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A growing family of virulence factors called serine protease autotransporters of Enterobacteriaceae (SPATEs) are secreted by Shi-
gella, Salmonella, and Escherichia coli pathotypes. SPATEs are subdivided into class 1 and class 2 based on structural features
and phylogenetics. Class 1 SPATEs induce cytopathic effects in numerous epithelial cell lines, and several have been shown to
cleave the cytoskeletal protein spectrin in vitro. However, to date the in vivo role of class 1 SPATEs in enteric pathogenesis is
unknown. Citrobacter rodentium, a natural mouse pathogen, has recently been shown to harbor class 1 and class 2 SPATEs. To
better understand the contribution of class 1 SPATEs in enteric infection, we constructed a class 1 SPATE null mutant (Acrcl) in
C. rodentium. Upon infection of C57BL/6 mice, the Acrcl mutant exhibited a hypervirulent, hyperinflammatory phenotype
compared with its parent, accompanied by greater weight loss and a trend toward increased mortality in young mice; the effect
was reversed when the crcl gene was restored. Using flow cytometry, we observed increased infiltration of T cells, B cells, and
neutrophils into the lamina propria of the distal colon in mice fed the Acrcl mutant, starting as early as 5 days after infection. No
significant difference in epithelial cytotoxicity was observed. Reverse transcription-PCR (RT-PCR) analysis of distal colonic tis-
sue on day 10 postinfection showed significant increases in mRNA encoding cytokines interleukin-6 (IL-6), tumor necrosis fac-

tor alpha (TNF-a), gamma interferon (IFN-y), IL-1f3, and inducible nitric oxide synthase (iNOS) but not in mRNA encoding
IL-17, IL-4, or IL-10 in the Acrcl mutant-infected mice. Our data suggest a previously unsuspected role for class 1 SPATEs in

enteric infection.

Despite diverse pathogenic strategies, nearly all pathogenic En-
terobacteriaceae harbor one or more members of a single fam-
ily of virulence factors: the serine protease autotransporters of
Enterobacteriaceae (SPATEs) (1-3). Importantly, although in vitro
phenotypes have been reported for several SPATEs (4-7), none
have yet been characterized in whole-animal enteric models. A
recent review of the SPATEs published by our group suggested
two large phylogenetic clusters, distinguished by structure (3).
The class 1 SPATEs are cytopathic toxins that cause cell rounding
in vitro, putatively by cleaving the cytoskeletal protein spectrin (8).
Class 2 SPATEs, the larger phylogenetic cluster, comprise O-gly-
coproteases that cleave mucin (9) and other O-glycoproteins on
the surface of hematopoietic cells (10); class 2 SPATEs have been
associated with roles in colonization and immunomodulation
(11). We have previously reported that a Shigella strain deleted for
the class 2 SPATE, called Pic, is more inflammatory in the guinea
pig keratoconjunctivitis model (10).

A suitable animal model for pathogenic Escherichia coli infection
does not yet exist. However, Citrobacter rodentium, a natural
mouse pathogen that causes attaching-effacing (A/E) lesions sim-
ilar to those observed with enteropathogenic E. coli (EPEC) and
enterohemorrhagic E. coli (EHEC), is used to model E. coli patho-
genesis, given that the microorganism harbors homologs of viru-
lence factors found in several E. coli pathotypes (12—14). C. roden-
tium causes transmissible murine colonic hyperplasia (TMCH)
(15). The infections do not usually result in clinical diarrhea, al-
though the T cell infiltration, cytokine production, and epithelial
cell proliferation seen in C. rodentium-infected mice resemble the
abnormalities observed in inflammatory bowel disease and infec-
tious enteritis of humans (16, 17).
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The most commonly used archetype C. rodentium strain is pre-
dicted to have genes encoding three SPATEs: two belonging to
class 2 and one belonging to class 1 (3). Here, we address the
potential contribution of the class 1 SPATE, called Crcl, to enteric
pathogenesis. Our data suggest that interruption of the Crcl gene
results in a phenotype of increased inflammation, suggesting that
the protease may play a previously unsuspected immunomodula-
tory role.

