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Regulation of the polymeric immunoglobulin
receptor by the classical and alternative
NF-kB pathways in intestinal epithelial cells

MEC Bruno!, AL Frantz!, EW Rogier!, F-E Johansen? and CS Kaetzel

The polymeric immunoglobulin receptor (plgR) transports IgA antibodies across intestinal epithelial cells (IECs).
Expression of plgR is upregulated by proinflammatory signaling pathways via activation of nuclear factor-xB

(NF-kB). Here, we examined the contributions of the RelA-dependent classical and RelB-dependent alternative
pathways of NF-kB to plgR regulation in the HT-29 human IEC line following stimulation with tumor necrosis

factor (TNF), lipopolysaccharide (LPS; Toll-like receptor 4 (TLR4) ligand), and polyinosinic: polycytidylic acid

(pIC; TLR3 ligand). Whereas induction of proinflammatory genes such as interleukin-8 (IL-8) required only RelA, pIlgR
expression was regulated by complex mechanisms that involved both RelA and RelB. Upregulation of plgR expression
by ligation of the lymphotoxin-f receptor suggested a direct role for the alternative NF-kB pathway. Inhibition of
mitogen-activated protein kinases reduced the induction of IL-8, but enhanced the induction of plgR by TNF and

TLR signaling. Regulation of plgR through unique signaling pathways could allow IECs to sustain high levels of

IgA transport while limiting the proinflammatory responses.

INTRODUCTION

The intestinal epithelium serves as a biologically active
barrier between microbes in the lumen and immune cells in
the lamina propria.!=® Secretory antibodies of the IgA class
(SIgA) provide the first line of adaptive immune protection in
the gut against pathogenic microbes, and prevent commensal
bacteria from translocating into the lamina propria and eliciting
proinflammatory responses.? The polymeric immunoglobulin
receptor (pIgR) helps to maintain mucosal barrier integrity and
intestinal homeostasis by transporting polymeric IgA antibod-
ies across intestinal epithelial cells (IECs) into gut secretions.>®
Proteolytic cleavage of pIgR at the apical surface of IECs releases
the extracellular domain of pIgR, known as the secretory com-
ponent, either in free form or as part of the SIgA complex. The
secretory component enhances innate defense mechanisms
by prevention of bacterial adherence to the intestinal mucous
layer and neutralization of potential proinflammatory factors.”
Because one molecule of pIgR is consumed for every molecule
of SIgA transported into the lumen, high expression of pIgR
is necessary for a continuous supply of SIgA and secretory
component.

Recent evidence suggests that nuclear factor-kB (NF-xB) sig-
naling in IECs is critical for maintenance of epithelial barrier
function, production of antimicrobial peptides, and modula-
tion of immune responses.® Among the genes activated by the
classical NF-kB pathway are proinflammatory chemokines and
cytokines, which are rapidly induced and then downregulated
within hours by negative regulatory pathways.’ In contrast, the
NF-kB-dependent induction of pIgR is slow and sustained,!?-1?
and steady-state levels of pIgR mRNA in mouse and human IECs
are very high.!314 The NF-kB family of transcription factors
comprises 5 subunits, designated RelA (p65), RelB, c-Rel, p50
(NF-kB1), and p52 (NF-«B2), which associate to form as many
as 15 homo- and heterodimers.!> All NF-kB dimers bind to kB
sites with a loosely conserved consensus sequence (Table 1).
Activation of the RelA-dependent classical NF-xB pathway by
proinflammatory cytokines and Toll-like receptor (TLR) ligands
leads to degradation of inhibitor of NF-xBa (IkBa), followed by
phosphorylation and nuclear translocation of RelA/p50 dimers,
and activation of gene transcription.!>~!”

We previously demonstrated that induction of transcription
of the PIGR gene in a human IEC line by tumor necrosis factor
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Table 1 kB Sites in target genes

Sequence com-
pared with RelA

consensus
«B Site? (5'-3")° Reference
RelA Consensus GGGRNWYYCC 18
RELB promoter —247 GGGGTTTTCC 19
RELB promoter —175 GGGGAATTCC

REL (c-Rel) promoter —578 GGGGGTCCCC

REL (c-Rel) promoter — 442 GGGAAcCaCC

REL (c-Rel) promoter —278 GGGATTTCtC

REL (c-Rel) promoter +6 GGGAAATTCC 20
NF-xB1/p50 promoter —288 GGGGCTTCCC

NF-«B1/p50 promoter — 103 GGGcTTCCCC

NF-xB2/p52 promoter — 110 GGGAATTCCC

NF-xB2/p52 promoter —80 GGGCTTTCCC 2
NFKBIA (IxBa) promoter —26 GaGACATCCC

NFKBIA (IxkBa) promoter —55 GGaAATTCCC

NFKBIA (IxBat) promoter —311 GGGAAACCCC 22

IL8 promoter —82 tGGAATTTCC 23
TNF promoter —873 GGGACcCCcCC

TNF promoter —627 GtGACTTCCC

TNF promoter —598 GGGCcTgTCCC 24
A20 promoter —66 GGaAAgTCCC

AZ20 promoter — 54 GGaAATCCCC 25
PIGR intron 1 +4395 GGGAAATTCC 10
NF-kB reporter plasmid GGGAATTTCC Stratagene

Abbreviations: 1B, inhibitor of NF-xB; IL, interleukin; NF, nuclear factor;
PIGR, polymeric immunoglobulin receptor; TNF, tumor necrosis factor.
2The position of the kB site refers to bp upstream (-) or downstream (+) of
the transcription start site in the corresponding human gene.

