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Enteropathogenic Escherichia coli (EPEC) cells adhere t o  gut epithelial cells 
through intimin a: the ligand for a bacterially derived epithelial transmembrane 
protein called the translocated intimin receptor. Citrobacter rodentiurn colo- 
nizes the mouse colon in a similar fashion and uses a different intimin: intimin 
p. lntimin a was found t o  costimulate submitogenic signals through the T cell 
receptor. Dead intimin p+ C. rodentiurn, intimin a-transfected C. rodentiurn or 
E. colistrain K12, and EPEC induced mucosal hyperplasia identical t o  that caused 
by C. rodentiurn live infection, as well as a massive T helper cell-type 1 immune 
response in the colonic mucosa. Mutation of cysteine-937 of intimin t o  alanine 
reduced costimulatory activity in vitro and prevented immunopathology in 
vivo. The mucosal changes elicited by C. rodentiurn were interferon-y-depen- 
dent. lmmunopathology induced by intimin enables the bacteria t o  promote 
conditions that are favorable for increased microbial colonization. 

Enteropathogenic Eschericlzin coli (EPEC) is a 
major cause of infantile diarrhea in humans. 
The mouse homolog of EPEC, Ciaobcrcter ro- 
dentium, causes colonic hyperplasia in young 
mice. EPEC and C. rodentizmz colonize the 
surface of epithelial cells in the intestine. They 
produce an attaching and effacing (AE) lesion 
on the epithelial cell lumenal surface, using a 
type I11 secretion system to secrete several pro- 
teins encoded by the chromosomal locus of 
enterocyte effacement (I). These proteins in- 
clude EspA, EspB, and EspD and produce 
changes in host cell cytoskeleton and signaling 
pathways (2). An additional protein translo- 
cated into the epithelial cell is the translocated 
intimin receptor (Tir), which functions as the 
receptor for the bactelial outer membrane pro- 
tein, intimin (3). EPEC and C. rodenticmnz ex- 
press homologous intimin molecules, intimin a 
and intimin p, respectively (4). 

The mechanism by which EPEC causes di- 
arrhea remains unknown, although colonization 
by EPEC results in increased epithelial perme- 
ability to macromolecules (5). Live C. roden- 
tium expressing intimin P or C. rodenti~rm 
transfected with EPEC intimin a infects the 
mouse colon and induces severe immunopa- 
thology involving mucosal thickening, a CD4- 
T cell infiltrate, and a pronounced T helper cell 
type 1 (T,1) mucosal immune response that is 
identical to that seen in mouse models of in- 
flammatory bowel disease (IBD) (6). Intimin 
also binds to p,-integrins on T cells, the con- 
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sequence of which is unknown (7). 
We characterized the consequence of in- 

timin binding to T cells in vitro by examining 
the effect of the eukaryotic cell-binding, 280- 
amino acid, COOH-terminal domain of intimin 
a (int280) (8) on submitogenic stimulation of T 
cells (9). When treated with both concanavalin 
A (Con A) and antibody to CD3 (anti-CD3), 
purified int280 (10) costimulated T cell prolif- 
eration in a concentration-dependent manner 
(Fig. 1A) and increased production of IL-2, 
IFN-y, and IL-4 rnRNA transcripts (Fig. 1B) 
(11). Int280 alone produced only minor prolif- 
eration [two times background counts per 
minute (cpm)] and no increase in cytokine tran- 
scripts (Fig. 1B). The mutation of Cys937 of 
int280 to alanine, which reduces integrin bind- 
ing ( 7 ) ,  also reduced costimulatory activity by 
54 to 67% (12). 

To answer the auestion of whether mucosal 
immunopathology in live C. rodentium infec- 
tion is a result of epithelial colonization or of 
intimin interactions with host immune cells, we 
intracolonically administered formalin-killed 
bacteria expressing different inti~nins to BALBIc 
mice. Wild-type C. vodentiunz expresses in- 
timin p; strain DBS255 is an ecre-mutant C. 
rodentiu~n that does not express either intimin a 
or intimin p; strain DBS255 (pCVD438) ex- 
presses EPEC intimin a and no intimin P; and 
strain DBS255 (pCVD438CA) expresses the 
mutated form of intimin a in which the C ~ S " ~  
is replaced by Ala, thus destabilizing the loop 
needed for integrin binding but not for Tir 
binding (13). 