MATERIALS AND METHODS

Construction of a C. rodentium SPATE deletion mutant and a crcl-
repaired strain. Nonpolar deletion mutants in the gene encoding Crcl
were constructed using the N Red recombinase system (18). PCR frag-
ments containing a kan-sacB insert (10) were generated by PCR using
primers described in Table 1 and electroporated into C. rodentium strain
ATCC 51459 expressing the N Red recombinase system encoded by plas-
mid pKM200 (18). Mutants were selected on LB agar plates containing
kanamycin (50 mg/ml). All mutations were confirmed by PCR amplifica-
tion using primers external to the disrupted gene. The crcl-restored strain
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TABLE 1 Primers used in this study

C. rodentium Class 1 SPATE

Primer/specificity Sequence (5'-3")

crcl-kan-sacB/26423-26255; 22157-22328
(pCRODI1 plasmid)

AAAATAAAAACTAAATGTAACGATTTATCTTGTGTTAACTGAGTCACAATAAAGCGAGACGTCATTCA
ATATATTCCCCTCCTTGTGATAACTCCTGGTTATGGTTATCACCAAGGCATTTAGCTGATTTATTTTT

CATATTATCTGTGATTTTCATGGAGGGTTTGCTTTTCTTGAAAATTTTTTTTTTGACTCAATAT; AACT
CTTATTACCTTAAGCATTTATGGTTGTGCCATTAATAGCAGCATCGTTATCATTTTTCGGTTACTTC
GATACCTTTGAAAAATTCTTATTATTCTGATTCAAAGTTTATTCTGACAGCCCTGTTCCCCACAAGA
AAAATGAAGCCCCTTTTCAGGGGCCTCTCCCTGTTATTTGTTAACTGTTAATTGTCCTTGTT

pVV1/26865-26894; 21763-21794
(pCRODI1 plasmid)

pVV2/26217-26253; 1540-1579
(pCROD1; pACYC177)

TGCTACTCCGCTCGAGCGGGCCGCTGGCAAGGCGAACGTAGTAAATCAG;
ACTGCCCAAGCTTGGGTGAAGTTCTACAGAGCGCGAGAAACAGATGGT

ACTTCGAAATACTAGTTAATACGACTCACTATAGGGAGACCACAACGGTTTCCCTCTAGAAATAATTTT
CTTTAACTTTAAGAAGGAGATATACATATGAACAAAATATATTCTCTTAAATATTGCCCTGTTAG;

CTGCATGCCGTACATGGTAGTACTAGTTTACTATGTTCCCACTGATGAGGGTGTCAGTGA

was constructed by recombination of the native crcl gene locus to replace
the kanamycin cassette using the A Red recombinase system. The rever-
tant clones were obtained by screening for kanamycin-sensitive clones.

Infection of mice. The C. rodentium model was used as described
previously (19). Briefly, 3- to 4-week-old, C57BL/6 mice were purchased
from Jackson Laboratories (Bar Harbor, ME). Five mice per group were
inoculated with approximately 10'° CFU of C. rodentium wild type (WT),
the Acrcl mutant, or the repaired mutant strain (crcl-repaired strain)
suspended in 200 pl of phosphate-buffered saline (PBS); organisms were
administered by oral gavage using a 20-gauge intubation needle. Control
animals received 200 wl of sterile PBS. At specified time points after inoc-
ulation, fecal pellets were collected aseptically from each mouse, weighed,
and emulsified in PBS. The number of viable bacteria per gram of feces
was determined by serial dilutions of the samples on medium containing
appropriate selective antibiotics.

Animal studies were carried out in strict compliance with the recom-
mendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was approved by the Univer-
sity of Virginia Animal Care and Use Committee (protocol number 3894).
All efforts were made to keep pain and suffering to a minimum.

Analysis of leukocyte populations in the distal colon. On days 1, 3, 5,
and 10 after inoculation, 3 mice per group were euthanized, and 4 cm of
the rectum and colon (extending to the anal verge) was excised and placed
on a petri dish containing Hanks balanced salt solution (HBSS) buffer.
Mesentery, fat, and feces were removed from the distal colon. The colon
was opened lengthwise and cut into 1-cm segments. The tissue sections
from 3 mice were pooled in 20 ml of wash buffer (HBSS, 5% fetal bovine
serum [FBS], and 120 pl EDTA). The samples were incubated at 37°C
with agitation (250 rpm) for 15 min. The tissues were then transferred to
10 ml of C buffer (10 ml HBSS, 5% FBS, and 10 mg collagenase IV) (Sigma
C5138; Carlsbad, CA). The intestines were incubated with C buffer at
37°C for 20 min, and then the contents were passed through a 100-pm cell
strainer; retentates were gently mashed and washed through the filter
using HBSS. The filtrate containing the cells was centrifuged, and the cells
were enumerated. The cells were adjusted to 1 million per group using
fluorescence-activated cell sorting (FACS) buffer (HBSS plus 0.2% bovine
serum albumin [BSA]) and stained for flow cytometry analysis.