PNucleotides that do not match the kB consensus are shown in lower case
(R, purine; Y, pyrimidine; W, A or T; and N, any nucleotide).

(TNF) and TLR signaling requires a kB element in the first
intron.!%12:26 The sequence of this kB site is a perfect match
to the RelA consensus sequence (Table 1). These findings led
us to hypothesize that the RelA subunit of NF-«B is the major
transcription factor required for induction of pIgR by TNF
and TLR signaling. To test this hypothesis, we examined the
ability of TNF and TLR ligands to induce pIgR expression in
a human intestinal epithelial cell line in which the expression
of RelA was inhibited by stable transfection of a RelA-specific
small inhibitory RNA (siRNA). For comparison, we also
examined the role of RelB, which is activated by the alternative
NF-kB pathway.!6:27:28

RESULTS

Activation of the classical NF-xB pathway by TNF and TLR
signaling leads to upregulation of plgR expression

To activate the classical RelA-dependent pathway of NF-kB acti-
vation, the human IEC line HT-29 was stimulated with TNF or
ligands for TLR4 (lipopolysaccharide (LPS)) or TLR3 (polyi-
nosinic:polycytidylic acid (pIC); Figure 1). Consistent with our
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Figure 1  Activation of the classical nuclear factor-kB (NF-«xB)

pathway by tumor necrosis factor (TNF), lipopolysaccharide (LPS), and
polyinosinic:polycytidylic acid (pIC) in intestinal epithelial cells (IECs).
HT-29 cells were stimulated with TNF (10ngml="), LPS (1 ugmli~"), or
pIC (100 ugmi=") for 3 or 24h, in the presence or absence of 10 um BAY
11-7082, an inhibitor of IkBa phosphorylation. Concentrations of TNF,
LPS, and pIC were optimized previously,'"-12 and the concentration of
BAY 11-7082 was optimized in preliminary experiments (data not shown).
mRNA levels for interleukin-8 (IL-8) and polymeric immunoglobulin
receptor (plgR) were quantified by quantitative reverse transcriptase-
PCR (qRT-PCR) and normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA. Data from three independent
experiments were combined and expressed as mean + s.e.m. (n=9):
a, the mean for stimulated cells is significantly greater than the mean
for unstimulated cells (P<0.05); b, the mean for cells treated with

BAY 11-7082 is significantly different from the mean for cells given the
same stimulus in the absence of BAY 11-7082 (P<0.05).

previously published work,!!!2 we observed a rapid increase

in the mRNA encoding the proinflammatory chemokine inter-
leukin-8 (IL-8). Inhibition of IL-8 induction by BAY 11-7082,
a small molecule that blocks the phosphorylation of IxBa,,>%30
suggested that the early proinflammatory response involved acti-
vation of the classical NF-«B pathway. The varying magnitude of
IL-8 induction by TNE, LPS, and pIC suggested that there were
stimulus-specific quantitative differences in NF-kB activation
and/or activation of additional signaling pathways. In additional
data not shown, we found that expression of IL-8 was down-
regulated by 24 h, consistent with our previous findings.!>1?
In contrast, induction of pIgR was delayed until 24 h, and the
magnitude was similar for all three stimuli. Moreover, inhibition
of pIgR induction by BAY 11-7082 suggested that early activa-
tion of the classical pathway of NF-«kB activation was critical
for subsequent upregulation of pIgR mRNA. Similar results
were observed in another human IEC line (Supplementary
Figure S1 online).

Knockdown of RelA expression in HT-29 cells inhibits
activation of the classical NF-kB pathway

Activation of the classical NF-xB pathway results in proteo-
lytic degradation of the IxBa, leading to phosphorylation
of RelA and translocation of active RelA/p50 dimers to the
nucleus and enhanced transcription of RelA target genes.!> To
inhibit this pathway, HT-29 cells were stably transfected with
a plasmid encoding siRNA specific for RelA. For comparison,
HT-29 cells were stably transfected with siRNA specific for
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RelB or a control siRNA with a random sequence. Because
similar results were observed with multiple subclones of siRNA-
transfected HT-29 cells (data not shown), one representative
subclone for each siRNA was used in all subsequent experi-
ments. Expression of RelA and RelB mRNA (Figure 2a) and
protein (Figure 3a, b, d) was decreased in cells expressing the
corresponding siRNA. RelA knockdown also caused a signifi-
cant decrease in levels of RelB mRNA and protein, consist-
ent with regulation of the human RELB gene by binding of
RelA/p50 dimers to kB sites in its promoter (Table 1). In con-
trast, knockdown of RelB resulted in only a minor decrease
in RelA mRNA and no change in the level of RelA protein.
Stimulation with TNE, LPS, or pIC did not alter levels of Rel A
mRNA or protein in either control cells or RelA knockdown
cells (Figures 2b and 3a). Stimulation of control cells with
TNE, LPS, or pIC caused a significant increase in RelB, c-Rel,
p50, and p52 mRNA (Figure 2b), consistent with the pres-
ence of kB sites in the promoters of these genes (Table 1).
Knockdown of either RelA or RelB blocked the increase in
RelB protein following stimulation with TLR ligands, and
delayed the induction of RelB in response to TNF stimulation
(Figure 3b). Taken together, these results suggest that knock-
down of RelA in IECs alters the cellular pools of other NF-kB
subunits, particularly RelB.

