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Lymphocyte inhibitory factor A (lifA) in Citrobacter
rodentium encodes the large toxin lymphostatin,
which contains two enzymatic motifs associated with
bacterial pathogenesis, a glucosyltransferase and a
protease. Our aim was to determine the effects of each
lymphostatin motif on intestinal epithelial-barrier
function. In-frame mutations of C. rodentium lifA glu-
cosyltransferase (CrGlM21) and protease (CrPrM5)
were generated by homologous recombination. Infec-
tion of both model intestinal epithelial monolayers
and mice with C. rodentium wild type resulted in
compromised epithelial barrier function and mislo-
calization of key intercellular junction proteins in the
tight junction and adherens junction. In contrast,
CrGlM21 was impaired in its ability to reduce barrier
function and influenced the tight junction proteins
ZO-1 and occludin. CrPrM5 demonstrated decreased
effects on the adherens junction proteins �-catenin
and E-cadherin. Analysis of the mechanisms revealed
that C. rodentium wild type differentially influenced
Rho GTPase activation, suppressed Cdc42 activation,
and induced Rho GTPase activation. CrGlM21 lost its
suppressive effects on Cdc42 activation, whereas
CrPrM5 was unable to activate Rho signaling. Rescue
experiments using constitutively active Cdc42 or C3
exotoxin to inhibit Rho GTPase supported a role of
Rho GTPases in the epithelial barrier compromise
induced by C. rodentium. Taken together, our results
suggest that lymphostatin is a bacterial virulence fac-
tor that contributes to the disruption of intestinal
epithelial-barrier function via the modulation of Rho
GTPase activities. (Am J Pathol 2009, 174:1347–1357; DOI:

10.2353/ajpath.2009.080640)

Enteric Gram-negative bacteria are a significant cause of
intestinal inflammation and diarrhea worldwide. Patho-
gens such as enteropathogenic Escherichia coli (EPEC) or
enterohemorrhagic E. coli (EHEC) are associated with
significant morbidity and mortality in humans,1 leading to
dehydration and occasionally extraintestinal manifesta-
tions, including renal failure.2 Citrobacter rodentium, a
related mouse pathogen, functions as a model for human
Gram-negative infection.3 Like EPEC and EHEC, C. ro-
dentium harbors a large pathogenicity island, termed lo-
cus for enterocyte effacement,4 encoding for numerous
effector proteins. After oral infection and adhesion to
epithelial cells, Gram-negative enteric pathogens induce
dense actin accumulation underneath the site of bacterial
attachment and loss of microvilli, termed attaching and
effacing lesions (A/E).5 Furthermore, EPEC activates so-
phisticated mechanisms to breach the intestinal epithelial
barrier.6

Previously, we have described a large immunomodu-
latory virulence factor in EPEC, termed lymphostatin,
which suppresses cytokine expression in vitro.7 Lym-
phostatin is encoded for by the lifA gene, which is present
in Chlamydia psittaci, Chlamydia muridarum,8 EPEC,
EHEC,9 and C. rodentium.10 Lymphostatin expression
has been associated with high virulence,11 and has the
strongest statistical association with diarrhea caused by
atypical EPEC strains.12 lifA consists of 9669 bp in EPEC
and 9627 bp in C. rodentium, and encodes for three
enzymatic motifs: a glucosyltransferase, a protease, and
an aminotransferase motif. Infection with C. rodentium
identified lymphostatin as an important bacterial effector
protein regulating large bowel colonization and develop-
ment of transmissible murine colonic hyperplasia.10
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Epithelial barrier function is maintained by two distinct
structural protein complexes at apical intercellular junc-
tions: tight junctions (TJ) and subjacent adherens junc-
tions (AJ),13 which are collectively referred to as the
apical junctional complex (AJC). The AJC consists of
transmembrane and cytoplasmic plaque proteins that
associate with the actin cytoskeleton and play a pivotal
role in regulating epithelial paracellular permeability.14

The paracellular permeability is tightly controlled in di-
verse physiological and pathological states by signaling
molecules that include diacylglycerol,15 PKC,16 protein
kinase C,17 Ca2�,18 and small GTPases such as the Rho
family of GTPases.19 The Rho family of small GTPases
encompasses three members, RhoA, Cdc42, and Rac1,
which not only regulate AJC function but are also tar-
geted by bacterial virulence factors.20,21

We demonstrate that C. rodentium is able to breach the
intestinal epithelial barrier in vivo and disseminate sys-
temically. Mutation of lymphostatin significantly impaired
the ability of C. rodentium to colonize distant organs after
intestinal infection. Our study suggests that lymphostatin
contributes to disease pathogenesis and compromises
the intestinal epithelial barrier in vitro and in vivo by mod-
ulating Rho GTPase activity and AJC structure.

Materials and Methods

In Vivo Experiments

All in vivo studies involving mice had prior approval by the
Emory University Institutional Animal Care and Use Com-
mittee. Female, 4- to 6-week-old, pathogen-free C57BL/6
mice were purchased from The Jackson Laboratory (Bar
Harbor, ME). Groups of five animals for each time point
(days 2, 8, 14, and 20) were orally infected with a 100-�l
suspension of �5 � 108 CFU C. rodentium wild type and
EID3; control mice received phosphate-buffered saline
(PBS) only.

lifA Mutations

Mutation of lifA in a region that does not encode for a
known motif (EID3) has been previously described.10

Because motifs encoded by lifA could not be expressed
as a recombinant protein, we generated new glucosyl-
transferase and protease motif mutations, both of which
have been implicated in bacterial pathogenesis.21,22 Pre-
viously generated mutants GlM12 and PrM31 contained a
stop codon (TAG) in position 2 of the scar sequence.23