Cell suspensions of colonic tissues were first blocked for 15 min with
anti-Fc receptor CD16/CD32 blocking antibody (clone 2.4D2) (BD Phar-
mingen, San Diego, CA) at 4°C, followed by incubation with antibodies to
Gr-1 (clone RB6-8C5) (BD Pharmingen), CD3 (clone 17A2) (BD Phar-
mingen), CD45 (clone 30-F11) (Life Technologies, Carlsbad, CA), and
CD19 (clone 1D3) (BD Pharmingen). Aqua stain (Life Technologies) was
included to identify viable cells. The analysis was performed on a Beck-
man Coulter Cyan ADP LX flow cytometer (Brea, CA). Data were ana-
lyzed with Flow]Jo version 4.5 software (TreeStar, Ashland, OR).

Histopathological score. Distal colonic sections were fixed in Bouin’s
fixative and embedded in paraffin. Five-micrometer sections were depar-
affinized and stained with hematoxylin and eosin. Slides were read by a
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veterinary pathologist in a blind manner. The criteria for histopathology
scoring were neutrophil infiltration, submucosal edema, hyperplasia, and
the presence of bacteria (20). The numerical score was as follows: 0, no
lesion; 1, minimal; 2, mild; 3, moderate; 4, marked; 5, severe.

Fluorescence assay of HEp-2 cells. Fluorescent actin staining was per-
formed as previously described (6). Briefly, HEp-2 cells (30,000 cells/well)
were treated with recombinant Pet, EspC, Crcl, or Crc1S251A, diluted
directly into tissue culture medium without antibiotics or serum at indi-
cated concentrations. The cells were incubated at 37°C for 6 h, washed
twice with PBS, and fixed with 2% formalin in PBS for 20 min at room
temperature. The fixed cells were permeabilized by adding 0.1% Triton
X-100 in PBS for 4 min at room temperature. Actin filaments in the cells
were stained by incubation with rhodamine-phalloidin (Life Technolo-
gies) for 30 min. Cells were air dried and mounted in Prolong Gold
reagent (Life Technologies). Cells were viewed using an Olympus
BX51fluorescent microscope.

Cloning strategy for Crcl. All restriction and ligation enzymes were
purchased from New England BioLabs (Ipswich, MA). All genetic manip-
ulations were performed in E. coli K-12 strain DH5a. The crcl gene was
amplified from genomic DNA of C. rodentium using primers described in
Table 1 and cloned in pACYC177 vector as an Xhol/HindIII fragment to
generate plasmid pVV1. pVV1 was sequenced and verified for the absence
of any inadvertent mutations in the crcl gene. The T7 promoter and the
Shine-Dalgarno sequence of the T7 phage were created upstream of crcl
by reverse PCR (pVV2) (Table 1). Vector pVV2 was transformed into T7
Express lysY/Iq competent E. coli (New England BioLabs). Site-directed
mutagenesis was performed to modify the predicted catalytic serine
(S251A), using the QuikChange site-directed mutagenesis kit from Strat-
agene (Santa Clara, CA) according to the manufacturer’s protocols. The
strains were maintained on L agar or L broth containing 100 g of ampi-
cillin/ml.

Purification of Crcl. The minimal clone of Crcl was induced with 0.4
mM isopropyl-B-p-thiogalactopyranoside (IPTG) to express and secrete
Crcl. Total protein in the supernatant was precipitated using 50% ammo-
nium sulfate. The precipitate was centrifuged and resuspended in 50 mM
Tris-HCI, pH 8.0. The precipitate was dialyzed three times in a 100X
volume of 50 mM Tris-HCI, pH 8.0, using a 50-kDa-pore-size dialysis
membrane. After overnight dialysis, the protein precipitate was loaded
onto a QA Fast Flow Sepharose (Sigma, St. Louis, MO) anion exchange
column; bound protein was eluted using various concentrations of so-
dium chloride, spanning from 100 mM to 500 mM. The fraction of eluent
containing maximum protein was identified by SDS-PAGE, and this frac-
tion was dialyzed with PBS. This purified fraction was quantified and used
for in vitro cell culture infections.

Statistical analysis. Experimental data were expressed as mean *+
standard error of the mean (SEM) in each group. The means of groups
were combined and analyzed by a two-tailed Student ¢ test for pairwise
comparisons. Analysis of variance (ANOVA) with post hoc correction was
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used to compare means of multiple populations. A P value of =0.05 was
considered statistically significant.