To determine the consequences of RelA knockdown on acti-
vation of the classical NF-kB pathway, we analyzed cellular
levels of IxBo (Figure 3¢) and nuclear levels of RelA phos-
phorylated at Ser 536 (Figure 3d) following stimulation with
TNE, LPS, or pIC. In control cells, IxBa protein was rapidly
degraded and re-synthesized following treatment with all three
stimuli. Basal and inducible expression of IkBa was very low
in cells expressing RelA siRNA, consistent with a role for RelA
in activating transcription of the IxBa gene (Table 1). Basal
expression and inducible degradation of IxBo was not affected
by RelB knockdown, although re-synthesis of IkBo. following
pIC stimulation appeared to be delayed. Nuclear levels of phos-
phorylated RelA increased rapidly upon stimulation, especially
with TNF and pIC (Figure 3d). No increase in phosphorylated
RelA was observed in cells stably transfected with RelA siRNA,
whereas knockdown of RelB did not alter stimulus-dependent
RelA phosphorylation. Transcriptional activity of nuclear RelA
was analyzed by transient transfection of a plasmid in which
binding sites for RelA/p50 dimers regulate transcription of a
luciferase reporter gene. Rapid transactivation of this reporter
gene by all three stimuli was blocked by RelA knockdown
(Figure 3e). Similar results were obtained at later time points
poststimulation (Supplementary Figure S2 online). As we
previously reported,'? pIC was a stronger stimulus of NF-kB
transcriptional activity than was LPS. Interestingly, knock-
down of RelB enhanced RelA-dependent transactivation, sug-
gesting that RelB may have inhibitory activity in this context.
In summary, we demonstrated that knockdown of RelA but not
RelB in HT-29 cells inhibited activation of the classical NF-kB
pathway by proinflammatory stimuli. Using this experimental
system, we then investigated the specific contribution of this
signaling pathway to regulation of pIgR expression.
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Differential contributions of the classical NF-kB pathway

to induction of early response genes and the polymeric
immunoglobulin receptor

To compare the mechanisms underlying the early induction
of proinflammatory genes and the delayed induction of pIgR,
gene expression was analyzed in control, RelA, and RelB knock-
down HT-29 cells stimulated with TNE, LPS, or pIC for 3 or
24h (Figure 4). We previously reported that changes in protein
levels for pIgR, IL-8, and TNF, as measured by enzyme-linked
immunosorbent assay, were directly proportional to changes
in mRNA levels.!? As expected, knockdown of RelA inhibited
the rapid upregulation of mRNA encoding IL-8 as well as TNF,
which we have previously shown to be characteristic of the early
proinflammatory response in HT-29 cells.!’»'? Knockdown of
RelA also blocked induction of A20, a cytoplasmic ubiquitin-
editing enzyme that acts as a negative feedback regulator of the
classical NF-kB pathway.>! Knockdown of RelB partially inhib-
ited TNF-stimulated induction of early response genes, suggest-
ing some contribution of the alternative pathway, although it
did not affect the responses to TLR signaling. To rule out the
possibility that knockdown of RelA had secondary effects on the
mitogen-activated protein kinase (MAPK) signaling pathway,
we analyzed the expression of MAPK phosphatase-1 (MKP-1), a
nuclear dual-specificity phosphatase that downregulates MAPK
signaling by dephosphorylating p38 MAPK and c-Jun N-termi-
nal kinase (JNK).32 The promoter of the MKPI gene contains
multiple MAPK-responsive elements, but no kB-binding sites.>?
Changes in MKP-1 expression were very minor compared with
the dramatic effects on IL-8, TNF, and A20, confirming that
MKP-1 is not a major target of NF-«B signaling and suggesting
that RelA knockdown does not significantly impact the MAPK
signaling pathway.

Interestingly, the effect of RelA knockdown on upregulation
of pIgR mRNA was stimulus specific, blocking the response to
TNF but not the response to LPS or pIC. In contrast, knockdown
of RelB did not inhibit the upregulation of pIgR mRNA for any
of the stimuli. The basal levels of pIgR mRNA were significantly
higher in cells expressing RelB siRNA than in those expressing
either RelA or control siRNA, suggesting an inhibitory effect of
RelB on RelA-dependent gene activation. Additional increases
in pIgR mRNA were observed in response to TNE, LPS, and pIC
stimulation in RelB knockdown cells. These findings suggest
that the RelA-dependent classical pathway of NF-kB activation
is required for regulation of pIgR expression by TNE, whereas
other signaling pathways may compensate to allow induction of
pIgR in response to TLR stimulation.