The epithelial barrier was transiently 
breached by the inhacolonic administration of 
50% ethanol (14). Mice were then given 4 X 

10' of either killed wild-type intimin P express- 
ing C. rodentitlnz or intimin DBS255 and were 

killed 6 days later (14). Administration of the 
intimin p- killed bacteria recapitulated the im- 
munopathology seen in the live infection (6), 
whereas intimin C. rodentiunz had no effect. 
Macroscopically, distal colons of mice given 
wild-type C. rodentiunz thickened (Fig. 2A) and 
were heavier than those of mice given DBS255 
(Fig. 2B). Crypts were hyperplastic (Fig. 2C), 
and there was a predominantly CD4+ and 
CD3- T cell and macrophage infiltrate in the 
lamina propria (IS) (Fig. 2, D and E). The CD8 
response varied between experiments but was 
always only a minor component of the infil- 
trate. Mice killed 14 days after administration 
still had elevated CD4+ and CD3+ infiltrates 
(16). In the tissue, transcripts for TNF-a and 
IFN-y and the epithelial growth factor keratin- 
ocyte growth factor (KGF) were increased (Fig. 
2F). IL-4 transcripts were reduced by 80% (Fig. 
2F). These changes are similar to those seen in 
murine models of IBD (1 7). 

Mice receiving dead EPEC intimin a ex- 
pressing C. rodentium (pCVD438) also showed 
mucosal hyperplasia, with a strong mucosal 
CD4+ cell response and an increase in T,1 
mRNA transcripts. This effect was markedly 
reduced when the cysteine-mutated strain 
(pCVD438CA) was used, although there was a 
small increase in crypt length and in the number 
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Fig. 1. The effect of int280 on the proliferative 
response of splenocytes. (A) Proliferative re- 
sponse of splenocytes in the presence of int280 
(1 to 25 pg/ml) with Con A stimulation (5 pg/ml) 
(open circle, dashed line), submitogenic anti-CD3 
stimulation (145-2C11, 1 pg/ml) (open circle, 
solid line), or media only (triangle, solid line). (B) 
Cytokine mRNA transcripts in total RNA isolated 
from cultured cells cultured in media alone, Con 
A, or anti-CD3, with or without the addition of 
int280 at 25 p,g/ml Results are representative of 
two experiments. Background counts per minute 
were <1000; nd, not detected. 
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of infiltrating T cells as compared to the i n w -  
control bacterium (Fig. 3, A through D). This is 
presumably because the CS mutation does not 
completely abolish intimin binding to pl  inte- 
grins. It is also difficult to extrapolate from 
int280 and int280CS costimulation of T cells in 
vitro to the in vivo effects of the molecules 
expressed on the bacterial surface. Mice receiv- 
ing formalin-killed EPEC strain E2348169 or 
a laboratory E. coli K12 strain transfected 
with EPEC intimin a also showed an increase 
in colon weight and crypt length (Fig. 3, A 
and B). The in vivo activity of the three 
different intimin-expressing bacteria suggests 
that intimin is responsible for inflammation 
and crypt hyperplasia. 

To directly assess the role of EN-y in the 
induction of the intimin-mediated T cell re- 
sponse and colonic hyperplasia, formalin-killed 
wild-type intimin P+ C. rodentiurn was given 
to mice that were genetically deficient in the 
JFN-y receptor. No imrnunopathology was ob- 
served in these mice as compared to the severe 
changes seen in the 129Sv+'+ controls. Neither 
colonic weight nor crypt hyperplasia was in- 
creased as compared to mice treated with the 
intimin- strain (Fig. 4, A and B). A small 
increase in lamina propria CD4+ cells was seen 
in these mice (Fig. 4C), but rnRNA transcripts 
for TNF-a, IFN-y, and KGF were not signifi- 
cantly increased (Fig. 4D). 