Real-time PCR. Distal colon tissue weighing approximately 10 mg
(0.5 cm) was collected from the anal verge and homogenized using 1-mm
zirconia beads in a Bead-Beater (Fisher Scientific). RNA was extracted
using the RNeasy kit (Qiagen). DNA contaminants were removed by
DNase digestion (Invitrogen). Approximately 1 pug of RNA was used for
c¢DNA synthesis (iISCRIPT; Bio-Rad). Reverse transcription-PCR (RT-
PCR) was performed in a 7500 Real-Time PCR system from Applied
Biosystems. Fold induction was calculated using the threshold cycle
(AAC;) method. The sense and antisense primer sequences are as follows:
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5'-ATCAACGA
CCCCTTCATTGACC-3" and 5'-CCAGTAGACTCCACGACATACTCA
GC-3'; tumor necrosis factor alpha (TNF-a), 5'-GACCCTCACACTCAG
ATCATCTTCT-3" and 5'-CCACTTGGTGGTTTGCTACGA-3'; gamma
interferon (IFN-vy), 5'-CTGCCACGGCACAGTCATTG-3" and 5'-TGCA
TCCTTTTTCGCCTTGC-3";KC, 5'-TGTCAGTGCCTGCAGACCAT-3’
and 5’ -GCTATGACTTCGGTTTGGGTG-3'; interleukin-17A (IL-17A),
5'-GCTCCAGAAGGCCCTCAGA-3’ and 5'-CTTTCCCTCCGCATTGA
CA-3";IL-22, 5"-TCCGAGGAGTCAGTGCTAAA and 5'-AGAACGTCT
TCCAGGGTGAA-3';1L-6, 5'-TCCAATGCTCTCCTAACAGATAAG-3'
and 5'-CAAGATGAATTGGATGGTCTTG-3'; inducible nitric oxide
synthase (iNOS), 5'-GTCTTTGACGCTCGGAACTGT-3" and 5'-GATG
GCCGACCTGATGTTG-3;IL-1B,5' -ACAGAATATCAACCAACAAGT
GATATTCTC-3" and 5'-GATTCTTTCCTTTGAGGCCCA-3'; IL-4, 5'-
GCATTTTGAACGAGGTCACAGG-3' and 5-TATGCGAAGCACCTT
GGAAGC-3';IL-10, 5'-ATTTGAATTCCCTGGGTGAGAAG-3' and 5'-
CACAGGGGAGAAATCGATGACA-3'.

RESULTS

The C. rodentium genome encodes multiple functional SPATE
proteases. Annotation of the genome of C. rodentium strain
ATCC 51459 revealed the presence of three full-length predicted
SPATE proteases. We here designate Crcl (C. rodentium class 1;
accession number YP_003368469) and Crc2 (C. rodentium class 2;
accession number YP_003368482) (3). The third SPATE was not
recognized as a member of this family but was previously desig-
nated AdcA (CBG90828) (19). Each featured a full beta transloca-
tion domain, a predicted beta-helix backbone occupying the C
terminus of the secreted domain, and a globular passenger N-ter-
minal domain including the catalytic motif (GDSGSP) (2). We
analyzed this strain for the ability to express three SPATEs under
laboratory conditions. SDS-PAGE analysis revealed the presence
of Crcl and Crc2 predicted proteases migrating at the molecular
mass expected for full-length expression (Fig. 1B). The inability to
detect AdcA in vitro may be due to the fact that this SPATE was
reported to be regulated by the activator RegA (19).

To ascertain the phylogenetic relationships of C. rodentium
SPATEs, we performed multiple sequence alignments of the pas-
senger domain sequences of the three C. rodentium SPATEs and
represent them along with their closest homologs from human
pathogens (Fig. 1). The predicted class 1 SPATE in the ATCC
51459 genome, Crcl, is most closely related to EspC from enter-
opathogenic E. coli (EPEC). By using the Matrix Global Alignment
Tool (MATGAT) (21), the passenger domains of EspC and Crcl
exhibited 54.4% amino acid identity and 72% similarity with min-
imal gapping. Class 2 SPATE Crc2 was shown to be most closely
related to Pic; the previously described class 2 SPATE called AdcA
(19) was most closely related to the Tsh protease (22) of avian-
pathogenic and extraintestinal E. coli (Fig. 1).