Activation of the classical NF-«xB pathway is required for

induction of a PIGR reporter gene by proinflammatory stimuli
We previously reported that transactivation of a reporter
gene containing an 8.6-kb regulatory region from the human
PIGR gene by TNF and TLR signaling requires a kB element
in intron 1.1%1226 To determine whether regulation of this
reporter gene requires activation of the classical NF-«B pathway,
HT-29 cells stably transfected with control, RelA, or RelB siRNAs
were transiently transfected with the human PIGR reporter
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Figure2 Effects of RelA and RelB knockdown on mRNA levels of nuclear factor-kB (NF-kB) subunits. HT-29 cells were stably transfected with
expression plasmids encoding small inhibitory RNA (siRNA) specific for RelA, RelB, or an irrelevant control sequence. (a) siRNA-mediated knockdown
of RelA and RelB. mRNA levels were quantified by quantitative reverse transcriptase-PCR (qRT-PCR) and normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA. Data from four independent experiments were combined and expressed as mean + s.e.m. (n=14): a, the mean is
significantly less than the mean for cells transfected with control siRNA (P<0.05); b, the mean for cells transfected with RelB siRNA is significantly
different from the mean for cells transfected with RelA siRNA (P<0.05). (b) mRNA levels for NF-xB subunits following stimulation with tumor necrosis
factor (TNF; 10ngml~"), lipopolysaccharide (LPS; 1 ugml~"), or polyinosinic:polycytidylic acid (pIC; 100 ugml~'). mRNA levels were analyzed in HT-29
cells stably transfected with control, RelA, or RelB siRNAs and treated with the indicated stimulus for 3 or 24 h. Data from two independent experiments
were combined and expressed as mean + s.e.m. (n=8): a, the mean for stimulated cells is significantly greater than the mean for unstimulated cells
expressing the same siRNA (P<0.05); b, the mean for cells expressing RelA or RelB siRNA is significantly different from the mean for cells expressing
control siRNA given the same stimulus for the same length of time (P<0.05).

gene before stimulation with TNF, LPS, or pIC. To confirm that  in response to LPS was lower than the response to pIC or TNE
the classical NF-kxB pathway was activated by these stimuli, we  consistent with the differential effects of these stimuli on IL-8
first demonstrated that the early response of a co-transfected =~ mRNA levels (Figure 1). We found that knockdown of RelA
IL8 reporter gene was inhibited by knockdown of RelA but  inhibited the induction of the PIGR reporter gene in response
not RelB (Figure 5a). Transcription of the IL8 reporter gene  to all three stimuli, suggesting a requirement for the classical
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Figure 3 Effects of RelA and RelB knockdown on levels of RelA, RelB, and inhibitor of NF-kBa: (IkBa) proteins and nuclear factor-xB (NF-«B)
enhancer activity. (a—¢) Whole-cell extracts were prepared from HT-29 cells stably transfected with the indicated small inhibitory RNA (siRNA) plasmid
and treated with tumor necrosis factor (TNF; 10ngmi~'), lipopolysaccharide (LPS; 1 ugmi~"), or polyinosinic:polycytidylic acid (pIC; 100 ug mI~") for the
indicated time. Approximately 40 ug of protein per lane was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
transferred to nitrocellulose membranes, and immunoblotted with rabbit polyclonal IgG antibodies to RelA, RelB, or IkBa. As a control for protein
loading, parallel membranes were immunoblotted with rabbit polyclonal IgG antibody to B-tubulin. (d) Nuclear extracts were prepared from HT-29
cells stably transfected with the indicated siRNA plasmid and treated with TNF (10ngmi~1), LPS (1 ugmi~), or pIC (100 ugmi~') for the indicated

time. Approximately 25 ug of protein per lane was separated by SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with rabbit
polyclonal IgG antibodies to total RelA or RelA phosphorylated at Ser 536 (P-RelA). (e) HT-29 cells stably transfected with the indicated siRNA
plasmids were transiently transfected with an NF-«B regulated firefly luciferase reporter plasmid (pNF-xB-TK-luc) or an enhancerless control plasmid
(PTK-luc). At 24 h after transfection, cells were stimulated for 3h with TNF (10ngmi~"), LPS (1 ugml="), or pIC (100 ugml="). Firefly luciferase activity
was analyzed in cell lysates and normalized to the activity of a co-transfected Renilla luciferase plasmid. NF-kB enhancer activity was calculated by
subtracting the average luciferase activity of cells treated with pTK-luc from the luciferase activity of cells treated with pNF-kB-TK-luc. Data from two
independent experiments were combined and expressed as mean + s.e.m. (n=8): a, the mean for stimulated cells is significantly greater than the
mean for unstimulated cells expressing the same siRNA (P<0.05); b, the mean for cells expressing RelA or RelB siRNA is significantly different from
the mean for cells expressing control sSiRNA given the same stimulus (P<0.05).

NF-kB pathway (Figure 5b). Surprisingly, knockdown of RelB
partially inhibited transactivation of the PIGR reporter gene in
response to LPS and TNE, but not pIC. These findings suggest
that under some conditions RelA and RelB may cooperate to
activate the kB element in intron 1 of the PIGR gene.