Thus, intimin is a bifunctional molecule, 
acting as a ligand for epithelial cell adhesion 
to Tir in the formation of the AE lesion and 
also driving mucosal T,1 responses and sub- 

sequent immunopathology. The binding ac- Although EPEC is traditionally considered a 
tivity of intimin to Tir and p, integrins is noninvasive pathogen, the high density of bac- 
restricted to the COOH-terminal 280 amino teria on the epithelial surface means that some 
acids (18); this domain has two irnmunoglob- bacteria must translocate into the lamina pro- 
ulin-like regions and a C-type lectin-like pria. Indeed, in C. rodentiurn infection in mice, 
module ( lo),  so that there is the potential for bacteria can be seen in the lamina pmpria and 
interaction with several different receptors. submucosa and there are anecdotal reports of 
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Fig. 3. lntracolonic administration of formalin-killed intimin-C. rodentiurn DBS255, wild-type intimin P+ 
C. rodentiurn, intimin a-expressing DBS255(pCVD438), mutant intimin a strain (intaA) 
DBS255(pCVD438CA), intimin a+ EPEC E2348/69, or intimin a+ K12 E. coli to  BALB/c mice. (A) Weight 
of the distal 4 cm of the colon. (0) Crypt Length. (C) Numbers of CD3+ (black bars), CD4+ (white ban), 
and CD8+ (hatched bars) cells in the lamina propria. (D) mRNA transcripts for TNF-a, IFN-y, 11-4, and 
KCF in total RNA imhted from colonic tissue of mice given the DBS255(pCVD438CA) intimin a mutant 
strain (intaA, black bars) or the DBS255(pCVD438) intimin a strain (white bars) [n = 5; asterisk indicates 
P < 0.05, Mann-Whitney U test with Bonferroni correction]. All data are shown as the mean 2 1 SEM. 
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c Fig. 2. lntracolonic administration of formalin- 
. killed C. rodentiurn to BALBIc mice. Mice were 

* .  . * .  .< . - killed on day 6. (A) Distal colons of mice given 
i :  . .:- .. . y- '.:~a' e~ther wild-type C. rodentiurn (intimin') or - 
, L 2 b < . 1 - . ' ~ .  * .  DBS255 C. rodentiurn (intirnin-). The intimin' 

.*. 4- A +.- - . * strain produced hypertrophy of the distal colon 
? .  . (bottom image). (B) Weight of the distal 4 crn of 

the colon. (C) Crypt length. (D) Numbers of 
CD3+, CD4+, and CD8+ cells in the lamina propria. (E) Immunohistochemistry for CD3+ T cells in the lamina propria of mice given intirnin- or wild-type 
(intlrninc) strains as in Fig. 2 k  Positive cells are indicated by arrows (magnification, X150). (F) mRNA transcripts for TNF-a, IFN-y, 11-4, and KCF. In (B) 
through (D) and (F), all mlce were given 50% ethanol followed by PBS (white bars), the DBS255 intimin- strain of C. rodentiurn (black bars), or wild-type 
intimin pt C. rodentiurn (hatched bars) [n = 5; asterisk indicates P < 0.05, Mann-Whitney U test with Bonferroni correction]. ALL data are shown as the mean 
21 SEM. 
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bacteria in the mucosa in EPEC infection (6). 
Thus intimin has the potential to interact with P, 
integin-expressing lamina propria T cells (19). 
Int280 alone had very little direct effect on 
splenic lymphocytes in vitro (Fig. 1A) and is 
also not directly mitogenic for colonic lamina 
propria T cells in vitro (20), so it is unlikely that 
it directly activates lamina propria T cells. We 

larger area for fresh colonization, and in- 
creased epithelial renewal would guarantee a 
continuing supply of uninfected cells. In- 
creased shedding of colonized enterocytes 
would increase fecal shedding of the organ- 
ism and transmission. The increased epithe- 
lial renewal in the intestine seen in T cell 
reactions in the gut has traditionally been 