Cytotoxic effects of the C. rodentium class 1 SPATE. Most
class 1 SPATEs characterized to date are cytotoxins in vitro and cleave
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FIG 1 (A) Phylogenetic analysis of C. rodentium SPATEs. Alignment of
sequences was built with ClustalW, and the phylogenetic tree was constructed
using UPGMA (unweighted pair group method using arithmetic mean). C.
rodentium SPATEs and their closest homologs were aligned using the
BLOSUMS50 alignment matrix, and identity/similarity was calculated using the
Matrix Global Alignment Tool. (B) Secretion of Crcl and Crc2 into the culture
supernatant by C. rodentium ICC168. Supernatants from C. rodentium W'T,
Acrcl, and crel-repaired strain bacterial cultures were collected. The superna-
tant was concentrated 1,000-fold using Amicon filters with a 70-kDa cutoff
size. The supernatants were analyzed by SDS-PAGE. Crc2 (predicted molecu-
lar mass, 109.3 kDa) and Crcl (predicted molecular mass, 104.9 kDa) ap-
peared above the 100-kDa band of the molecular mass ladder (shown by ar-
rows). Crcl purification is illustrated in Fig. S1 in the supplemental material.
(C) Confirmation of Crcl deletion. Supernatants from C. rodentium WT,
Acrcl, and crcl-repaired strain bacterial cultures were collected. The superna-
tant was concentrated 1,000-fold using Amicon filters with a 70-kDa cutoff
size. The supernatants and the purified Crcl toxin were analyzed by immuno-
blotting using anti-Crc1 rabbit antibody.
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FIG 2 (A) Crcl cleaves spectrin. Three micrograms of spectrin from erythrocytes was treated with 1 pg of purified Crcl, Crc1S251A mutant, Pet, or Pet S260A
mutant overnight at 37°C. The proteins were analyzed by SDS-PAGE. (B to I) Effect of Crcl on HEp-2 cells. HEp-2 cells were treated with increasing
concentrations of purified CrC1—60 pg/ml (B), 120 ug/ml (C), 180 pg/ml (D), and 240 pg/ml (E)—for 6 h, and actin was stained with rhodamine-phalloidin.
(C) Formation of punctate actin structures (arrowheads). (D) Spindle formation due to loss of actin stress fibers (arrows). (E) Cell rounding at highest
concentration (arrow pins). (F) Cytotoxicity was not observed in the Crc1S251A mutant. (G and H) Pet at 37 pg/ml (G) and EspC at 120 pg/ml (H) were used
as positive controls. (I) Untreated HEp-2 cells. Images represent typical fields selected from reproducible experiments.
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the cytoskeletal protein spectrin. We showed that 1.2 pg of Crcl (see
Fig. S1 in the supplemental material) cleaved 3 g of spectrin after
overnight incubation, with catalytic activity similar to that observed
for the class 1 SPATEs EspC and Pet from EPEC and enteroaggrega-
tive E. coli (EAEC) strains, respectively (8). We performed site-
directed mutagenesis to abolish the catalytic serine residue of
Crcl, predicted by homology with the catalytic serines of EspC
and Pet. As expected, the Crcl mutant S251A was unable to cleave
spectrin (Fig. 2A). We did not study the site of cleavage of spectrin
by Crcl as this has been already extensively characterized (23).

We also assessed the effect of Crcl on HEp-2 cells, which are sus-
ceptible to the Pet protease. Fifty micrograms per ml of purified Crcl
was incubated with semiconfluent HEp-2 monolayers for 6 h at 37°C.
Cellular actin was stained using rhodamine-phalloidin, and cells were
visualized under epifluorescence microscopy. Pet (37 pg/ml) was
used as a positive control. While extensive cell rounding and loss of
actin stress fibers were seen after Pet intoxication (Fig. 2G), few or no
signs of cytotoxicity were seen in Crcl-treated cells. Previous studies
have shown that the minimum dose of EspC required to cause cyto-
toxic effects was 120 pg/ml for 6 h (Fig. 2H) (23). To ascertain if a
similar effect could be observed upon intoxication with Crc1, we used
increasing concentrations of Crcl from 60 pg/ml through 240 jug/ml,
applied for 6 h (Fig. 2B to E). We observed a dose-dependent increase
in cytotoxicity, although Crcl was overall not as potent as Pet or EspC
in this system. The cytotoxicity was completely abolished in the
Crc1S251A mutant (Fig. 2F).