To replace the stop codon, 5� primers Klapp-440 and
-441 were designed to encode for leucine, used for poly-
merase chain reaction (PCR) amplification with down-
stream primers Klapp-167 and Klapp-170, respectively,
and pKD4 as template.10 PCR-amplified DNA (2 �g) was
electroporated (2.5 kV) into CrpKD46, recovered in
SOC/10 mmol/L arabinose, and incubated at 42°C on LB
agar with kanamicin. Insertion mutations were cured with
100 ng of pFT-A and heat-inactivated chlortetracycline
(Sigma Chemicals Co., St. Louis, MO). Clones grown on
plates without antibiotics were subjected to PCR and

sequencing analysis. Scar sequences for clones
CrGlM21 and CrPrM5 were determined to be in frame
and encoded for TTG in codon 2 when sequenced in
both directions.

Bacterial Proliferation, Epithelial Cell Adhesion,
and Induction of A/E Lesions

C. rodentium wild type, CrGlM21, and CrPrM5 were di-
luted 1:100, OD600 measured, and serial dilutions plated
on LB agar plates for up to 15 hours. CFU were enumer-
ated the following day and the mean with SEM was cal-
culated. For bacterial adhesion, confluent Caco-2 cells
were infected with C. rodentium strains at MOI 1:10,
washed after 3 hours, and lysed in 1% Triton X-100/
PBS.24,25 Serial dilutions were propagated on LB agar
plates and enumerated the following day. Data are ex-
pressed as mean with SEM.

A/E lesions10 were examined in 3T3 fibroblast cultures
infected with EPEC E2348/69, C. rodentium wild type, and
mutant strains at MOI 10:1. Cell cultures were fixed with
3.7% paraformaldehyde/PBS, permeabilized with 0.2%
Saponin (Sigma), and blocked in 3% bovine serum albu-
min/0.2% Saponin/PBS. F-actin was labeled with phalloi-
din/Alexa 488 (1:1000; Invitrogen, Carlsbad, CA) and
bacteria stained with 4�,6-diamidino-2-phenylindole.
Stained 3T3 cultures were mounted in Prolong Gold (In-
vitrogen) and visualized with an Axioskope 2 plus scope
(Zeiss, Jena, Germany).

Assessment of Epithelial Barrier Function

Transepithelial electrical resistance (TEER) was mea-
sured by EVOM (World Precision Instruments, Sarasota,
FL) and paracellular permeability with fluoresceinated
dextran (FD-3, MW 3000; Molecular Probes, Eugene,
OR).26 Monolayers were washed in Hanks’ balanced salt
solution (HBSS�/�), 10 mmol/L HEPES, and equilibrated
at 37°C, 10 minutes. After 5 hours of infection with MOI
10:1 C. rodentium strains, epithelial monolayers were
loaded apically with 10 �g/ml of FD-3 and fluorescence
intensity analyzed in aliquots from the lower chamber 60
minutes later (CytoFluor 2350 fluorescence measurement
system; Millipore, Cambridge, MA). Control monolayer
epithelial cell cultures were treated identically and in-
stead of bacteria, 10 �l of PBS was added apically. TEER
data are expressed as an average percentage change
from baseline value with SEM. For fluorescein isothiocya-
nate (FITC)-dextran flux, numerical values from individual
experiments were pooled and are expressed as mean
with SEM.

Immunofluorescence Confocal Microscopy

Caco-2 cells were grown on polycarbonate membrane
supports (Corning Inc., Corning, NY) to TEER �200 �s/
cm2. C. rodentium strains were added to the apical com-
partment of the Caco-2 monolayers, fixed/permeabilized
in ice-cold 100% ethanol after 5 hours, and blocked with
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3% bovine serum albumin/PBS at 4°C. F-actin was visu-
alized with Alexa Fluor 488-conjugated phalloidin (Invitro-
gen), junctional proteins with primary antibodies at
1:1000 dilution (Invitrogen), and C. rodentium with
Citrobacter koseri antibody (Cell Sciences, Canton, MA),
1:3000 dilution. Alexa Fluor 546- and 694-conjugated
secondary goat antibodies, diluted 1:1000, were used for
labeling of junctional proteins and bacteria. Samples
were mounted in ProLong Gold (Invitrogen), images
taken with Zeiss 510 confocal microscope and acquired
with LSM image browser software (Carl Zeiss MicroIm-
aging, Thornwood, NY). Images from three independent
experiments were taken at identical detector gain set-
tings for pixel intensity analysis, which was performed
using the LSM 510 image analysis software (V 4.03).

Activation Status of Small GTPases

To determine Rac1, Cdc42, and Rho activity (Upstate,
Charlottesville, VA), lysed monolayers were normalized
for protein concentrations, and incubated with either re-
combinant PAK1-GST (Rac1, Cdc42) or Rhotekin-GST
(RhoA, -B, -C) coupled to agarose beads (45 minutes,
4°C). This time point was chosen because it represented
a 50% reduction in epithelial TEER from baseline. For
Western blot analysis, rabbit polyclonal anti-Rac1, anti-
Cdc42, or anti-Rho antibody beads (Santa Cruz Biotech-
nology, Santa Cruz, CA) were resuspended in sodium
dodecyl sulfate sample buffer. Rho antibodies react with
RhoA, -B, and -C and thus the term Rho is used to
describe our results. Results of three independent West-
ern blot analyses were subjected to densitometry and
results expressed as mean with SEM.

