
REPORTS 

theoretical fit than other Least squares regressions 
(37). Therefore, we conducted regression analyses on 
the basis of both the OLS(yix) and OLS,,, methods. 

20. From the data of Peters [appendix lllb in  ( Z ) ] ,  we 
estimated the hypothetical energy use OLS,,, slope 
of aquatic invertebrates to be 0.79 (median value; 
n = 17). Thus, abundance would have to scale with 
mass to the -0.8 power for energy equivalence to 
hold if we assume the slope of OLS,,, of log body 
mass against log metabolic rate to be 0.8. 

21. ANCOVA comparing regression lines gives statistical- 
ly insignificant differences (P > 0.5) for both inter- 
cepts and slopes in the two contrasts performed 
(Mynach versus Seebach). 

22. T. M. Blackburn, j. H. Lawton, S. Pimm, J. Anim. Ecol. 
62, 694 (1993). 

23. ANCOVAs comparing regression lines give insignifi- 
cant differences (P > 0.05) for both intercepts and 
slopes in the two contrasts performed (predators 
versus detritivores) for guilds in the Afon Mynach and 
Oberer Seebach. 

24. S. Nee, A. F. Read, J. j. D. Greenwood, P. H. Harvey, 
Nature 351. 212 (1991). 

25. G. Bretschko, Regul. Rivers Res. Manag. 7. 17 (1992). 
26. M.  Leichtfried, Mitt. Osterr. Ceoi. Ces. 83, 229 

(1991). 
27.  P. E. Schmid and J. M. Schmid-Araya, Freshw. Biol. 38, 

67 (1997). 
28. D. R. Morse, J. H. Lawton. J. H. Dodson, M. H. Wil- 

liamson, Nature 314, 731 (1985). 
29. M. Tokeshi, Species Coexistence (Blackwell, Oxford, 

1999), pp. 318-328. 

Prokaryotic Regulation of  
Epithelial Responses by  

Inhibition of IKB-a  
Ubiquitination  

Andrew S. Neish,* Andrew T. Gewirtz, Hui Zeng, Andrew N. Young, 
Michael E. Hobert, Vinit Karmali, Anjali S. Rao, James 1. Madara 

Epithelia of the vertebrate intestinal tract characteristically maintain an in- 
flammatory hyporesponsiveness toward the lumenal prokaryotic microflora. 
We report the identification of enteric organisms (nonvirulent Salmonella 
strains) whose direct interaction with model human epithelia attenuate syn- 
thesis of inflammatory effector molecules elicited by diverse proinflammatory 
stimuli. This immunosuppressive effect involves inhibition of the inhibitor 
~B/nuclear factor K B  (IKB/NF-KB)pathway by blockade of IKB-crdegradation, 
which orevents subseauent nuclear translocation of active NF-KBdimer. Al- 
though' phosphorylatidn of IKB-cr occurs, subsequent polyubiquitination nec- 
essary for regulated IKB-adegradation is completely abrogated. These data 
suggest that prokaryotic determinants could be responsible for the unique 
tolerance of the gastrointestinal mucosa to proinflammatory stimuli. 

In humans, the mucosal lining of the intes- normal immuno-inflammatory function (2). 
tine coexists in intimate contact with a Proinflammatory stimuli activate NF-KB 
diverse prokaryotic microflora. The intesti- through tightly regulated phosphorylation, 
nal epithelial cells have necessarily evolved ubiquitination, and proteolysis of a physi- 
mechanisms to prevent or limit activation cally associated class of inhibitor mole- 
of cellular immuno-inflammatory stress re- cules, IKB's (3). IKB is inducibly phospho- 
sponses in this microbe- and antigen-rich rylated by a multisubunit kinase complex 
environment (1). Immune and inflammato- (IKB kinase) and is subsequently ubiquiti- 
ry responses in the gut and other immuno- nated by a second multiprotein complex, 
competent tissues often involves the tran- recently isolated by several groups and des- 
scription factor NF-KB. This DNA binding ignated E3-SCFP-TrCP, with the P-TrCP 
protein is the transcriptional effector of an subunit functioning as the IKB-specific 
evolutionarily conserved regulatory path- ubiquitin ligase (E3) (4-7). Polyubiquiti-
way that is activated by a myriad of proin- nated IKB is thus targeted for degradation 
flammatory stimuli and is required for the by the 26Sproteasome (a),allowing NF-KB 
de novo synthesis of numerous proinflam- to translocate to the nucleus, bind to its 
matory cytokines, chemokines, adhesion sequence recognition motif on target pro- 
proteins, and other molecules critical for moters, and activate transcription of effec- 