Role of Crcl in C. rodentium pathogenesis. In order to deter-
mine the role of Crcl in C. rodentium pathogenesis, we deleted the
crcl gene in the ATCC 51459 strain. We rescued the crcl null
mutant by repairing the crcl gene with the native allele and as-
sessed the Crcl expression by SDS-PAGE and immunoblotting
(Fig. 1C). C. rodentium wild-type (WT), Acrcl, and crcl-repaired
strains were fed individually to 4-week-old C57BL/6 mice. We
observed no significant difference in fecal shedding among the
different strains over the course of infection. All infected mice
survived through 14 days with peak shedding at days 7 through 10.
After day 14 postinoculation, all mice began to clear the infection
with similar kinetics (Fig. 3A). As shown in Fig. 3B, mice began to
lose weight on day 7, peaking at day 11, after which they begin to
recover their weight. While all the infected groups showed loss of
weight during infection, we noticed that the Acrcl mutant-in-
fected group lost a significantly greater percentage of initial
weight. The Acrcl mutant-infected mice showed delayed recovery
of weight compared to the group infected with the wild type or the
crcl-repaired strain (P < 0.05 on days 16, 17, and 18).

In an effort to observe more subtle differences in virulence, we
performed similar challenge experiments in younger C57BL/6
mice (3 weeks old). We found that these mice often died when
inoculated with WT C. rodentium (30% mortality); however, the
Acrcl mutant-infected mice showed increased mortality (70%),
manifested earlier in the infection, than did mice infected with the
WT or the crcl-repaired strain (Fig. 3C). We observed a trend
toward more rapid death in the AcrcI mutant-infected group, but
the difference in the survival curves was not statistically significant
(P value = 0.07 using log-rank test).

Differential colitis severity in distal colons of mice infected
with C. rodentium derivatives. All mice that received a strain of
C. rodentium developed acute colitis, which varied in severity from
minimal to marked. The colitis was characterized by edema, neu-
trophilic infiltrate, epithelial hyperplasia, and large numbers of
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FIG 3 Role of Crcl in C. rodentium pathogenesis. Mice received (via oral
gavage) 10'° CFU of C. rodentium wild-type strain (@), Acrcl deletion mutant
(M), or crcl-repaired strain (A). (A) Fecal excretion of C57BL/6 mice by de-
rivatives of C. rodentium. The data are means and standard errors of the CFU/
gram of feces from at least five individual mice at selected time points after
inoculation. (B) Mean percent change in body weight of C57BL/6 mice in-
fected with C. rodentium and its derivatives. The data shown are mean and
standard error of the mean percent change in initial body weight of at least 5
mice per group. (¥, P < 0.05; **, P < 0.01, using two-way ANOVA with
multiple comparisons). (C) Ten mice per group were monitored for survival
during the course of infection. P value = 0.0715 using log-rank test. PI, postin-
fection.

adherent bacteria (Fig. 4A to D). Epithelial erosions with hemor-
rhage and fibrin were present in more severe cases. The severity of
colitis was highest in the group fed the Acrcl mutant, in which
three of five mice developed colitis with marked edema and mod-
erate to marked neutrophil infiltrate (Fig. 4E). In the WT group,
two of five mice developed marked edema, but the neutrophil
infiltrate was less abundant. The group that received the crcl-
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FIG 4 Histopathology on day 8 postinfection. (A) Colonic sections of mice infected with WT C. rodentium, demonstrating large colonies of bacteria (arrows),
many neutrophils (N), and the submucosa expanded by edema (asterisk). (B) Colonic sections of mice infected with C. rodentium crcl deletion mutant
demonstrating an area of erosion (Er) in which crypt epithelium (C) has been replaced by neutrophils and cellular debris. The neutrophilic infiltrate extends from
the mucosa into the submucosa (SM) and the smooth muscle layers. Large colonies of bacteria are present on the surface of the mucosa (arrows). (C) A mouse
infected with the crcl-repaired strain demonstrated neutrophilic colitis (N), colonies of bacteria (arrow), and submucosal (SM) edema (double arrow). (D)
Epithelial hyperplasia; the mucosa in infected groups was nearly twice the thickness of the saline control. Hematoxylin and eosin staining; magnification, X20 (A
to C) and X400 (D). (E) Pathological scoring indicated more neutrophil infiltration and edema in the crcl mutant-infected group than in other groups. Levels

of epithelial hyperplasia were comparable between infected groups.

repaired strain had only one animal with marked edema and neu-
trophil infiltrate. Levels of epithelial hyperplasia were similar
among the three infected groups (Fig. 4D). Notably, despite cyto-
toxicity to epithelial cells exhibited by purified Crcl and other
class 1 SPATEs in vitro, we observed no difference in epithelial
cytotoxicity between WT ATCC 51459 and its crcl mutant. De-
spite this difference in polymorphonuclear leukocyte (PMN) in-
filtration and edema by microscopic analysis, the pathological
scores between the different infected groups were not statistically
significant. Hence, we resorted to a quantitative analysis of neu-
trophil infiltration by flow cytometry.