Small GTPase Rescue Experiments

Activation of Cdc42-mediated signaling was achieved
using a recombinant adenoviral vector encoding N-ter-
minal myc-tagged constitutively active Cdc42.27 Caco-2
cells were incubated in S-MEM/10% FBS (�10 �mol/L
extracellular Ca��) overnight and then placed into com-
plete media with 5 � 105 plaque-forming U/ml viral par-
ticles for 2 days. Infection efficiency averaged �70%
(data not shown). Epithelial cell cultures were infected
with C. rodentium wild type, MOI 1:10 and TEER deter-
mined by EVOM. Inhibition of Rho activity was performed
using C3 exotoxin from Clostridium botulinum. Polarized
Caco-2 cells were pre-incubated with 100 ng/ml of C3
exotoxin for 2 hours before infection with C. rodentium
wild type in triplicate. TEER was measured throughout a
15-hour time course. Data are expressed as the mean
with SEM of the percent change from baseline TEER from
three independent experiments.

In Vivo Immunofluorescence Microscopy

For each condition and time point (days 8 and 14), three
C57BL/6 female mice at 4 weeks of age were infected
with 5 � 108 CFU of C. rodentium wild type, CrGlM21, and
CrPrM5 in 100 �l of PBS via oral gavage. Control animals

received 100 �l of PBS alone. On days 8 and 14 the distal
half of the colon was resected and fecal matter removed.
Colon specimens were embedded in OCT medium
(Sakura Finetechnical Company, Tokyo, Japan) and cut
into 6-�m frozen sections with a cryostat (Leica Micro-
systems, Nussloch, Germany). Samples were fixed with
100% ethanol for 5 minutes at �20°C. Slides were
blocked in 3% bovine serum albumin, 0.1% saponin in
PBS for 1 hour at room temperature. Junctional proteins
were labeled with polyclonal antibodies directed against
�-catenin (Sigma) and occludin (Invitrogen) at 1:250 di-
lution for 1 hour followed by secondary goat anti-rabbit
Alexa 488 antibody (1:1000 dilution, Invitrogen) for 30
minutes at room temperature. Junctional proteins were
visualized using an AxioCam MRc microscope (Zeiss)
loaded with Axiovision MRc and microscopic images
analyzed using Axiovision (Rel. 4.6).

Statistical Analysis

Nonparametric analysis was performed by Student’s t-
test for all data. Differences were considered significant if
P was �0.05.

Results

Lymphostatin Contributes to the Ability of
C. rodentium to Compromise the Intestinal
Epithelial Barrier in Vivo and Systemically
Disseminate

Although infection of mice with C. rodentium is generally
thought to be confined to the mucosal surface of the
colon, some studies have identified dissemination of this
pathogen to extra-intestinal sites.28 Similarly, our in vivo
studies revealed colonization of extra-intestinal sites by
C. rodentium. C. rodentium wild type was recovered from
splenic tissues at 996 CFU/organ on day 2 after oral
administration of the pathogen, which increased to
32,152 CFU/organ by day 8 after infection. By days 14
and 20 splenic colonization was decreased to 712 CFU/
organ and 196 CFU/organ, respectively (Figure 1). Inter-
estingly, infectious counts for a lymphostatin mutant, lifA
EID3, were significantly lower at all time points investi-
gated: day 2, 368 CFU/organ; days 8 and 14, 72 CFU/
organ; day 20, 8 CFU/organ (P � 0.05). Results were
similar for mesenteric lymph nodes and liver (data not
shown). Thus, these findings suggest that lymphostatin
plays a role in the ability of C. rodentium to cross the
intestinal epithelial barrier and colonize extra-intestinal
organs.

Given the implication of lymphostatin in mediating the
C. rodentium-induced compromise in intestinal epithelial
barrier function and systemic infection, we sought to
determine whether C. rodentium infection results in dis-
ruption of the AJC and if lymphostatin contributes to such
an effect. For these studies, we generated two new C.
rodentium lymphostatin mutants with in frame mutations
of lifA glucosyltransferase motif (CrGlM21) and protease
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motif (CrPrM5), both of which have been implicated in
bacterial pathogenesis (Figure 2).

C. rodentium Lymphostatin Mutants Retain
Basic Pathogenicity Features

To determine whether mutations in C. rodentium lymphos-
tatin influence basic bacterial functions, we first exam-
ined growth curves of mutant strains CrGlM21 and
CrPrM5 in comparison with those of C. rodentium wild
type for up to 15 hours. Proliferation of C. rodentium wild
type, CrGlM21, and CrPrM5 strains were indistinguish-
able during lag (0 to 2 hours), log (2 to 9 hours), and
plateau phase (9 to 13 hours) as determined by OD600

(Figure 3A) and by plating of serial dilutions on LB agar
plates on analysis the following day.

Lymphostatin has also been characterized as an ad-
hesion factor for EHEC serotype O111:H�.25 Mutation of
O111:H� lymphostatin lead to an almost sevenfold re-
duction in bacterial adhesion to CHO cells in vitro. We
therefore examined whether mutation of C. rodentium lym-
phostatin impairs its ability to adhere to intestinal epithe-
lial cells. No significant difference was observed in bac-
terial-epithelial adhesion after infection of the polarized
model intestinal epithelial cell line, Caco-2, with C. roden-
tium wild type and mutant strains (data not shown). Mean
CFU/1 � 106 Caco-2 epithelial cells from three indepen-
dent experiments were 1.9 � 106 for C. rodentium wild

type, 1.42 � 106 for CrGlM21, and 1.47 � 106 for CrPrM5
(P � 0.05).