were also unable to show that intimin could considered to be controlled by the host. How- 
costimulate resident colonic lamina propria T ever, the results presented here strongly sug- 
cells (20). However, there are other plausible gest that it is citrobacter or EPEC, using 
ways in which intimin can interact with T cells intimin, that is specifically driving a mucosal 
in the gut. The nonspecific recruitment of T cells T,1 response and subsequent immunopathol- 
from the blood into inflamed or infected intes- ogy. The possibility also exists of a bystander 
tine means that intimin may costimulate naYve T effect due to intimin, in that the T,1 response 
cells responding to antigens from the gut lumen. to other lumenal antigens such as cow's milk 
Alternatively, because physiologically CD4+ T proteins or wheat may also be enhanced if 
cells respond to gut antigens in the mucosal antigen exposure in the gut occurs at the same 
lymphoid follicles and then migrate to the lam- time as EPEC infection. 
ina propria, intimin may be boosting T,l re- Many microbial pathogens have evolved 
sponses at the inductive site of mucosal respons- sophisticated ways of interacting with host 
es rather than at their effector sites in the lamina cells and subverting host immune responses 
propria (20). by secreting virulence proteins using type III 

Dead illtimill+ C. rodentium elicited a secretion systems. These include, for exam- 
strong T,l response in the mucosa, and this 
resulted in mucosal thickening and crypt cell 
hyperplasia, as seen in mouse models of IBD 
(1 7). Intimin-induced epithelial proliferation 
and mucosal thickening at later stages of 
infection after initial colonizatioll would ben- 
efit EPEC and C. rodentium. An increased 
surface area in the crypts would provide a 

Fig. 4. lntracolonic administra- 
tion of formalin-killed C. roden- 
tium to IFN-?I~-'- mice and 
129Sv+/+ wild-type control 
mice. All mice were killed on day 
6. In IFN-?I~-'- mice given in- 
timin-expressing C. rodentium, 
there was no increase in (A) co- 
lonic weight (the weight of IFN- 
-yR-'- colons was more than 
that of the 1 29Svf/+ controls, 
because mice were slightly older; 
however, in many experiments 
we have observed that the 
weight of the mice makes no 
difference to the development 
of hyperplasia) or (6) crypt 
Length. (C) Numbers of CD3+, 
CD4+, and CD8+ cells in the 
lamina propria of 129Svf/+ and 
IFN-?IR-/- mice. (D) mRNA 
transcri~ts for TNF-a, IFN-T, IL- 

ple, Salmonella l]vplzinztlriunz and Yersinia 
psezldotuberczllosis, which regulate host cell 
cytokine signaling pathways through the 
translocation of proteins into eukaryotic cells 
(21). Our data provide evidence that bacteria 
have evolved mechanisms to increase im- 
mune responses when this would benefit the 
pathogen. 

4, and KGF ~ R N A  measured in .? C D ~  C D ~  C D ~  C D ~  C D ~  C D ~  
total RNA isolated from colonic 129Sv+l+ IFNyR-I- 
tissue. In all mice, 50% ethanol 
was administered, followed by D 
the DBS255 intimin- strain 
(black bars) or by wild-type C 
rodentium (hatched bars) [n = 5; .,., 

Mann Whitney U test with Bon- 
asterisk indicates P < 0.05, 

ferroni correction]. All data are 
shown as the mean 2 1  SEM. 
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Genetic Selection of Peptide 
Inhibitors of Biological 

Pathways 

two signal transduction pathways, the spindle 
checkpoint (9) and the mating pheromone re- 
sponse pathway (10). The spindle checkpoint 
arrests cells in mitosis in response to chromo- 
somes that fail to attach to the mitotic spindle 
(I  I )  and the pheromone pathway arrests cells in 
G, in response to a peptide mating factor. Both 

Thea C. Norman,'* Dana L. Smith,' Peter K. Sorger,'? pathways are good targets for inhibitor selec- 

Becky L. Drees,' Sean M. O'R~urke,~ Timothy R. Hughes: tion because neither is essential for viability, 

Christopher J. Rober t~ ,~  Stephen H. Friend,4 Stan Fields,' and activation of either pathway prevents cell 

Andrew W. ~ u r r a y '  proliferation, creating a selection for peptamers 
that inhibit the pathway. 

