together (data not shown) increased levels of c-Jun

nation for these observations is a requirement for biosynthesis (inF-)rOtem over the time period of our study. These data suggest that

duction) of transcription factors. Consistent with this hypothesis”‘_4 and IFN-y do notinfluence expression of c-Jun in HT29 cells

ae the st by sk et a. (A7) who i trat % 25 06 Procs. enover e dete o 1o e o o
creases MRNA levels of the inducible transcription factor IRF-1 9 P9 p phosphory

and increases its transcriptional activity. No studies to date havAP'1 family members that are already present could activate AP-1

examined the effects of IL-4 on IRF-1 in any cell type. ?ranscrlpnonal activity (23).

To determine whether IL-4 induces IRF-1 in HT29 cells, . . .
whether induction is different in cells treated with both cytokines”"_4 ar!d IFN-y increase plgR mRNA levels in human airway
together compared with each cytokine alone, and to characteriz%p'th(':'IIaI cells
the time course for any observed changes, we treated HT29 clorgtudies of cytokine-dependent regulation of pIgR expression have
19A and HTB38 cells with cytokine(s) for increasing times and focused primarily on intestinal epithelial cells. Since the pIgR
subjected whole cell extracts to Western blot analysis using polytikely plays an important role in mucosal immunity in the airway,
clonal anti-IRF-1. To facilitate direct comparisons, samples fromwe wished to examine expression of the pIgR in airway epithelial
each cell type were run in parallel under identical conditions. Rep<ells. To do this, we determined the effect of cytokines on expres-
resentative results from these experiments are shown in Fig. 7. sion of plgR mRNA using the human airway epithelial cell line

For clone 19A cells (Fig. & upper pané), we observed readily Calu-3 (Fig. 8). Previous studies show that IFNiacreases trans-
detectable basal levels of IRF-1 (0 h). Moreover, consistent withcytosis of dimeric IgA by these cells (24). Results with Calu-3
previous studies, IFN+caused a marked increase in IRF-1 levels. cells were similar to those with HT29 HTB38 cells in that basal
This increase was appreciable at 1 h, appeared to be maximal xpression was easily detectable and band intensities were similar
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> the AP-1 family member c-Jun cannot account for the lag, for the

0&* ™ Qe.’* Q;éS requirement for protein biosynthesis, nor for synergy, since we
o - ¥ 2 saw no change in the expression of c-Jun under the conditions of

N pigR our study. Whether induction of other members of the AP-1 family

accounts for the observed lag remains to be determined. In addition
- to induction of transcription factors, alternative mechanisms to ex-

| . 28S rRNA plain the lag and the effect of cycloheximide must also be considered.
' Potential mechanisms include biosynthesis of secreted factors that
regulate plgR expression, increased expression of the receptors for

FIGURE 8. Effect of cytokines on steady state levels of plgR mRNA in IL-4 and/or IFN4, and biosynthesis of proteins that regulate tran-

Calu-3 cells. Cells were treated for 48 h without (Control) and with IL-4 L . i
(10 ng/ml), IFN=y (200 U/ml), or both cytokines together. Total RNA was SCI’IptIOI’I., mRNA stability, and/or .tranSIat'On of th_e PIgR. )

isolated and plgR mMRNA and 28S rRNA (internal control) were deter- P TK inhibitors prevent cytokine-dependent increases in pigR
mined using RPA (4Qug total RNA). Similar results were seen in two MRNA. There are at least two general signaling pathways that

other independent experiments. could explain this effect. First, both IL-4 and IFactivate sig-
naling pathways that include members of the Janus family of ty-
rosine kinases (JAKSs) (28, 29). JAKs, in turn, phosphorylate and
when samples from each cell type were run in parallel under idenactivate members of the STAT family of transcription factors (30).
tical conditions. Moreover, like in HT29 cells, cycloheximide The JAK-STAT pathway regulates the expression of numerous
blocked the cytokine-dependent increase in plgR mRNA in Calu-3mmunomodulatory factors (31). While cytokines can activate
cells (data not shown). Finally, IRF-1 protein levels in Calu-3 cellsoverlapping groups of JAK proteins, each cytokine activates spe-
were increased by cytokines and, when run in parallel, were incific STATS. It seems likely that the JAK-STAT pathway contrib-
termediate between HT29 clone 19A and HTB38 cell lines (datautes to cytokine-dependent IRF-1 expression (32) and, thus, indi-
not shown). These data suggest that cytokine-dependent regulatigactly to plgR expression. Additionally, while there are no reported

is similar in airway and intestinal epithelial cells. STAT binding sites in the pIgR promoter (22), STATs may hind to
) ) sites in the promoter that were not identified based on known con-
Discussion sensus sequences, may bind to other transcription factors that reg-