Next, we determined whether mutation of lymphostatin
glucosyltransferase or protease motifs impairs the ability
of C. rodentium to form attaching and effacing (A/E) le-
sions. For these experiments, we used 3T3 fibroblasts,
which have been classically used for such studies, and
bacterial strain E2348/69 was used as a positive control.
C. rodentium wild type and both lymphostatin mutants
were able to form A/E lesions similar to E2348/69 (Figure
3B). Taken together, the above results support that the
basic yet critical pathogenic properties of C. rodentium
are not altered by inactivating either the lymphostatin
glucosyltransferase or protease motifs.

Effects of C. rodentium and Lymphostatin
Mutants on Epithelial Barrier Function

Because C. rodentium demonstrated the ability to com-
promise the intestinal epithelial barrier and disseminate in
mice, we analyzed the effects of C. rodentium wild type,
CrGlM21, and CrPrM5 on intestinal epithelial barrier prop-
erties. TEER of monolayers was measured for up to 15
hours after infection. Infection with all three C. rodentium
strains, ultimately resulted in a significant and sustained
decrease in TEER (Figure 4A). However, the decrease in
TEER observed after infection with CrGlM21 was on av-
erage 20% reduced after 6 hours compared with infec-
tions with C. rodentium wild type and CrPrM5.

Subsequently, we assessed paracellular permeability
of FITC-dextran across the epithelial monolayers after
infection with C. rodentium wild type or the lymphostatin
mutant strains. Paracellular flux of FITC-dextran in-
creased in response to C. rodentium wild type and both
mutants. However, the degree of dextran flux was atten-
uated after CrGlM21 infection compared with C. roden-
tium wild type and CrPrM5, consistent with the TEER
results (Figure 4B, P � 0.05). Because mutation of the
lymphostatin glucosyltransferase motif attenuated the de-
crease in TEER and increased FITC-dextran flux in re-
sponse to C. rodentium infection, these data implicate a
role of C. rodentium lymphostatin in compromising the
intestinal epithelial barrier.

Lymphostatin Plays a Role in the Disruption of
the AJC in Vitro

Given that infection with C. rodentium wild type and lym-
phostatin mutants compromised epithelial barrier func-
tion, we next analyzed their influence on the localization
and expression of key AJC proteins including ZO-1, oc-
cludin, E-cadherin, and �-catenin. Infection with C. ro-
dentium wild type resulted in a significant redistribution of
these apically located TJ and AJ proteins away from
intercellular contacts in areas of high bacterial coloniza-
tion (Figure 5, A and B). Both lymphostatin mutants dis-
rupted the localization of TJ and AJ proteins. However,
redistribution of apical ZO-1 and occludin away from TJs
was dramatically attenuated with CrGIM21 infection com-

Figure 1. C. rodentium lymphostatin plays a role in extra-intestinal coloni-
zation. Splenic CFU for C. rodentium wild type (black bars) were 996
CFU/organ on day 2, which increased to 32,152 CFU/organ on day 8. By days
14 and 20 splenic colonization was decreased to 712 CFU/organ and 196
CFU/organ, respectively. Infectious counts for mutant EID3 (gray bars) were
significantly lower at all time points investigated: day 2, 368 CFU/organ; days
8 and 14, 72 CFU/organ; day 20, 8 CFU/organ (*P � 0.05). Gram-negative
growth was not detected at any time in spleen cultures from control mice
gavaged with 100 �l of PBS (white bars).

Figure 2. lifA in C. rodentium. C. rodentium lifA is 9627 bp in size, encoding
for a putative 364-kDa protein with three distinct motifs: glucosyltransferase
(1.6 kb, DXD), protease motif (4.5 to 4.8 kb, C, H, D), and aminotransferase
II (5.8 kb, TMGKALSASA). We generated three mutations in C. rodentium
lifA: CrGlM21 at 1.6 kb, EID3 at 3.5 kb, and CrPrM5 at 4.5 kb.
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pared with C. rodentium wild type and CrPrM5 (Figure
5A), even in areas of high bacterial density (Figure 5A,
white arrows). Pixel intensity analysis revealed a 5.3- and
5.4-fold decrease in the TJ localization of ZO-1 after
infection with C. rodentium wild type and CrPrM5, respec-
tively, whereas CrGlM21 infection had an insignificant
effect on ZO-1 localization (Figure 5B, P � 0.05). Similar
results were obtained for occludin in that C. rodentium
wild type and CrPrM5 induced a 3.6- and 3.5-fold de-
crease in occludin staining intensity at TJs, respectively,
whereas infection with CrGlM21 resulted in a decrease in
the redistribution of occludin from TJs compared with
wild type and CrPrM5 (Figure 5B, P � 0.05). Disruption of
apical and perijunctional F-actin architecture mirrored
findings for ZO-1 and occludin. Microscopic analysis of
the basolateral F-actin distribution showed an intact in-
testinal epithelial monolayer without individual cell drop
out (Figure 5A, middle). Western blot analysis revealed
that the average protein concentrations of the TJ protein
ZO-1 decreased by 46%, 31%, and 13% in C. rodentium
wild type-, CrGlM21-, and CrPrM5-infected cell cultures,
respectively, compared with negative controls (Figure
5C, P � 0.05). Occludin protein expression showed a
similar decline, ranging from 21 to 45% in infected mono-
layer cultures (P � 0.05). Expression of �-actin was not
affected and remained stable in control cultures and
during incubation with C. rodentium wild type, CrGlM21,
and CrPrM5.