tor genes, an example of which is the neu- 
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of various aspects of the NF-KB signal 
transduction pathway (9); however, there 
has been no description of interference with 
the ubiquitination step. 

Although the vast majority of enteric 
organisms do not elicit intestinal inflamma- 
tion, it is becoming increasingly recognized 
that enteropathogens that cause acute in-
flammatory colitis do activate the NF-KB 
pathway, resulting in secretion of chemo- 
kines including IL-8 (10-12). We hypoth- 
esized that if proinflammatory enteric 
pathogens activate NF-KB and subsequent 
events, nonpathogenic microorganisms 
may be able to selectively attenuate this 
pathway as a mechanism of intestinal im- 
mune tolerance. We observed that coloni- 
zation of the apical aspect of polarized T84 
model epithelia with nonpathogenic Salmo- 
nella strains, both laboratory-derived and 
naturally occurring (S. typhimurium PhoPc 
and Salmonella ptlllorzim), attenuates baso- 
lateral IL-8 secretion characteristically 
elicited by apical infection with proinflam- 
matory strains (wild-type S. typhimurium 
and Hi1 A mutant) (Fig. 1A) (13-15). Col-
onization with S. tvphimt~rit~rnPhoPc and S. 
plrllort~m was also capable of attenuating 
the IL-8 secretion elicited by a spectrum of 
proinflammatory stimuli [tumor necrosis 
factor-a (TNF-a), the calcium mobilizing 
agent carbachol, and the phorbol ester 
PMA (phorbol 12-myristate 13-acetate)] 
(Fig. 1B). This anti-inflammatory effect 
could be eliminated by nondenaturing heat 
killing of the organisms and was not 
present in bacterial lysates or conditioned 
media (Fig. lC), suggesting the phenome- 
non is mediated through direct interactions 
of the epithelium with viable bacteria. The 
anti-inflammatory effects were maximal af- 
ter a precolonization period of 30 min. 
though detectable suppressive effects were 
observed with colonization 10 min after 
addition of proinflammatory agonist (16). 
Colonization of T84 model epithelia with 
the anti-inflammatory organisms showed 
no strain-specific effects on transepithelial 
resistance or short-circuit currents elicited 
with forskolin. These indices of normal 
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signaling and barrier function indicated cy- 
totoxicity was not responsible for the anti- 
inflammatory effect (1 7). 

To determine if the observed effects in- 
volved changes in IL-8 transcription or RNA 
turnover, Northern blotting was performed 
(Fig. ID, top row). As expected, TNF-a treat- 
ment resulted in de novo appearance of IL-8 
mRNA within 30 min, with levels increasing 
up to 2 hours (18). In contrast, colonization 
with S. pullorum resulted only in trace ap- 
pearance of IL-8 mRNA at 30 min, with no 
detectable transcript at 1 or 2 hours. In epi- 
thelia colonized with S. pullorum and subse- 
quently exposed to TNF-a, levels of IL-8 
transcript were markedly reduced at all time 
points compared to cells treated with TNF-a 
alone, consistent with data obtained with se- 
creted IL-8. Transcript levels of IKB-a, itself 
a rapidly inducible NF-KB-dependent gene 
(2), behaved in a very similar manner (Fig. 
ID, middle row), consistent with a general- 
ized inhibition of NF-KB dependent genes. 
Hybridization of a glyceraldehyde phosphate 
dehydrogenase (GAPDH) probe was un- 
changed in all experimental conditions, indi- 
cating that the repressive effect was not sec- 
ondary to a global increase in mRNA turn- 
over (Fig. ID, bottom row). 