The alternative NF-xB pathway may contribute to regulation
of plgR expression

Our observation of a potential contribution of RelB to
transcriptional regulation of the PIGR gene (Figure 5) raised

MucosalImmunology

the interesting possibility that both the classical and alternative
NF-kB pathways may regulate pIgR expression, depending on
the stimulus. To test this hypothesis, HT-29 cells were stimu-
lated with an agonist for the lymphotoxin 3 receptor (LTBR),
which is known to activate the alternative NF-kB pathway.?” To
confirm activation of the alternative NF-xB pathway, we first
demonstrated that ligation of LT R induced early expression of
the known targets of this pathway, RelB and CCL20 (chemokine
(C-C motif) ligand 20)3*% (Figure 6). Interestingly, ligation of
LTPBR induced both IL-8 and pIgR mRNA to an extent similar
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Figure 4 Effect of RelA and RelB knockdown on tumor necrosis factor (TNF)-, lipopolysaccharide (LPS)-, and polyinosinic:polycytidylic acid (pIC)-
stimulated gene expression. mRNA levels were analyzed by quantitative reverse transcriptase-PCR (qRT-PCR) in HT-29 cells stably transfected with
control, RelA, or RelB small inhibitory RNAs (siRNAs) and treated with TNF (10ngml=T), LPS (1 pgmi="), or pIC (100 ugml=") for 3 or 24 h. Data from
two to three independent experiments were combined and expressed as mean + s.e.m. (n=8-12): a, the mean for stimulated cells is significantly
greater than the mean for unstimulated cells expressing the same siRNA (P<0.05); b, the mean for cells expressing RelA or RelB siRNA is significantly
different from the mean for cells expressing control siRNA given the same stimulus for the same length of time (P<0.05).

to that achieved by TNE, LPS, and pIC stimulation (compare
Figures 6 and 1). Induction of all four genes by LT R ligation
was partially inhibited by BAY 11-7082, suggesting that either
LTPR ligation activated both the classical and alternative NF-xB
pathways or that BAY 11-7082 inhibits the alternative as well as
the classical NF-kB pathway, as has been proposed.>®

MAP kinase signaling enhances expression of
proinflammatory genes but inhibits expression of the
polymeric immunoglobulin receptor

Ligation of TNF and TLRs in IECs results in multiple
interactions between NF-kB and other intracellular signaling
pathways, in particular those involving the MAP kinases.?”
It has recently been reported that BAY11-7082 inhibits phos-
phorylation of the MAP kinases ERK2 (extracellular-regulated
kinase 2) and JNK1,?8 suggesting that some of the inhibitory
effects of BAY11-7082 on TNF- and TLR-induced gene expres-
sion (Figure 1) may have been because of attenuation of MAPK
signaling. To determine the contribution of MAPK signaling to

6

the early induction of IL-8 and the delayed regulation of pIgR,
HT-29 cells were stimulated with TNFE, LPS, or pIC in the pres-
ence or absence of individual or combined MAPK inhibitors
targeting p38, INK, and ERK (Figure 7). Inhibition of p38 and
ERK significantly reduced the induction of IL-8 by TNF and pIC
but not LPS, whereas no effect was observed upon inhibition
of JNK. Combined inhibition of p38, JNK, and ERK blocked
the induction of IL-8 by all three stimuli, suggesting synergism
among the MAPK signaling pathways. In contrast, inhibition of
either p38 or ERK enhanced the induction of pIgR by TNF and
inhibition of ERK enhanced the induction of pIgR expression
by pIC. This finding was consistent with an earlier report that
inhibition of ERK enhanced TNF-stimulated pIgR expression.*”
None of the MAPK inhibitors affected the response of pIgR to
LPS, suggesting that regulation of pIgR expression by MAPK
signaling is stimulus specific. To examine whether inhibition of
pIgR expression by MAPK signaling could have been an indi-
rect effect of altered RelB expression, we analyzed the effects of
MAPK inhibitors on TNE, LPS, and pIC-stimulated Re]B mRNA
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Figure 5 Effect of RelA and RelB knockdown on interleukin-8 (IL8) and polymeric immunoglobulin receptor (PIGR) transcriptional activity. HT-29
cells stably transfected with the indicated small inhibitory RNA (siRNA) expression plasmid were transiently transfected with (a) a reporter plasmid
containing the promoter region of the human /L8 gene (- 135 to +46bp relative to the transcription start site) fused to firefly luciferase or (b) a
reporter plasmid containing an 8.6-kb fragment from the human PIGR gene (2.7 kb of 5’ flanking sequence, exon 1, intron 1 (5.7 kb) and part of exon
2 up to the ATG translation start site) fused to firefly luciferase. At 24 h after transfection, cells were stimulated for 3h (/L8 reporter) or 24h (PIGR
reporter) with tumor necrosis factor (TNF; 10ngml~"), lipopolysaccharide (LPS; 1 ugml=1), or polyinosinic:polycytidylic acid (pIC; 100 ugml="). Firefly
luciferase activity was analyzed in cell lysates and normalized to the activity of a co-transfected Renilla luciferase plasmid. Data from two independent
experiments were combined and are expressed as fold increase compared with the transcriptional activity in unstimulated cells expressing control
siRNA (mean + s.e.m., n=8): a, the mean for stimulated cells is significantly greater than the mean for unstimulated cells expressing the same siRNA
(P<0.05); b, the mean for cells expressing RelA or RelB siRNA is significantly different from the mean for cells expressing control siRNA given the

same stimulus (P<0.05).

expression. Neither the modest induction of RelB by pIC nor the
potent induction of RelB by TNF were blocked by the MAPK
inhibitors, suggesting that the RelA-dependent increase in
RelB expression did not involve synergy with MAPK signaling.
Furthermore, the enhanced induction of pIgR by TNF or pIC
in the presence of MAPK inhibitors was not affected by siRNA-
mediated RelB knockdown (data not shown). We conclude that
the NF-«xB and MAPK signaling pathways act synergistically to
induce rapid expression of proinflammatory genes like IL-8, but
may have opposing effects on the delayed expression of pIgR.