In contrast to the findings for the TJ proteins, signifi-
cant redistribution of �-catenin and E-cadherin away from
AJs was observed after infection with C. rodentium wild
type and CrGlM21 but not during infection with CrPrM5
(Figure 6A). Disruption of subcortical F-actin mirrored
findings for �-catenin and E-cadherin during infection
with wild-type and lymphostatin mutant strains with an
intact monolayer structure (Figure 6A, middle). These
changes occurred in areas where large numbers of bac-
terial colonies were attached to the surface of epithelial
cells (Figure 6A, white arrows). Pixel intensity analysis
from three independent experiments showed a 2.3-fold
and 2.5-fold reduction for apically located �-catenin and
E-cadherin immunostaining, respectively, in response to
infection with C. rodentium wild type and CrGlM21, but
not for CrPrM5 (Figure 6B, P � 0.05). This was also the
case for E-cadherin redistribution because incubation
with C. rodentium wild type and CrGlM21 leads to a

threefold and twofold reduction of this AJ protein mem-
ber, which was statistically significant in comparison with
infection with CrPrM5 (Figure 6B, P � 0.05). In compar-
ison with negative control cultures, Western blot analysis
revealed that total levels of �-catenin protein decreased
by 30% for cultures infected with C. rodentium wild type
and mutant lifA strains (Figure 6C, P � 0.05). E-cadherin
and �-actin protein expression remained stable through-
out the experiments (Figure 6C). Thus, the above findings
suggest that lymphostatin plays a role in the disruption of
the AJC structure. Although both lymphostatin mutants

Figure 3. Mutations in lymphostatin do not interfere with basic pathogenicity features. A: Bacterial
proliferation of C. rodentium wild type (open diamonds), CrGlM21 (closed squares), and CrPrM5
(closed triangles) strains was indistinguishable during lag (0 to 2 hours), log (2 to 9 hours), and
plateau phase (9 to 13 hours) as determined by OD600 and plating of serial dilutions on LB agar
(data not shown). B: Mutations of lymphostatin glucosyltransferase (CrGlM21) and protease motif
(CrPrM5) did not interfere with formation of A/E lesions in 3T3 fibroblast cultures (white arrows)
in comparison with C. rodentium wild type (CrWT) and EPEC strain E2348/69.

Figure 4. Lymphostatin regulates intestinal epithelial barrier function. A:
Caco-2 cell monolayers were infected at MOI 10:1 with C. rodentium strains
for 15 hours. All three strains decreased TEER throughout time, however,
infection with CrGlM21 resulted in some attenuation of the decline in TEER,
which became significant after 6 hours of infection (*P � 0.05). B: Caco-2 cell
monolayers were infected at MOI 10:1 with C. rodentium wild type,
CrGlM21, or CrPrM5 for 15 hours. After 5 hours of infection, monolayers
were apically loaded with FD-3. Samples were taken from the lower chamber
60 minutes later, and fluorescence intensity determined. Data are expressed
as mean with SEM from three individual experiments. In comparison with C.
rodentium wild type (CrWT) and CrPrM5, dextran flux was reduced in
CrGlM21-infected monolayers (*P � 0.05).
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disrupted the localization and expression of TJ and AJ
proteins, our findings support that glucosyltransferase
motif activity primarily influences TJs, whereas protease
motif activity predominantly disrupts the AJ.

Lymphostatin Modulates Rho GTPase Activity

Rho GTPases influence structure and function of the AJC.
Furthermore, the glucosyltransferase and protease motif
have both been implicated in the regulation of small
GTPases, including Rac,29 RhoA,30 and Cdc42.31 We
therefore sought to determine whether lymphostatin mod-
ulates the activity of Rho GTPases in our system and if
lymphostatin-induced changes in their GTPase activity
are influencing AJC structure and function after C. roden-
tium infection. Four hours after of infection of polarized
Caco-2 monolayers with C. rodentium strains, the activa-
tion status of Rho and Rac1/Cdc42 were determined. As
compared with uninfected epithelial monolayers, incuba-
tion with C. rodentium wild type resulted in a marked
increase in Rho activity and significant suppression of
Cdc42 activity (Figure 7A). Based on densitometric anal-
ysis, levels of Rho activity were increased 1.5-fold and
activated Cdc42 was undetectable compared with con-
trol (Figure 7B). Similar to C. rodentium wild type,
CrGlM21 retained the ability to activate Rho (1.3-fold over
normal controls), but lost its suppressive effect on Cdc42

activity. Infection with CrPrM5 resulted in suppression of
Cdc42 activity similar to C. rodentium wild type, but lost
the ability to enhance the activity of Rho. No effects on
Rac1 activity was observed after infection with C. roden-
tium wild-type and lymphostatin mutant strains (Figure 7,
A and B). Taken together, these data suggest that lym-
phostatin differentially influences the activity of Rho and
Cdc42. More specifically, glucosyltransferase motif ac-
tivity appears to play a role in the suppression of Cdc42
activity and the protease motif in the activation of Rho
during C. rodentium infection.

To mechanistically link the changes in AJC structure
with the alterations in Rho GTPase activity induced by
lymphostatin, rescue experiments were performed by ac-
tivating Cdc42 signaling or inhibiting Rho activity during
C. rodentium wild-type infection. Polarized Caco-2 cell
monolayers expressing constitutively active Cdc42 (myc-
CdcV12) were infected with C. rodentium wild type at MOI
1:10. TEER was recorded as percent change from base-
line. After a brief increase in TEER, inoculation with C.
rodentium wild type leads to a steady decline in TEER,
which was significant at 8 hours (Figure 8A). Expression
of myc-CdcV12 attenuated the decline in TEER induced
by C. rodentium wild type, which was apparent after 4
hours. To inhibit Rho function during C. rodentium infec-
tion, polarized Caco-2 cells were pretreated with exotoxin
C3 for 2 hours. TEER steadily declined in response to