Genetic selections were used t o  find peptides that inhibit biological pathways 
in  budding yeast. The peptides were presented inside cells as peptameis, surface 
loops on a highly expressed and biologically inert carrier protein, a catalytically 
inactive derivative of staphylococcal nuclease. Peptamers that inhibited the 
pheromone signaling pathway, transcriptional silencing, and the spindle check- 
point were isolated. Putative targets for the inhibitors were identified by a 
combination of two-hybrid analysis and genetic dissection of the target path- 
ways. This analysis identified Ydr517w as a component o f  the spindle check- 
point and reinforced earlier indications that Ste50 has both positive and neg- 
ative roles in  pheromone signaling. Analysis o f  transcript arrays showed that 
the peptamers were highly specific in  their effects, which suggests that they 
may be useful reagents in  organisms that lack sophisticated genetics as wel l  as 
for identifying components of existing biological pathways that are potential 
targets for drug discovery. 

Peptide-protein interactions have critical roles identify their in vivo protein targets 
in biology. Many signals are transmitted by the We developed methods to express peptam- 
binding of peptides to cell-surface receptors, ers, peptides displayed as an exposed loop on 
and many protein-protein interactions inside the surface of an inert canier protein, at high 
cells are dominated by the binding of a peptide concentrations in budding yeast cells. This ap- 
on one protein to a pocket on another. These proach protects the peptides from proteolyhc 
interactions have inspired methods to select degradation and imposes some conformational 
members of random peptide libraries that bind rigidity (4). A catalyhcally inactive version of 
to known protein targets displayed on the staphylococcal nuclease (5) was used as a car- 
outside of viruses (phage display) (1) or rier protein because it is small, folds spontane- 
within cells (2). An alternative strategy is to ously without chaperones, has a prominently 
select peptides whose binding to unknown exposed loop on its surface (6) ,  and can be 
targets produces a phenotype in the same way strongly expressed as a soluble protein in eu- 
that mutations produce phenotypes by inacti- karyotes and prokaryotes. The peptamer librar- 
vating genes (3). Like mutations, peptides ies contained 16 random aminb &ids inserted 
can be used to probe the function and mech- into the staphylococcal nuclease open reading 
anism of biological pathways as well as to frame (ORF) in place of the c&er3s most 

exposed surface loop (7). 
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The spindle checkpoint is evolutionarily 
conserved and is defective in many human 
tumor cell lines (12). Selecting for inhibitors of 
the spindle checkpoint requires genetic trickery. 
In normal cells, the checkpoint is activated by 
improperly aligned chromosomes, and ovemd- 
ing the checkpoint in these cells leads to errors 
in chromosome segregation and cell death (13). 
However, overexpression of the checkpoint 
protein Mpsl activates the checkpoint in cells 
that have normal spindles (14). In this situation, 
inactivating the checkpoint allows cells to di- 
vide and form viable colonies. Thus, we engi- 
neered the selection strain to overexpress Mps 1 
when grown on galactose (15). We identified 
inhibitors of the spindle checkpoint by trans- 
forming the peptamer libray into this strain and 
selecting for the rare transformants that formed 
colonies on galactose-containing medium (16). 
From a pool of 6.5 X lo6 transformants, we 
identified three peptamers that allow cells to 
proliferate on galactose (Fig. 2A). Two of the 

Fig. 1. Peptamer expression in yeast. Measure- 
ment of peptamer expression in yeast by Coo- 
massie staining (left) and antihemagglutinin im- 
munoblotting (right). Double-headed arrow de- 
notes staphylococcal nuclease; double-headed 
closed circle denotes peptamer P-7. Numbers on 
left are kilodaltons. 
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