DISCUSSION

The complex functions of NF-kB in the intestine must balance
pro-inflammatory innate and adaptive immune responses to
potential pathogens and at the same time protect epithelial
integrity.® Mouse models involving targeted gene deletion have
revealed that activation of NF-«B in IECs is critical for protec-
tion against intestinal inflammation. Mice with an IEC-specific
deletion of IKK-vy, the regulatory subunit of the IxB kinase (IKK)
complex, were found to develop spontaneous colitis associated
with epithelial cell apoptosis and translocation of bacteria into
the mucosa.*’ Mice with an IEC-specific deletion of IKK-,
the catalytic subunit of IKK, had a diminished ability to clear
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infection with Trichuris muris associated with reduced expres-
sion of the protective cytokine thymic stromal lymphopoietin.*!
IEC-targeted deletion of RelA in mice resulted in reduced expres-
sion of antimicrobial peptides and antiapoptotic and prorestitu-
tion genes, and was associated with increased rates of epithelial
proliferation and apoptosis and increased susceptibility to
chemically induced colitis.*? In contrast, mice with a global dele-
tion in either RelB or NF-kB2/p100 were found to have impaired
development of Peyer’s patches and other secondary lymphoid
structures in the intestine.*> The effects of a targeted deletion of
RelB in IECs have not been reported.

Our new findings suggest that regulation of pIgR expres-
sion in IECs may be an important mechanism through which
NF-«kB maintains intestinal homeostasis during proinflamma-
tory immune responses. Our initial experiments with a solu-
ble inhibitor of IxBa phosphorylation indicated that NF-«xB
activation is required for TNF-stimulated upregulation of pIgR
mRNA in human IEC lines (Figure 1 and Supplementary
Figure S1 online). By inhibiting RelA expression in HT-29
cells, we demonstrated that induction of pIgR by TNF required
the RelA subunit of NF-kB. RelA knockdown abolished both
the increase in pIgR mRNA (Figure 4) and the transcriptional
activity of a PIGR reporter gene (Figure 5) following TNF
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Figure 6 Activation of the alternative nuclear factor-kB (NF-«xB)
pathway by lymphotoxin B receptor (LTBR) in intestinal epithelial

cells (IECs). HT-29 cells were stimulated with an affinity-purified
polyclonal goat IgG antibody to the LTBR (100ngmlI~") in the presence
or absence of 10 um BAY 11-7082, an inhibitor of NF-kB activation.

The optimal concentration of o-LTBR was determined in preliminary
experiments (data not shown). mRNA levels for interleukin-8 (IL-8),
polymeric immunoglobulin receptor (plgR), CCL20 (chemokine

(C-C motif) ligand 20), and RelB were quantified by quantitative reverse
transcriptase-PCR (gRT-PCR) and normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNA. Data from two inde-
pendent experiments were combined and expressed as mean + s.e.m.
(n=8): a, the mean for stimulated cells is significantly greater than the
mean for unstimulated cells (P<0.05); b, the mean for cells treated with
BAY 11-7082 is significantly different from the mean for cells given the
same stimulus in the absence of BAY 11-7082 (P<0.05).

stimulation. These data are consistent with a mechanism in
which TNF activates the classical NF-xB pathway, resulting in
binding of RelA-containing dimers to the kB element in intron
1 of the PIGR gene and enhanced transcription of pIJgR mRNA.
The finding that TNF-induced activation of the PIGR reporter
gene was also reduced in RelB knockdown cells (Figure 5)
suggests that RelB may cooperate with RelA to induce PIGR
gene transcription. Previous studies demonstrated that both
RelA- and RelB-containing dimers were translocated to the
nucleus following TNF stimulation, and electrophoretic mobility
shift assays revealed that RelA- and RelB- but not c-Rel-contain-
ing dimers bound to the kB element in intron 1 of the human
PIGR gene.?% However, knockdown of RelB did not inhibit
the TNF-induced increase in pIgR mRNA, and basal levels of
pIgR mRNA were actually higher in RelB knockdown cells
(Figure 4). One possible explanation for these apparently
contradictory results is that activation of the NF-kB pathway
by TNF may regulate steady-state levels of pIgR mRNA by
post-transcriptional as well as transcriptional mechanisms. In
support of this concept, we previously reported that stimulation
of HT-29 cells with TNF caused a significant increase in the sta-
bility of plgR mRNA.!! The requirement for both transcriptional
and post-transcriptional mechanisms could contribute to the
delayed rise in pIgR mRNA relative to the rapid induction of
proinflammatory genes like IL-8.