Because IL-8 and IKB-a are NF-KB-de- 
pendent genes, we studied the effects of the 
anti-inflammatory organisms on the NF-KB 
activation pathway. Anti-inflammatory sal- 
monellae, but not wild-type S. typhimurium, 
inhibited activation of reporter constructs 
controlled both by the native IL-8 promoter 
and synthetic NF-KB response elements (Fig. 
2A). Immunolocalization of the p65 subunit 
of NF-KB in HeLa epithelial cells revealed 
that colonization with the anti-inflammatory 
organisms prevented nuclear translocation of 
p65 in response to TNF-a (Fig. 2B). Further- 
more, the anti-inflammatory organisms 
caused the p65 to be redistributed in a gran- 
ular, perinuclear localization even in the ab- 
sence of proinflammatory stimulation. To de- 
termine if the observed blockade of NF-KB 
activation was occurring at the level of IKB-a 
degradation, Western blot analysis of whole- 
cell lysates was performed (Fig. 2, C through' 
E). Colonization of T84 model epithelia with 
anti-inflammatory organisms prior to TNF-a 
or proinflammatory wild-type S. typhimurium 
challenge resulted in stabilization of IKB-a, 
in contrast to the nearly complete IKB-a deg- 
radation induced by TNF-a or wild-type S. 
typhimuriurn alone (Fig. 2, C and D). Identi- 
cal results were obtained.with two other hu- 
man epithelial cell lines, HT-29 and HeLa, 
but not with monocytic U293 cells or human 
umbilical vein endothelial cells, suggesting 
that the anti-inflammatory effect may be a 
property of epithelial cells in general (16). 
The anti-inflammatory effects on IKB-a deg- 
radation required a minimal multiplicity of 

infection (MOI) of 10 organismslcell and, 
consistent with the IL-8 secretion data, could 
not be mediated by heat-killed organisms or 
bacterial culture supernates (Fig. 2E). The 
anti-inflammatory effect on IKB-a degrada- 
tion was seen maximally after 30 min of 
colonization and could not be inhibited with 
cycloheximide (20 pglml, added 30 min be- 
fore experimental infection) (16). 

Surprisingly, colonization of T84 model ep- 
ithelia with anti-inflammatory. organisms in- 
duced the phosphorylation of I&-a and did so 
to an even greater extent than did wild-type S. 
typhimurium, InvA, or TNF-a (Fig. 3A). The 
presence of continuously phosphorylated I&-a 

in the absence of degradation and subsequent 
NF-KB translocation is distinct from the re- 
ported mechanism of NF-KB blockade medi- 
ated by the enteroinvasive pathogen Yersinia 
sp. (19, 20). These organisms prevent IKB 
phosphorylation. via the activity of the trans- 
located prokaryotic effector molecule YopJ, 
which inhibits mitogen-activated protein ki- 
nase kinase (MAPKK) and subsequent IKB 
kinase activation. In contrast, all Salmonella 
strains studied, including the anti-inflamma- 
tory strains, activated the MAPKWJNK path- 
way, which is the only other signaling path- 
way necessary for IL-8 transcription in re- 
sponse to Salmonella (Fig. 3B) (11). 