Only a few studies have examined the molecular mechanisms thafate pIgR expression, and/or may regulate pIgR transcription in-
regulate basal (25) as well as cytokine-dependent plgR mRNAlirectly by modulating expression of other regulatory proteins.
expression in human epithelial cells (17, 26, 27). Our studies are A second major group of cellular signaling pathways are the
the first to show that IL-4 increases pIlgR mRNA levels in HT29 mitogen-activated protein kinase (MAPK) pathways (33). There
cells and that both IL-4 and IFN-increase plgR mRNA expres- are three distinct MAPK pathways, those for extracellular signal-
sion in Calu-3 cells. Moreover, a close correlation between plgRregulated kinase (ERK), c-Jun terminal kinase (JNK), and for p38;
mRNA and protein levels under all of our experimental conditionsPTKs are early intermediates in each of these pathways. These
suggests that the major mechanism for regulating pIgR expressiopathways, in turn, have been shown to activate transcription fac-
is at the level of transcription and/or mRNA stability. tors for which there are putative binding sites in the plgR pro-
In addition, our results using HT29 cells indicate that regulationmoter, Speciﬁca”y the transcrip[ion factors NB- (20) and AP-1

of pIgR expression by each cytokine alone and by both togethef34). Since transcription factors, in addition to IRF-1, are likely
share common features. First, similar time courses of inductiofequired for maximal expression of the pIgR, it seems reasonable

were observed, including a lag before mRNA levels increase. Thigy explore a possible role for NkB and AP-1 and for signaling
lag is consistent with the requirement for protein biosynthesis i“pathways that regulate their activity.

each case. Next, a similar mRNA turnover rate was observed for With respect to the physiological relevance of our studies, it

each cytokine alone and for both together. These data suggest thé@ﬂould be noted that there are several reported subpopulations of T

neither cytokine has a unique effect on MRNA stability and that ells in the intestine and that each of these subpopulations exhibits
synergy occurs at the level of transcription rather than at the leve, different pattern of cytokine expression; intraepithelial lympho-

of MRNA s_tability. Third, increases in pIgR mRNA in response to cytes secrete more IFN-than IL-4, while the opposite is true for
each cytokine can be blocked by PTK inhibitors, suggesting a ro'?amina propria lymphocytes (15). Additionally, different types of

for PTKS in regulating pIgR transcription and/or mRNA stability. challenge (bacterial, antigenic, viral, parasitic) can stimulate a dif-
Finally, each cytokine can increase IRF-1 protein levels: IRF-1 is 9 ' 9 ' P

implicated in IFN-dependent regulation of plgR expression (17).ferent pattern_ of cytokine secreFion. Einally, there are differences
These common characteristics, however, should not obscure t%etween the intestine and the, airway in T cell S“t,’p"‘?“'a,“on,s and
fact that synergy/additivity suggests that there are differences bd€SPONSes (35). Thus, regulation of pIgR expression in vivo likely
tween the mechanisms by which IL-4 and IRNregulate pigR involves the coordinate action of numerous |mmun9m9dulatory
expression in these cells. Other evidence for mechanistic differl@ctors, among them IL-4 and IFM-The relative contribution of
ences are the observations that butyrate (26) and vitamin A (273P€cific immunomodulatory factors to pIgR expression is likely
differentially affect the response to each cytokine. determined by the mucosal tissue of interest, by the population of
It seems likely that biosynthesis of transcription factors ac-residentimmune cells at a particular site, and by the physiological
counts, at least in part, for the observed lag that precedes the iftate (healthy vs diseased) of the tissue.
crease in plgR mRNA levels and for inhibition by cycloheximide. ~Understanding the complex regulation of this critically impor-
However, our results suggest that cytokine-dependent changes iant protein will require additional studies both in vivo and in vitro.
IRF-1 expression may not fully account for these observationsBy examining the molecular mechanisms by which IL-4 and
This includes the observation that cycloheximide inhibits cyto-1FN-vy regulate pIgR expression using human airway and intestinal
kine-dependent increases in plgR mRNA in HT29 HTB38 cells,epithelial cell lines, our studies contribute toward our general un-
despite the relatively low levels of IRF-1. Similarly, induction of derstanding of plg-mediated mucosal immunity.
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