Figure 5. Regulation of TJ composition by C. rodentium
lymphostatin. A: Polarized Caco-2 monolayers were in-
fected with C. rodentium strains and were stained for
ZO-1 (red), occludin (red), F-actin (green), and bacteria
(blue). Significant disruption in ZO-1 and occludin local-
ization and F-actin architecture was observed in areas of
high bacterial density (white arrows) after infection with
C. rodentium wild type (CrWT) and CrPrM5. In contrast,
CrGlM21 induced fewer changes in the TJ localization of
ZO-1 and occludin. B: Pixel intensity analysis in the AJC
plane from three independent experiments for F-actin,
ZO-1, and occludin was significantly decreased for C.
rodentium wild type and CrPrM5, but less so for
CrGlM21, *P � 0.05. C: Compared with baseline, average
protein concentrations of the TJ protein ZO-1 decreased
by 46%, 31%, and 13% in C. rodentium wild type-,
CrGlM21-, and CrPrM5-infected cell cultures, respectively
(P � 0.05). Occludin protein expression showed a similar
decline, ranging from 21 to 45% in infected monolayer
cultures (P � 0.05). Expression of �-actin was not af-
fected and remained stable in control cultures and during
incubation with C. rodentium wild type, CrGlM21, and
CrPrM5.
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infection with C. rodentium wild type (Figure 8B). How-
ever, in the presence of C3 exotoxin, the ability of C.
rodentium wild type to decrease TEER was abrogated.

We also examined the effect of expression of Cdc42
and C3 exotoxin pretreatment on AJC disruption after
infection with C. rodentium wild type by confocal micros-
copy. Both treatments showed an attenuation of the dis-
ruption of AJC protein localization and F-actin architec-
ture induced by infection with C. rodentium wild type
(data not shown). These results suggest that the Rho
family of GTPases play a major role in the disruption of
epithelial barrier function in response to C. rodentium
infection. Given our observation with the lymphostatin
mutants, we conclude that lymphostatin plays a role in
the disruption of intestinal epithelial barrier function in
vitro via modulation of Rho GTPase activity during infec-
tion with C. rodentium.

Lymphostatin Plays a Role in the Disruption of
the AJC in Vivo

To support our in vitro results, we examined the effects of
infection with C. rodentium wild type and mutants on TJ
and AJ structure in vivo using our mouse model. Female
C57BL/6 mice at 4 weeks of age were infected with 5 �
108 CFU of C. rodentium wild type, CrGlM21, and CrPrM5

and infection was allowed proceeding for 8 and 14 days.
Distal colonic sections were immunostained for the rep-
resentative TJ protein occludin and AJ protein �-catenin.
Infection with C. rodentium wild type and CrPrM5 induced
disruption of apically located occludin on day 14, with
only minimal changes observed on day 8 after infection
(Figure 9, A and B). Infection of mice with CrGlM21 had
no identifiable effect on the TJ protein occludin on day 8
or day 14. In contrast, infection with C. rodentium wild
type and CrGlM21 lead to significant redistribution of
�-catenin on day 8 after infection, which recovered by
day 14 (Figure 10, A and B). As expected from our in vitro
experiments, CrPrM5 had no effect on �-catenin on either
day 8 or day 14. These in vivo results provide validation of
our in vitro findings and further support that lymphostatin
plays a role in the disassembly of the AJC.

Discussion

Previous studies have indicated that infection with C.
rodentium is not limited to the colon, but also colonizes
distant organs.28 Similarly, we identified C. rodentium in
mesenteric lymph nodes, spleen, and liver. Interestingly,
systemic dissemination of C. rodentium was significantly
impeded by mutating the lifA gene. These findings sug-

Figure 6. Regulation of AJ composition by C. roden-
tium lymphostatin. A: C. rodentium-infected polarized
Caco-2 monolayers were stained for �-catenin (red),
E-cadherin (red), F-actin (green), and C. rodentium
(blue). C. rodentium wild type (CrWT) and CrGlM21
induced disruption of �-catenin and E-cadherin local-
ization and F-actin architecture, whereas infection with
strain CrPrM5 had less effect on AJ integrity (white ar-
rows). B: Pixel intensity analysis from three independent
experiments showed a significant effect of C. rodentium
wild type and CrGlM21 on �-catenin and E-cadherin im-
munostaining, but not CrPrM5 (*). C: In comparison with
uninfected control cultures, Western blot analysis showed
a 30% decrease in cellular �-catenin protein concentration
in cultures infected with C. rodentium wild-type and mu-
tant lifA strains (*P � 0.05), whereas E-cadherin and �-
actin protein expression remained stable throughout the
experiments (*P � 0.05).
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gested that C. rodentium can compromise the intestinal
epithelial barrier and implicate lymphostatin in regulating
this event. This study focused on determining whether C.
rodentium can disrupt AJC function and structure and
analyzed the role of lymphostatin in this process. Addi-
tionally, we investigated the influence of inactivation of
lymphostatin glucosyltransferase and protease motifs on
bacterial pathogenesis.21,22

In addition to influencing cytokine secretion,7 lymphos-
tatin has also been characterized as an adhesion factor
for EHEC serotype O111:H� and was termed efa-1
(EHEC factor of adherence). Disruption of the efa-1 gene
product resulted in significantly decreased adherence of
the bacterium to CHO cells in vitro.25 In contrast to this
report, our current results do not suggest significant dif-
ferences in the number of adherent C. rodentium wild-
type or lymphostatin mutants to epithelial cells. This is in
agreement with our earlier findings reporting that EPEC
strain E2348/69 and lymphostatin mutant UMD704 at-
tachment to epithelial cells was indistinguishable.9 This
difference among pathogenic E. coli strains might be
explained by type IV pilus that is present in C. roden-
tium,32 E2348/69,33 and EHEC serotype O157:H7,34 but
not in EHEC serotype O111:H�. It is therefore conceiv-
able that with the exception of EHEC O111:H�, type IV
pili function as a primary mechanism for bacterial-epithe-
lial cell adhesion and lymphostatin only fulfills a second-
ary role for C. rodentium, E2348/69, and O157:H7.