Deletion of Crcl causes increased leukocyte infiltration into
the submucosa. WT C. rodentium pathology features massive in-
filtration of PMNS, activated lymphocytes, and macrophages (24—
27). We sought to study the populations of these immune cell
types infiltrating the colon during the course of infection with the
wild-type strain or the crcl mutant. On days 1, 3, 5, and 10 postin-
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fection, we euthanized 3 mice per group and analyzed the tissue
extract from distal colon sections by flow cytometry. We observed
that on days 1 and 3 there were few T cells, neutrophils, or B cells
infiltrating the distal colon (data not shown) and no differences
among the three challenge strains. However, on days 5 and 10 we
observed a significant increase in the numbers of these cells pres-
ent in infected submucosa (Fig. 5), which correlated with the ex-
tent of bacterial colonization (Fig. 1). Using flow cytometry, we
observed a higher percentage of neutrophils, T cells, and B cells in
the tissues of the crcI mutant-infected group on days 5 and 10.
Infiltrating T cells were found to be predominantly of the CD4™
T-helper cell subset (data not shown). No difference was observed
for macrophage populations.

Deletion of Crc1 causes increased transcript levels for proin-
flammatory cytokines in distal colonic tissue on day 10. To char-
acterize tissue cytokine expression, we performed real-time RT-
PCR on homogenized tissue from the distal colon on days 5 and
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FIG 5 C. rodentium Acrcl mutant infection is associated with elevated influx of CD45"/Gr-1" neutrophils (A), CD45"/CD3™" T cells (B), and CD45"/CD19™"
B cells (C) in the colons of C57BL/6 mice. Mice were infected orally with C. rodentium WT, Acrcl mutant, and crcl-repaired strains and sacrificed on days 5 (top
panels) and 10 (bottom panels) postinfection. Single-cell suspensions from the colons of infected and uninfected mice were subjected to flow cytometry staining
using CD45 as the marker to differentiate leukocytes from epithelial cells and cell-specific markers to look for infiltration of neutrophils, B cells, and T cells. FACS
plots were gated on live cells with Aqua-positive dead cells excluded from analysis. Numbers indicate the percentages of cells in each quadrant. (Statistical analysis
showed a P value of 0.03 for PMNs on day 10 and a P value of 0.01 for T cells and 0.0065 for B cells on day 10 using repeated-measure, one-way ANOVA and
Greenhouse-Geisser correction). FACS plots are representative of three independent experiments on day 10 with a total of nine mice from each group.
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10; transcripts encoding proinflammatory cytokines associated
with C. rodentium colitis, such as IFN-y, TNF-a, IL-1B, iNOS,
IL-6,IL-17, KC, RANTES, and IL-22, as well as anti-inflammatory
cytokines IL-4 and IL-10, were measured (Fig. 6). We observed
that all cytokines except KC and IL-22 were upregulated several-
fold on day 10 compared with day 5. On day 5, KC and IL-22 were
significantly upregulated in all the infected groups in comparison
to the uninfected groups but did not exhibit any statistically sig-
nificant differences among the groups infected with the wild-type,
Acrcl mutant, or crcl-repaired strain. In the day 10 group, 2 mice
in the Acrcl mutant-infected group died on day 9. Upon cytokine
analysis on day 10, we observed severalfold induction of cytokines
IL-6,iNOS, TNF-q, IL-13, I[FN-vy, and IL-17. We observed signif-
icant increases in levels of IL-6, iINOS, TNF-q, IL-1B, and IFN-7y in
the Acrcl mutant-infected mice compared with the other two in-
fected groups. RANTES, IL-4, and IL-10 displayed less than 10-
fold induction (data not shown).

DISCUSSION

SPATEs are encoded in the genomes of a wide variety of enteric
and nonenteric pathogens of the family Enterobacteriaceae (3).
Despite their broad prevalence, however, little is known with re-
gard to their roles in pathogenesis. For the first time, the presence
of SPATEs in C. rodentium has allowed us to address the effect of a
class 1 SPATE using a whole-animal model.

Most class 1 SPATEs cleave the cytoskeletal protein spectrin
(fodrin) in vitro, leading to cell rounding and cytotoxicity (8).
Intoxicated cells display loss of stress fibers, disruption of the actin
cytoskeleton, cell rounding, cell detachment, and opening of cell
tight junctions in epithelial cells (23, 28-30). However, most of
these studies were performed in an in vitro cell culture system
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employing HEp-2 cells, Vero cells, or HeLa cell lines. Whereas Pet
elicits cytotoxicity at a concentration of 37 pg/ml within an hour
of treatment on HEp-2 and HT-29 colorectal cancer cells (6),
other class 1 SPATEs require longer incubation times and higher
concentrations to cause cytoskeletal changes. For example, Sat is
cytotoxic to human bladder and kidney epithelial cells at a con-
centration of 100 pg/ml (5), EspP is cytotoxic to HeLa cells at 200
pg/ml (38), and EspC causes cytotoxicity on HEp-2 cells at 120
pg/ml (23).