Regulation of pIgR expression by TLR signaling appears to
involve more complex mechanisms. As was the case with TNF
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Figure 7  Effect of mitogen-activated protein kinase (MAPK) inhibition
on the response of HT-29 cells to tumor necrosis factor (TNF),
lipopolysaccharide (LPS), and polyinosinic:polycytidylic acid (pIC).
HT-29 cells were stimulated with TNF (10ngml="), LPS (1 ugml=1), or

pIC (100 ugmi~") for 3 or 24 h, in the presence or absence of individual
MAPK inhibitors or a combination of the three inhibitors at the same
concentrations (10 uv SB20358, p38 inhibitor; 10 um SP600125, c-Jun
N-terminal kinase (JNK) inhibitor; 10 um PD98059, extracellular-regulated
kinase (ERK) inhibitor). Cells cultured in the absence of MAPK inhibitors
were treated with an equivalent volume of vehicle (dimethylsulfoxide
(DMSO)). mRNA levels for interleukin-8 (IL-8), polymeric immunoglobulin
receptor (plgR), and RelB were quantified by quantitative reverse
transcriptase-PCR (gRT-PCR) and normalized to glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNA. Data from two inde-
pendent experiments were combined and expressed as mean + s.e.m.
(n=8): a, the mean for stimulated cells is significantly greater than the
mean for unstimulated cells (P<0.05); b, the mean for cells treated with
MAPK inhibitors is significantly different from the mean for cells given the
same stimulus in the absence of MAPK inhibitors (P<0.05).

stimulation, we found that a soluble inhibitor of IkBa phos-
phorylation reduced induction of pIgR mRNA (Figure 1), and
that RelA was required for the increased transcriptional activity
of a PIGR reporter gene (Figure 5), following stimulation by
LPS or pIC. Knockdown of RelB expression reduced LPS-stimu-
lated but not pIC-stimulated PIGR gene transcription, suggest-
ing that there are stimulus-specific contributions of RelA and
RelB to activation of the kB site in intron 1 of the PIGR gene.
Surprisingly, upregulation of pIgR mRNA by LPS or pIC was
not blocked by inhibition of either RelA or RelB (Figure 4).
The simplest explanation for mechanistic differences between
TNF- and TLR-induced pIgR expression is that TLR ligation
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may induce additional signaling pathways that compensate
for the loss of RelA or RelB. Such a mechanism could involve
regulatory elements in the endogenous PIGR gene, outside the
8-kb regulatory region in the PIGR reporter gene. The observa-
tion that TLR signaling may utilize different mechanisms than
does TNF signaling for induction of pIgR is consistent with the
concept of homeostatic cross-talk between IECs and elements
of the intestinal microbiota that maintains the “tone” of pIgR
expression in the absence of overt inflammation. This would
be particularly relevant in the case of TLR4 signaling, given the
constant presence at the epithelial surface of soluble LPS shed by
Gram-negative commensal bacteria. In support of this concept,
we recently reported that mice deficient in MyD88 (myeloid
differentiation primary response gene (88)), a cytoplasmic adap-
tor in the TLR4 signaling pathway, have significantly reduced
expression of pIgR in IECs.!4

Our finding that ligation of LTBR can upregulate pIgR mRNA
(Figure 6) reinforces the concept that both the Rel A-dependent
classical and RelB-dependent alternative NF-kB pathways may
contribute to the maintenance of pIgR expression. We suggest
that induction of pIgR expression in IECs may be part of the
developmental program of the intestinal immune system, which
is known to require the RelB-dependent alternative pathway.*?
Because ligands that activate the alternative NF-xB pathway
have been shown to induce class switching to IgA in mucosal B
cells,** a similar mechanism for induction of pIgR expression in
IECs would coordinately enhance the production and transport
of secretory IgA.

Our results suggested that additional signaling pathways could
potentially modulate the effects of NF-kB signaling on regula-
tion of pIgR expression. However, we found that inhibition of
MAP kinases, known to be activated by TNF and TLR signal-
ing, did not block induction of pIgR (Figure 7). In fact, inhibi-
tion of ERK enhanced TNF- and pIC-induced pIgR expression,
suggesting that this pathway could antagonize rather than syn-
ergize with NF-«B signaling. These effects were in contrast to
the positive effects of MAPK signaling on early expression of
the proinflammatory gene IL-8, illustrating the differences in
regulatory mechanisms.

We conclude that maintenance of high levels of pIgR expres-
sion by NF-«B signaling may be an important mechanism
through which products of the gut microbiota and host cytokines
promote intestinal epithelial integrity and barrier function.
Our results suggest that pIgR expression is regulated through
multiple transcriptional and post-transcriptional mechanisms
that involve both the RelA and RelB subunits of NF-«B, as well
as other signaling pathways. By utilizing signaling pathways that
are distinct from those involved in the early proinflammatory
response, IEC are able to upregulate pIgR expression in response
to a complex mix of microbial and host stimuli while suppress-
ing a potentially damaging proinflammatory response.

METHODS

Cell culture. The HT-29v20 subclone of the human colon adenocarci-
noma cell line HT-29%5 was cultured as described.!* Where indicated,
cells were stimulated with human recombinant TNF (R&D Systems,
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Minneapolis, MN) at 10 ng ml}, purified Escherichia coli 026:B6 LPS
(Sigma-Aldrich, St Louis, MO) at 1 pgml~!, pIC (Sigma-Aldrich) at
100 pgml~!, or an affinity-purified polyclonal goat IgG antibody to
the LTBR (R&D Systems) at 100 ngml~1. In some experiments, cells
were treated 30 min before stimulation with the NF-xB inhibitor BAY
11-7082 (EMD Chemicals, Gibbstown, NJ) at a final concentration of
10 puv, or with specific MAPK kinase inhibitors, added individually or
combined (SB20358, p38 inhibitor; SP600125, JNK inhibitor PD98059,
ERK inhibitor; Sigma-Aldrich) at a final concentration of 10 pm each.