Bacterial disruption of intestinal epithelial barrier func-
tion is a dynamic process involving multiple bacterial
effector proteins and signaling pathways. For example,
espF is a type III-dependent protein that induces redis-
tribution of the TJ-associated protein, occludin, with sub-
sequent decrease in TEER.35 This effect is dependent on
a bacterial 14-kDa chaperon protein, rof10, that interacts
and increases intracellular espF concentrations.36 Other
molecules that perturb barrier function independent of
espF include mitochondria-associated protein37 and
espG in conjunction with orf3.38 Our findings demon-
strate that infection of human intestinal epithelial cells
with C. rodentium results in disruption of AJC structure
and barrier function. These findings are consistent with a
recently published report demonstrating that infection of
murine intestinal epithelial cells with C. rodentium resulted
in diminished barrier function associated with disruption
of TJ expression of claudins-4 and -5.39 In addition to
disruption of the localization of key AJC proteins, we
found that levels of ZO-1, occludin, and �-catenin, but not

Figure 7. Differential regulation of Rho GTPases by lymphostatin glucosyl-
transferase and protease motif. In three independent experiments, differen-
tiated Caco-2 monolayer cultures were infected with C. rodentium strains at
MOI 10:1 for 4 hours. Activated Rho GTPases were isolated and subjected to
Western blot analysis (A) and pixel analysis (B). Infection with C. rodentium
wild type (CrWT) induced activation of Rho and suppression of Cdc42
activity. Infection with CrPrM5 resulted in reduced Rho activation, whereas
infection with CrGlM21 resulted in no suppression of Cdc42 activity (*P �
0.05).

Figure 8. Activation of Cdc42 and inhibition of Rho inhibit loss of TEER after
infection with C. rodentium. A: TEER measurements from three independent
experiments with polarized Caco-2 monolayer cultures inoculated with C.
rodentium wild type (CrWT) (black triangle), expressing myc-CdcV12 (CA-
Cdc42, black square) alone, and in combination (black circle). Wild type
alone (black triangle) and in combination with myc-CdcV12 (black circle) led
to a decrease in TEER throughout time. However, the decrease induced by C.
rodentium was attenuated in monolayers expressing myc-CdcV12 (black
circle). myc-CdcV12 alone (gray square) had a minimal effect on barrier
function. B: TEER measurements from three independent experiments with
polarized Caco-2 monolayer cultures inoculated with C. rodentium wild type
(black triangle), C3 transferase (gray square) alone, and in combination
(black circle). Infection with C. rodentium wild type induced a decrease in
TEER throughout time. Pretreatment with C3 exotoxin inhibited Rho activity
and abrogated the loss of TEER induced by C. rodentium wild type (black
circle, *P � 0.05).
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E-cadherin or �-actin, were reduced after C. rodentium
infection. This finding may represent a subsequent deg-
radation of these proteins because of disruption in their
localization. However, further studies are required to clar-
ify the mechanisms underlying the reduced expression of
these proteins. Additionally, our study suggests that lym-
phostatin plays a specific role in the disruption of the AJC
because mutation of lymphostatin glucosyltransferase
and protease motifs differentially influenced how C. ro-
dentium influenced distribution of the TJ proteins ZO-1
and occludin, and the AJ proteins �-catenin and E-cad-
herin. Mutation in the glucosyltransferase motif impaired
the ability of C. rodentium to influence localization of ZO-1
and occludin at TJs. In contrast, infection with the pro-
tease motif mutant strain CrPrM5 resulted in a decrease
in the displacement of �-catenin and E-cadherin from the
AJ compared with infection with C. rodentium wild type.
Thus, our findings support that lymphostatin glucosyl-
transferase activity primarily influences TJs whereas the
protease motif activity primarily influences AJs.

A number of signaling pathways known to regulate the
AJC, including protein kinase C (PKC) and small GT-
Pases, are targeted by bacterial virulence factors to in-
duce disruption of epithelial barrier function.40 Previous
studies have implicated glucosyltransferase and pro-
tease motifs in regulating Rho GTPase family members,
including Rac,29 RhoA,30 and Cdc42.31 We observed
that infection of Caco-2 monolayers with C. rodentium wild
type resulted in activation of Rho and suppression of
Cdc42 without an effect on Rac1. Mutation of lymphos-
tatin glucosyltransferase motif (CrGlM21) resulted in a
loss of the suppression of Cdc42 activity, whereas muta-
tion of the protease motif resulted in loss of increased
Rho activation. Together these findings suggest that lym-
phostatin plays a role in the modulation of Rho GTPase
activities. The cycle between the inactive GDP-bound
form and active GTP-bound state of these small GTPases
are regulated by guanine nucleotide exchange factors
and GTPase-activating proteins.41 Whether lymphostatin
interacts directly with Rho and Cdc42 or influences their
activity in an indirect manner via interaction with their

Figure 9. Redistribution of TJ protein occludin in vivo. Female C57BL/6 mice
were infected with 5 � 108 of either C. rodentium wild type (CrWT),
CrGlM21, or CrPrM5 by oral gavage. Distal colonic sections were stained for
TJ representative protein member occludin and examined on an AxioCam
MRc microscope on day 8 (A) and day 14 (B). In comparison with mice
exposed to C. rodentium wild type, infection with either CrGlM21 or CrPrM5
led to only minimal changes in occludin distribution on day 8, comparable
with negative control (A, white arrows). However, by day 14, significant
disassembly was observed in the colon of C. rodentium wild-type and
CrPrM5-treated mice, but not during CrGlM21 infection, consistent with in
vitro experimental findings (B, white arrows).