Fig. 1. Colonization with anti-inflammatory Salmonella inhibits induced epithelial responses. [(A) 
through (C)] Enzyme-linked immunosorbent assay (ELISA) of secreted 11-8 from model epithelia 
(73, 74). Data are the means 2 SEM of three experiments. (A) Cells were colonized apically with 
the indicated bacteria for 1 hour and washed, after which the second strain of bacteria was added 
for an additional hour. (B) Cells were colonized apically as in (A), washed, and subsequently 
challenged with basolateral TNF-a (10 ng/ml), carbachol(100 pM), and PMA (1 @ml) for 30 min 
as indicated. (C) Cells were treated apically with live and heat-killed (80°C for 10 min) cultures and 
with conditioned media (full-density cultures equivalent to a MOI of 30 were incubated alone at 
37°C for 1 hour and sterilized through a 0.2-p,m filter) for 1 hour, washed and challenged with 
basolateral TNF-a. (D) Total RNA was analyzed by Northern hybridization as described (72). Blots 
were sequentially hybridized with 32P-labeled cDNA probes encoding human 11-8, IKB-a, and 
CAPDH. 
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Fig. 2. Colonization with anti-inflammatory Salmonella blocks the activation of NF-KB. (A) HeLa cells 
were transfected as described (12) with CAT reporter constructs and colonized with the indicated 
bacteria for 1 hour, followed by TNF-a challenge for 4 hours. CAT activity was assayed by ELlSA (72). 
Data from a representative experiment are shown as percent TNF-a-induced activity. (B) Immunostain-
ing of p65 in HeLa cells was performed as described (72). [(c)through (E)] lmrnunoblots of whole-cell 
IKB-a Levels in T84 cells i12b Lvsates were ~ r e ~ a r e dfrom cells colonized a~icallvwith the indicated 

organisms, and subsequently challenged by basolateral TNF-a (C) or apica'lS: typhimurium (0)as indicated. In (E), cells were created on the apical 
surface with diluted and heat-killed cultures of S. typhimurium PhoPCor with conditioned bacterial media for 1 hour before challenge with TNF-a. 

To allow further study of modified IKB-
a ,  T84 model epithelia were pretreated 
with the peptide aldehyde proteasomal in-
hibitor MG-132. Under these conditions, 
IKB-a degradation in response to TNF-a 
was abrogated and the labile phospho-
IKB-ainduced by proinflammatory signals 
such as TNF-a or wild-type S. typhimurium 
could be visualized, as previously reported 
(Fig. 3C, bottom row) (12). Additionally, 
very high molecular weight bands consis-
tent with polyubiquitinated IKB-awere ob-
served, as previously reported (Fig. 3C, top 
row) (8, 21). Notably, these higher molec-
ular weight species were absent in whole-
cell lysates derived from both PhoPC-and S. 
pullorurn-infected cells, whereas phospho-
rylated species were abundant. Further-
more, when cells colonized with the anti-
inflammatory bacteria were subsequently 
challenged with TNF-a, no ubiquitinated 
IKB-a species were observed (Fig. 3D). 
The polyubiquitinated form of IKB-a was 
confirmed by immunoprecipitation (Fig. 
3E) (22). Collectively, these data indicate 
that anti-inflammatory salmonellae induce 
phosphorylation of IKB-a,much like proin-
flammatory species, yet they attenuate sub-
sequent ubiquitination of IKB-a, thus pre-
venting its degradation. 

Besides IKB-a,the only other known sub-

strate of the E3-SCFPbTeP complex is phos-
pho-kcatenin (4). Under basal conditions, 
this protein is constitutively phosphorylated 
by GSK-3P, ubiquitinated, and degraded, 
thus preventing nuclear accumulation and 
consequent activation of p-catenin respon-
sive genes, which have been implicated in 
epithelial growth control (23, 24). When T84 
model epithelia were incubated in the pres-
ence of proteasomal inhibitors, accumulation 
of ubiquitinated adducts could be visualized 
over several hours (Fig. 4A) (23). When 
model epithelia were colonized by wild-type 
S. typhimurium, followed by addition of MG-
132, ubiquitination of p-catenin could also be 
seen. However, colonization with the anti-
inflammatorysalmonellae, again followed by 
addition of MG-132, totally abrogated the 
appearance of ubiquitinated p-catenin over 
the time course studied. These results support 
the hypothesisthat S. typhimuriurn PhoPCand 
S. pullorurn mediate an anti-inflammatory 
state by inhibition of ubiquitination, and 
could suggest that the effects of this class of 
bacteria may extend beyond reduction of in-
flammation and influence cellular prolifera-
tion and differentiation. 