RNA isolation, complementary DNA synthesis, and real-time quan-
titative reverse transcriptase-PCR. Total cellular RNA was extracted,
reverse transcribed to generate complementary DNA, and specific nRNA
levels were quantified by real-time quantitative reverse transcriptase-PCR
using the ABI Prism 7700 Sequence Detection System (Life Technologies,
Carlsbad, CA) as described.!! The sequences of primers and fluores-
cent probes for human GAPDH (glyceraldehyde 3-phosphate dehydro-
genase), pIgR, TNF, and IL-8 mRNAs were previously reported;!! for all
other mRNAs, predesigned primers and probes were purchased from
Applied Biosystems. The mRNA levels were normalized to GAPDH
mRNA according to the formula: (27(C . test=C, GAPDH)) 10096,

Stable transfection of HT-29 cells with siRNA expression plasmids.
To knockdown expression of RelA or RelB, HT-29 cells were transfected
with the pSIREN-RetroQ expression plasmid (BD Biosciences, San Jose,
CA) encoding RelA, RelB, or an irrelevant control siRNA, selected for
stable integration of the plasmid by resistance to puromycin, and cloned
by limiting dilution. The sequence of the RelB siRNA was previously
reported.2 The sequence of the RelA siRNA (5'-3") was GATCCGA
TCAATGGCTACACAGGATTCAAGAGATCCTGTGTAGCCATT
GATCTTTTTTG and the sequence of the control siRNA (5'-3") was
GATCCGCGGGCTGATGCTGCACCAATTCAAGAGATTGGTGC
AGCATCAGCCCGTTTTTTG.

Immunoblot analysis of NF-kB subunits. For the preparation of whole-
cell lysates, HT-29 cells were disrupted by addition of 700 ul cell lysis
buffer (50 mm Tris, pH 8.0, 150 mm NaCl, 1% Igepal CA-630, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate, and 1 mm dithioth-
reitol)*¢ supplemented with protease inhibitors (2.8 pg ml~! aprotinin,
1 pgml! pepstatin A, 1 pgml~! leupeptin, 150 mm benzamidine, and
1 mm phenylmethylsulfonyl fluoride; Sigma-Aldrich) and incubated
on ice for 15min with agitation. Supernatants were collected following
centrifugation for 10 min at 15,800¢, and protein concentrations were
analyzed by the Bradford assay (Bio-Rad Laboratories, Hercules, CA).
Nuclear extracts were prepared according to Dignam et al.#” as previously
described.*® Protein concentrations were analyzed using the Pierce BCA
Protein assay (Thermo Fisher Scientific, Fairland, NJ). Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and immunoblotting were
performed as described,*® using ~40 ug protein per lane for experi-
ments using whole-cell lysates and 20-25 pig protein per lane for nuclear
extracts. Rabbit polyclonal IgG antibodies to RelA, phosphorylated RelA
(at Ser 536), RelB, IkBa, and goat anti-rabbit IgG-horseradish peroxi-
dase were obtained from Santa Cruz Biotechnologies (Santa Cruz, CA).
For whole-cell lysates, duplicate membranes were probed with affinity-
purified rabbit polyclonal IgG to B-tubulin (Thermo Fisher Scientific)
to control for protein loading.

Transient transfection of HT-29 cells and gene reporter assays. The
NEF-«B reporter plasmid (pNF-«B-TK-luc) (BD Biosciences Clontech,
Mountain View, CA) contains four copies of a RelA consensus site (5'-
GGGAATTTCC-3") upstream of a minimal thymidine kinase (TK)
promoter and the coding region of the firefly luciferase gene. The cor-
responding control plasmid (pTK-luc) contains the same minimal TK
promoter without the upstream NF-«B sites. The human PIGR-luciferase
reporter plasmid includes 2684 bp of PIGR 5'-flanking sequence, exon
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1 (132bp), intron 1 (5751 bp), and the first 56 bp of exon 2, up to and
including the translation start site.** The human IL8-luciferase reporter
plasmid, which contains the IL8 promoter region (nt —135 to + 46),
was generously provided by Dr Gary Wu, University of Pennsylvania.>
HT-29 cells at 50% confluence were transfected for 2h with 1 pg of the
indicated gene reporter plasmid and 0.02 pg of a control Renilla luciferase
plasmid (pRL-CMV; Promega, Madison, WI) with 3.1 pl Tfx-50 transfec-
tion reagent (Promega). At 24 h following transfection, cells were treated
with TNE LPS, or pIC as indicated. Cell lysates were analyzed for firefly
and Renilla luciferase activities using the Dual Luciferase Reporter Assay
System (Promega). NF-kB enhancer activity was calculated by subtract-
ing the normalized luciferase activity of cells treated with pTK-luc from
the normalized luciferase activity of cells treated with pNF-«xB-TK-luc.
PIGR and IL8 promoter activities were calculated as the ratio of firefly to
Renilla luciferase activity.

Statistical analyses. Statistical differences among treatment groups were
determined by analysis of variance and Fisher’s protected least significant
difference test.

SUPPLEMENTARY MATERIAL is linked to the online version of the
paper at http://www.nature.com/mi
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