Figure 10. Redistribution of AJ protein �-catenin in vivo. Distal colonic
sections of C57BL/6 mice infected with 5 � 108 C. rodentium wild type
(CrWT), CrGlM21, or CrPrM5 were examined for AJ representative protein
member �-catenin and examined on an AxioCam MRc microscope on day 8
(A) and day 14 (B). In comparison with control animals, infection with C.
rodentium wild type and CrGlM21 induced significant redistribution of
�-catenin on day 8 (A, white arrows), which recovered by day 14 (B, white
arrows) because this AJ protein member was detected predominantly in the
membrane fraction. CrPrM5 was unable to displace �-catenin on day 8 or day
14 (A and B, white arrows), confirming earlier in vitro results.
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regulatory proteins is an important focus for future
studies.

Although C. rodentium lymphostatin mutants influ-
enced both TJ and AJ components, our data support that
the resultant suppression of Cdc42 activity by lymphos-
tatin glucosyltransferase activity primarily disrupts the TJ
whereas the activation of Rho by the protease motif pri-
marily disrupts the AJ. However, reports regarding the
role of Cdc42 and RhoA in the regulation and mainte-
nance of AJC structure vary. Individual expression of
constitutively active or dominant-negative mutants of
RhoA, Cdc42, and Rac1 has been shown to disrupt the
AJC, albeit with some differences in how they influence
AJC protein composition.42 Recent reports indicated that
dominant-active, but not dominant-negative Cdc42, reg-
ulates TJ proteins in Madin-Darby canine kidney cells.43

Consistent with these findings are reports that constitu-
tively active Cdc42 modulates TJ proteins occludin,
ZO-1, claudin-1, claudin-2, and junctional adhesion mol-
ecule-1.42 Dominant-negative Cdc42 only had a regula-
tory effect on claudin-1, but no other members of the
TJ. In contrast, overexpression of constitutively active
Cdc42 was shown to increase the rate of AJ and TJ
formation, whereas inhibition of Cdc42 had the opposite
effect.44 Expression of constitutively active RhoA in
MDCK cells resulted in disruption of similar TJ proteins
whereas constitutively active Cdc42 had no effect on the
composition of the AJ.42 However, activation of RhoA by
cyclooxygenase-2 has been shown to mediate disruption
of AJ formation.45 Such differences in the regulatory roles
of these Rho GTPases on TJs and AJs may be related to
the characteristics of the particular cell line used and cell
density of test cultures. Nonetheless, it appears that a
critical balance in the activity of these GTPases deter-
mines the integrity of the AJC.

Our rescue experiments with constitutively activated
Cdc42 showed attenuation of TEER decrease and
changes in the composition of the AJC in response to C.
rodentium infection. The efficiency of adenoviral infection
likely influenced the degree of rescue in these experi-
ments. Rho inactivation with C3 exotoxin completely ab-
rogated the drop in TEER and TJ and AJ protein local-
ization induced by C. rodentium. However, our results
using lymphostatin mutants suggest that C. rodentium-
induced Rho activation primarily influences the integrity
of the AJ. Because our Rho antibody recognizes RhoA,
-B, and -C, these findings may indicate that these GT-
Pases differentially influence AJC composition and func-
tion and that C. rodentium influences the activity of more
than one of these proteins. Further studies are needed to
clarify the role of individual Rho proteins in mediating the
effects of C. rodentium on AJC structure and barrier func-
tion. Furthermore, the role of lymphostatin in the regula-
tion of F-actin architecture with subsequent decrease in
barrier function needs to be clarified because small GT-
Pases are central in regulating its assembly and
disassembly.46

Our in vitro results were supported by in vivo findings in
mice infected with C. rodentium wild type and mutants
showing that the glucosyltransferase activity primarily in-
fluences TJs and the protease motif primarily influences

AJs. However, in comparison with our in vitro results, the
timing of the alterations observed in the AJC in vivo ap-
peared to be different because �-catenin was redistrib-
uted at day 8 whereas occludin was not displaced until
day 14 after infection with minimal changes apparent
during the time of �-catenin disruption. These differences
may be explained by the complexity of multiple cell types
in the intestinal mucosa and the complex microenviron-
ment in the mouse colonic mucosa during infection and
inflammation.

Given the central role of lymphostatin in the pathogen-
esis of mouse10and human enteric infection with Gram-
negative bacteria,11,47,48 inactivation of either glucosyl-
transferase or protease motif will result in a significant
loss of virulence and susceptibility to host defense mech-
anisms, including gastrointestinal motility and the muco-
sal immune system.49 It is therefore conceivable that
therapeutic interventions in the form of specific immuno-
globulins directed against lymphostatin and its enzymatic
activities might provide an attractive alternative to antibi-
otics in treating intestinal injury and preventing extraint-
estinal manifestations of Gram-negative infection.

In summary, our data support that lymphostatin dis-
rupts intestinal epithelial barrier function induced by C.
rodentium infection via modulating the activity of the small
GTPases Rho and Cdc42. Specifically, the glucosyltrans-
ferase motif plays a role in the suppression of Cdc42
activity while the protease motif contributes to the activa-
tion Rho. These changes in Rho GTPase activity induced
by lymphostatin disrupt the AJC and impair intestinal
epithelial barrier function.
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