Like other class 1 SPATEs, Crcl cleaves spectrin and exhibits
cytotoxicity to HEp-2 cells. However, we observed morphological
alterations of intoxicated HEp-2 cells only upon incubation with
very high concentrations of Crcl. Given the low efficiency of spec-
trin cleavage, we doubt that cleavage of spectrin in epithelial cells
is pathogenically relevant. It is possible that Crcl requires injec-
tion by a type III secretion system (T3SS) in order to access its
target, as suggested previously for EspC (31), and that important
in vivo cytopathic effects may not be observable using light micro-
scopic histopathology. It is also possible that the physiologic ac-
tivity of Crcl occurs via cleavage of spectrin in leukocytes, and this
possibility is under investigation.

EspP encoded by EHEC has been shown to contribute to bac-
terial colonization in calves (32). However, no effect on coloniza-
tion has been reported for other class 1 SPATEs. We did not ob-
serve an effect of Crcl on C. rodentium colonization.

A growing number of virulence factors effect a sometimes sub-
tle modulation of the innate immune response, leading to de-
creased inflammation (33, 34). The C. rodentium model of inflam-
matory colitis is a fitting model to study such a phenotype. We first
showed that deletion of crcl causes exacerbation of disease, as
mice showed an increase in weight loss when infected with this
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FIG 6 RT-PCR analysis of cytokine expression from distal colonic tissue homogenate of infected mice. Groups of 10 animals were sacrificed at indicated time
points and analyzed independently. Mice were infected with the C. rodentium wild-type (@), Acrc] mutant (l), or crcI-repaired (A) strain or not infected (V).
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strain compared to infection with the wild-type or crcl-repaired
strain. In younger mice, we observed a trend toward increased
mortality, although this was not statistically significant. In our
studies, the increased virulence of the Acrcl mutant was directly
correlated with an increase in leukocyte infiltration, but we are
unable to infer that the two effects are related causally.

We have shown for the first time a putative role for class 1
SPATEs in immunomodulation. Flow cytometry revealed higher
numbers of T cells, B cells, PMNs, and macrophages in mice fed
the Acrcl mutant than in those fed the wild type or the recon-
structed mutant. Increased leukocyte infiltration was associated
with increased levels of proinflammatory cytokines during day 10
butnot on day 5 in the Acrcl mutant-infected group. On day 5, the
only cytokines that were significantly upregulated in the infected
groups versus uninfected mice were IL-22 and KC. KC is a neu-
trophil chemoattractant produced by epithelial cells in response to
infection during early stages of C. rodentium infection (35). IL-22
expression has been shown to be upregulated during early stages
of C. rodentium infection by another study (36). Interestingly, the
main source of IL-22 in C. rodentium infection was previously
shown to be innate lymphoid cells (ILCs) and dendritic cells (36,
37). However, there was no differential fold induction in IL-22 or
KCbetween the groups fed the C. rodentium WT, Acrcl mutant, or
crcl-repaired strain. The differential fold induction of cytokines
on day 10 with significantly more expression of IFN-y, TNF-q,
IL-1B, iNOS, and IL-6 in the Acrc]l mutant-infected group corre-
lated with the increased leukocyte infiltration. However, the
source of these cytokines remains undetermined.

Notably, the class 2 SPATE Pic was reported to suppress in-
flammatory responses in the guinea pig keratoconjunctivitis
model and to act via cleavage of leukocyte surface signaling glyco-
proteins (10). Interestingly, we have not observed cleavage of O-
glycoproteins by class 1 SPATEs, but they could produce similar
phenotypes via cleavage of other protein targets. Of note, the
SPATE proteolytic pocket structurally resembles those seen in the
chymotrypsin family of serine proteases, among which are several
leukocyte immunomodulators (38—-40).

From the perspective of natural selection, the immunosup-
pressive effect of Crcl could be adaptive to the enteric pathogen by
improving survival and thereby providing increased opportuni-
ties for disease transmission. This potential contribution is under
investigation in our laboratories. It will also be necessary to ascer-
tain whether the phenotype associated with Crcl pertains to the
SPATEs of human pathogens.
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