We investigated whether the observed inhi-
bition of IKB-a ubiquitination reflected a global 
blockade of the cellular ubiquitinationrnachin-
ery. Ubiquitin-protein conjugates were consid-

erably increased in MG-132-treated T84 
model epithelia within 15 rnin (Fig. 4B, lanes 
1 through 4). Epithelial monolayers colo-
nized with all test bacteria in the absence of 
MG-132 did not induce accumulation of ubi-
quitinatedprotein species (Fig. 4B, lanes 5,6, 
10, 11, 15, 16, 20, and 21). Finally, model 
epithelia colonized with test bacteria for 60 
min were followed with the addition of MG-
132. The observed increase in abundance of 
ubiquitin-conjugated proteins was no differ-
ent in T84 model epithelia colonized with S. 
pullorum or S. typhimurium PhoPc than in 
epithelia colonized with control organisms 
(compare lanes 7 through 9 and 22 through 24 
with 12 through 14 and 17 through 19). Under 
identical conditions,colonizationwith the anti-
inflammatory organisms would prevent in-
duced ubiquitination of IKB-a. This experiment 
suggeststhat the attenuation of ubiquitination is 
specific to the currently known E3-SCFP-Tcp 
substrates IKB-a and p-catenin. 

Here, we describe inhibiting responses 
of model intestinal epithelia to diverse in-
flammatory stimuli, including pathogenic 
bacteria. This anti-inflammatory effect re-
quired the direct interaction of epithelial 
cells with viable nonpathogenic enteric 
prokaryotes. If this phenomenon can be 
extrapolated to intact vertebrate organisms, 
it would suggest that certain bacteria-host 
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Fig. 3. Colonization with anti-inflammatory Salmo- 
nella induces IKB-cu phosphorylation but inhibits 
ubiquitination. (A) Whole-cell extracts from cells 
colonized apically with the indicated organisms. Im- 
munoblots with anti-IKB-a (upper panel, high rno- 
lecular weight phospho IKB-a species are flagged) 
and anti-phospho IKB-a antibodies (lower panel) 
(72). (B) lmmunoblots with anti-phospho-specific 
antibodies (New England Biolabs). Whole-cell ex- 

Immunoblot: IKB-a 

Imrnunoprecipitation: IKB-a 

tracts were prepared from cells treated as indicated. Imrnunoblot: ubiquitin-conjugate 
(C and D) Cells were pretreated with 50 pM MC- 
132 for 30 min and activated/colonized as indicated. lmmunoblots with anti-IKB-a antibodies [(C), 
upper panel and (D)] and anti-phospho IKB-a antibodies [(C), lower panel]. (E) Imrnunoprecipita- 
tion with IKB-a followed by immunoblot with anti-ubiquitin conjugate antibody (22). HT-29 cells 
were pretreated with 50 mM MC-132 for 1 hour and activated/colonized as indicated. 
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interactions may induce local inhibition of observations suggest that the anti-inflam- 
acute inflammatory responses, utilizing ei- matory bacteriallepithelial interaction may 
ther host- or bacteria-derived factors. Our provide a factor that either reduces activity 

of the IKB E3-SCF complex or increases a 
specific de-ubiquitinating activity. Such a 
hypothetical factor could be translocated 
from the bacterium into the host cell via a 
type I11 secretion apparatus (25), or alter- 
natively, represents a eukaryotic-derived 
anti-inflammatory compound elicited by 
cellular interactions with a specific bacte- 
rial factor (26). At equilibrium, attenuation 
of acute inflammatory responses by certain 
prokaryotes could contribute to the characteris- 
tic tolerance of the mucosal immune system, 
whereas disruption of this equilibriuin could 
contribute to the pathogenesis of enteric infec- 
tions as well as idiopathic inflammatory bowel 
disease. In relation to this hypothesis, it is rel- 
evant that the use of nonpathogenic enteric 
organisms, termed "probiotics," are now being 
explored as therapeutic agents in inflammatory 
bowel disease. Although the mechanism of pro- 
biotic action is not understood, the beneficial 
effects are consistent with an anti-inflammatory 
state conferred by nonpathogenic organisms. It 
appears that the luminal microflora can send 
negative as well as positive signals to mucosal 
lining cells as a means of productive, symbiotic 
interactions with the host. 
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